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

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

g a t e d  h a d  m o l e c u l a r  w e i g h t s  r a n g i n g  f r o m  5 2 0  t o  a p p r o x i m a t e l y  1 0 5 , 0 0 0  a n d  i n c l u d e d  

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

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

l i m i t  o f  s e n s i t i v i t y  o f  t h e  c a n a l  v i s c o m e t e r ,  w h i c h  i s  o f  t h e  o r d e r  o f  1 0 “ 6 s u r f a c e  p o i s e .  

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

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

m e r s  s u c h  a s  p o l y - e - c a p r a m i d e  ( 6 - n y l o n ) ,  t h e  p r o t e i n s ,  a n d  s y n t h e t i c  p o l y p e p t i d e s ,  g a v e  

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

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

i n t e r m o l e c u l a r  c o h e s i o n  t h a t  e x i s t s  b e t w e e n  a d j a c e n t  s i l o x a n e  c h a i n s  i n  a  m o n o l a y e r .  T h i s  

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

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

I n t r o d u c t i o n

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

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

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

1  o r  2  d y n e s / c m . 1 2“ 3 T h i s  i s  p a r t i c u l a r l y  t r u e  f o r  p r o 

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

e l a s t i c  a s  t h e  f i l m  p r e s s u r e  i n c r e a s e s . 4 5 6 7 8“ 8 T h e  h i g h  

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

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

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

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

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

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

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

N e w t o n i a n  a s  t h e  f i l m s  w e r e  c o m p r e s s e d . 9“ 12 S t u d i e s  

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

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

(1) I .  La ngm u ir and V . J. Schaefer, Chem. Rev., 24, 181 (1939).
(2) L . F o u rt, J. Phys. Chem., 43, 887 (1939).
(3) M . Jo ly , Biochim. Biophys. Acta, 2, 624 (1948).
(4 ) . J. L lop is  and A. A lb e rt, Anales Real Soc. Espan. Fis. Quim., Ser. 
B, 55B, 109 (1959).
(5 ) . K .  M o tom u ra , J. Phys. Chem., 68, 2826 (1964).
(6) B . B iswas and D . A . H aydon, Proc. Roy. Soc. (London), A271, 
296, 317 (1963).
(7) K . Ino kuch i, Bull. Chem. Soc. Japan, 26, 500 (1953); 27, 203 
(1954).
(8) N . W . Tschoegl and A . E . A lexander, J. Colloid Sci., 15, 168 
(1960).
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n y l o n s ,  p o l y  v i n y l a c e t a t e  ( P V A c ) ,  p o l y m e t h y l a c r y l a t e  

( P M A ) ,  a n d  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 ) .13-16 
T h e  n y l o n  m o n o l a y e r s  w e r e  f o u n d  t o  b e  h i g h l y  v i s c o u s  

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

o f  i n t e r m o l e c u l a r  c o h e s i o n .  M o t o m u r a  a n d  M a t u u r a 14 
r e p o r t e d  t h e  s u r f a c e  v i s c o s i t i e s  o f  t h e  f o l l o w i n g  p o l y m e r s  

t o  b e  i n  t h e  o r d e r  P M M A  >  P M A  >  P V A c ,  t h e  s a m e  

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

m e r s  o f  t h e  p o l y m e r s ,  w i t h  t h e  P V A c  p e r h a p s  b e i n g  

s l i g h t l y  s o l u b l e .

U n l i k e  t h e  a b o v e  p o l y m e r  f i l m s ,  p o l y o r g a n o s i l o x a n e s  

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

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

l o w .  M o n o m o l e c u l a r  f i l m s  o f  t h e  s i l o x a n e s  ( o r  “ s i l i 

c o n e s ” )  h a v e  b e e n  s p r e a d  a t  t h e  w a t e r - a i r  i n t e r f a c e ,  

a n d  t h e i r  f i l m  p r e s s u r e  vs. a r e a  p e r  m o l e c l e  (F  vs. A ) 
a n d  s u r f a c e  p o t e n t i a l  vs. a r e a  p e r  m o l e c u l e  ( A F  vs. 
A)  p r o p e r t i e s  h a v e  b e e n  d i s c u s s e d , 16-19 b u t  l i t t l e  

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

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

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

a n d  a n t i f o a m i n g  a g e n t s ;18 h o w e v e r ,  t h e  m e c h a n i s m  b y  

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

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

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

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

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

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

f a c t o r .20'21 O n  t h e  o t h e r  h a n d ,  m a n y  o f  t h e  c o m m o n  

d e f o a m i n g  a g e n t s  s u c h  a s  2- e t h y l h e x a n o l  o r  m e t h y l i s o -  

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

I n  a d d i t i o n  t o  t h e  v i s c o s i t y  e f f e c t ,  E l l i s o n  a n d  Z i s m a n 22 
p r o p o s e d  t h a t  t h e  d e f o a m i n g  a b i l i t y  o f  t h e  s i l o x a n e s  i n  

b o t h  a q u e o u s  a n d  n o n a q u e o u s  s y s t e m s  i s  d u e  t o  ( a )  t h e  

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

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

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

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

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

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

s i l o x a n e  m o n o l a y e r s  w e r e  i n v e s t i g a t e d .  W h e r e  a p p l i 

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

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

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

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

f a c e .23’ 24
T h e  c a n a l  v i s c o m e t e r  i s  s a t i s f a c t o r y  a t  f i l m  p r e s s u r e s  

b e l o w  t h e  c h a r a c t e r i s t i c  “ p l a t e a u s ”  i n  t h e  f o r c e - a r e a  

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

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

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

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

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

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

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

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

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

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

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

f i l m  p r e s s u r e s .

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

Materials. T w o  s e r i e s  o f  w e l l - d e f i n e d  p o l y d i m e t h y l -  

s i l o x a n e s ,  k i n d l y  s u p p l i e d  b y  t h e  D o w  C o r n i n g  C o . ,  

w e r e  a v a i l a b l e  f o r  t h i s  i n v e s t i g a t i o n ,  t h e  e t h o x y  e n d -  

b l o c k e d  c o m p o u n d s  w i t h  t h e  g e n e r a l  f o r m u l a  C 2H 5O -  

[ S i ( C H s ) 20 ] nC 2H 5 a n d  t h e  t r i m e t h y l  e n d - b l o c k e d  s e r i e s  

( C H 3) 3S i  [ O S i ( C H 3) 2] A ) S i ( C H 3) 3. O f  t h e s e  c o m p o u n d s  

t h e  e t h o x y  e n d - b l o c k e d  s i l o x a n e s  h a v i n g  n =  4 ,  6 , 8 , 

1 0 ,  1 4 . 5 ,  a n d  6 7 ,  a n d  t h e  t r i m e t h y l  e n d - b l o c k e d  c o m 

p o u n d s  h a v i n g  n =  6 , 1 0 ,  1 5 ,  a n d  4 3  w e r e  s t u d i e d .  A  

p h e n y l a t e d  s i l o x a n e  f r o m  D o w  C o m i n g  D C  5 1 0 ,  a l s o  

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

c o m p o u n d ,  c o n t a i n i n g  o n e  p h e n y l  g r o u p  f o r  e v e r y  20  
m e t h y l  g r o u p s ,  w e r e  i n v e s t i g a t e d ,  t h e  5 0 - e s t o k e  a n d  

t h e  1 0 0 - c s t o k e  f l u i d s .  C o m p a r e d  w i t h  m a n y  p o l y m e r s ,  

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

r a t h e r  l o w ,  t h e  m o l e c u l a r  w e i g h t  o f  t h e  n =  6 7  e t h o x y  

e n d - b l o c k e d  s i l o x a n e  b e i n g  o n l y  a b o u t  5 0 0 0 .  I n  o r d e r  

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

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

h i g h e r  b u l k  v i s c o s i t y  c o m p o u n d s .  D o w  C o m i n g  D C  

2 1 0  ( 3 0 , 0 0 0  c s t o k e s  a t  2 5 ° )  a n d  V i s c a s i l  1 0 0 , 0 0 0  ( 100,000  
c s t o k e s  a t  2 5 ° )  f r o m  t h e  G e n e r a l  E l e c t r i c  C o .  w e r e  9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

(9) S. Ikeda  and T . Isem ura, B ull. Chem. Soc. Japan, 32, 659 (1959) ; 
33, 137 (1960).
(10) T . Isem ura, K . H am aguchi, and S. Ikeda, J. Polymer Sci., 23, 
651 (1957).
(11) T . Isem ura and K . H am aguchi, B ull. Chem. Soc. Japan, 27, 
125, 339 (1954).
(12) T . Y am ash ita  and T . Isem ura, ib id., 38, 420, 426 (1965).
(13) K . Ino kuch i, ib id., 28, 453 (1955).
(14) K . M o to m u ra  and R. M a tu u ra , J. Colloid Sci., 18, 295 (1963).
(15) T . Y am ashita , B ull. Chem. Soc. Japan, 38, 426 (1965).
(16) H . W . Fox, P. W . T a y lo r, and W . A . Zism an, Ind. Eng. Chem., 
39, 1401 (1947).
(17) H . W . Fox, E . M . Solomon, and W . A . Zism an, J. Phys. Colloid 
Chem., 54, 723 (1950).
(18) R . L . Bass, Chem. Ind. (London), 912 (1959).
(19) W . N o ll, J. Steinbach, and C . Sucker, Ber. Bunsenges. Physik. 
Chem., 67, 407 (1963).
(20) W . E . Ewers and K . L .  Sutherland, Australian J . Sci. Res., Ser. 
A, 5, 697 (1952).
(21) J. A . K itchen e r and C . F , Cooper, Quart. Rev. (L ondo n), 13, 71 
(1959).
(22) A . E . E lliso n  and W . A . Zism an, J . Phys. Chem., 60, 416 (1956).
(23) G. C. N u tt in g  and W . D . H a rk in s , J. Am. Chem. Soc., 62, 3155 
(1940).
(24) G . E . B oyd  and F . Vaslow, J. Colloid Sci., 13, 275 (1958).
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the canal is related to the absolute viscosity 7] of the
monolayer by the equation

(25) N. L. Jarvis, J. Phys. Chem., 69, 1789 (1965). •

(26) W. D. Harkins and J. G: Kirkwood, J .. Chem. Phys., 6, 53, 298
(1938).
(27) R. J. Myers and W. D. Harkins, ibid., 5,601 (1937).
(28) L.Fourt and W. D. Harkins, J. Phys. Chem., 42. 897 (1938).

(29) M. K. ~e~ett and 'Y. A. Zisman~ ibi~., 66. 1207 ~1962); ':Pre
vention of Llqmd Spreading or Creepmg, Advance~.m CheIIllBtry
Series, No. 43, American Chemical Society, Washington, D. C.,
1964, p 332;

(30) N. W. Tschoegl, Kolwid-Z., 181, 19 (1961).

in which a is the width of the canal in centimeters, Q is
the area in square centimeters of film flowing through
the canal in 1 sec, l is the length of the canal in centi
meters, and 7]0 is the bulk viscosity of the aqueous sub
strate.These measurements were all carried .out at
20 ± 0.2°.

Torsional Surface Viscometer. The torsional viscom
eter was similar to many that have been reported in
the literature. 24, 27, 28 I t consisted of a sharp..edged
brass cylinder 1.750 em in diameter, and was suspended
from a torsion wire 41.8 em long and 0.010 em in di
ameter. The sides of the cylinder were coated with a
fluorocarbon polymer29 to prevent erratic wetting of
the cylinder by thE;fsuhstrate. In practice, the cylinder
height was adjusted so that it just touched the water
surface. The moment of inertia of the cylinder was
44.92 g cm2, but could be increased to more than 150 g
em2 by adding circular disks of known moment of
inertia. The outer wall of the cylinder was calibrated
in .degrees, and its periodic motion was determined
using a cathetometer telescope. The torsional viscom
eter was mounted in a Langmuir-Adam type film
balance equipped with a Cencodu Nuoy torsion head.
The film balance consisted of a Pyrex glass trough 12 em
wide, 74 em long, and 0.5 em deep, with the rim lightly
coated with paraffin. The torsion head was sensitive to
changes in film pressure of 0.05 dyne/em. The viscom
eter cylinder was located approximately 6 em from
the paraffin-coated mica float and about 5 em from each
side of the trough. This film balance was also used to
determine the F vs. A curves of the siloxane mono
layers prior to the viscosity determinations~

Surface viscosity was determined by measuring the
logarithmic decrement of the torsional oscillation of the
ring at a clean water surface and comparing it with a
similar measurement for the monolayer-covered sur
faces. The surface viscosity 7] was calculated using the
equation30

(1)
a7]O

7]=

~lected as the higher molecular weight siloxanes, the
average molecular weight of Viscasil 100,000 being
estimated at about 105,000.

To remove surface-active impurities, the lower vis
cosity siloxane fluids were put through adsorption
columns containing activated Florisil. Those silicones
too viscous to flow readily through adsorption columns
were used as received. Spreading solutions of the sil
oxanes were prepared by dissolving known amounts of
each compound in CP petroleum ether (bp 41-55°).
The petroleum ether was also percolated through acti"
vated Florisil. The spreading solutions were delivered
to the water surface from Misco micropipets. In each
case the substrate was triply distilled water, the final
two distillations from an all-quartz apparatus.

Canal Viscometer. The canal surface viscometer
used in this study was described in detail in a previous
report. 25 Briefly, it employed a narrow, deep canal as
suggested by Harkins and Nutting. 23 The canal was
formed from two glass microscope slides 7.5 em long, 0.1
em thick, and 1.6 em wide. The slides were placed in
a film' balance trough so that the upper edges were
exactly level with the free water surface. Only the
upper edges of the slides were coated with par~n;

those portions of the slides remaining in contact WIth
water were left hydrophilic to prevent slipping between
the substrate water and the sides of the canal. The
viscometer was constructed in such a manner that the
canal width and alignment could be carefully controlled.
The canal assembly was mounted in a Cenco hydrophil
balance. A Cenco-type torsion head was used to meas
ure the drop in film pressure across the ends of the canal.
A Wilhelmy-type tensiometer continuously. monitored
the film. pressure on one side of the canal. All film
balance surfaces that came in cont~ctwith the substrate
were made hydrophobic by coating with a thin layer of
paraffin. .

The procedure used to determine surface viscosity
with the canal viscometer essentially involved measur
ing the amount of film passing through the canal in
unit time with a given pressure difference across the
canal. A monolayer was initially spread on both sides
of the canal and then compressed with the barriers until
the film on one side registered a pressure F1 and the film
on the other side a pressure F 2• The pressure dif
ferential across the canal was then I::i.F = F1 - F2, and
the average film preSsure in the canal was assumed to be
(F1 +F2)j:2. During the present investigation a pres
sure difference of2 dynes/em was routinely maintained
aCTQSS the canal. .

For a canal of this design, Harkins and Kirkwood26

proposed that the rate of flow of film material through
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Figure 1. Film pressure v s . area per molecule curves for polydimethylsiloxanes of the type 
(CH3)3Si[OSi(CH3)2]reOSi(CH3)3 on distilled water: ( l )n  = 6; (2) n  = 10; (3) n  = 15; and (4) n  =  43.

V
Xo
T 0_

( 2 )

w h e r e  T  i s  t h e  p e r i o d  o f  o s c i l l a t i o n  ( s u b s c r i p t  0  r e f e r s  t o  

t h e  c l e a n  w a t e r  s u r f a c e ) ,  X  i s  t h e  n a t u r a l  l o g a r i t h m i c  

d e c r e m e n t  o f  t h e  d a m p e d  o s c i l l a t i o n s ,  7 r i s  t h e  m o 

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

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

t h e  e q u i p m e n t .  D u r i n g  m o s t  o f  t h e  e x p e r i m e n t s ,  I T 
w a s  1 1 4 . 4 7  g  c m 2 a n d  T  w a s  1 6 . 8  s e c .  T h e  p e r i o d  o f  

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

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

g i v e n  b y  t h e  e q u a t i o n

H . i r i - i
4 7 r L f i 2 r 22_

(3)

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

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

H a i s  e q u a l  t o  0 . 0 2 3 7  c m - 2 ; X  i s  d e t e r m i n e d  b y  p l o t t i n g  

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

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

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

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

e a c h  X  d e t e r m i n a t i o n .  A s  r e q u i r e d  b y  t h e o r y ,  t h e  

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

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

w i t h  t h i s  a p p a r a t u 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  r o o m  a t  2 5  ±  0 . 5 ° .  T h e  a p p a r a t u s  w a s  f u r 

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

t e r i o r  c o n t r o l s .

R esults

Film  Pressure vs. Area per Molecule Isotherms. F  
vs. A  i s o t h e r m s  w e r e  d e t e r m i n e d  o n  t r i p l y  d i s t i l l e d  

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

d a t a  s h o w n  i n  F i g u r e  1 a r e  f o r  a  s e r i e s  o f  t r i m e t h y l  e n d -  

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

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

F  vs. A  c u r v e  w a s  r e p e a t e d  a t  l e a s t  t h r e e  t i m e s ,  t h e  

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

±  0 . 2  d y n e / c m  a t  a n y  a r e a  p e r  m o l e c u l e .  T h e s e  c u r v e s  

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

t h e  l i t e r a t u r e  f o r  s i m i l a r  s i l o x a n e s . 1 6 -1 9  M o n o l a y e r s  

o f  t h e  l o w  m o l e c u l a r  w e i g h t  s i l o x a n e s  (17 <  6 )  w e r e  n o t  

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

s o l u b l e  o r  v o l a t i l e .  A l s o ,  t h e y  d i d  n o t  s h o w  t h e  p l a t e a u
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Table I : Combined Canal Viscometer Data for All Polydimethylsiloxanes at All Average 
Film Pressures Studied (Data Given for Five Canal Widths)

(1) (2) (3) (4) (5) (6) (7)
C a n a l F i lm  f lo w S td  d e v U n c o r  su r- S td  d e v C o r r e c t io n C o r r e c t e d  su r-

w id th , ra te , Q, o f  film fa c e  v is c o s it y , o f  u n c o r  su r- fa c to r fa c e  v is co s ity
cm c m 2/  sec f lo w  r a te s u r fa c e  p o is e fa c e  v is c o s ity fro m ((4) -  (6)],

e q  1 s u r fa c e  p o is e

0.092 0.0565 0.0020 0.000295 0.000015 0.000293 0.000002
0.117 0.0946 0.0039 0.000370 0.000015 0.000373 -0.000003
0.141 0.140 0.006 0.000446 0.000019 0.000449 -0.000003
0.166 0.190 0.008 0.000526 0.000021 0.000529 -0.000003
0.190 0.248 0.011 0.000625 0.000028 0.000605 0.000020

NUMBER OF OSCILLATIONS (EACH INTERVAL IS ONE OSCILLATION)
Figure 2. A plot of the natural logarithm of the peak amplitudes of the torsional oscillations v s .  

the number of oscillations for monolayers of a polydimethylsiloxane (30,000 cstokes at 25°).
The slope of the plot gives X, the logarithmic decrement of the torsional oscillation.

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

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

Surface Viscosity by Canal Viscometer. U s e  o f  t h e  

c a n a l  v i s c o m e t e r  w a s  l i m i t e d  t o  s i l o x a n e  m o n o l a y e r s  

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

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

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

t o  t h o s e  s i l o x a n e s  w h e r e  n >  8 .  S u r f a c e  v i s c o s i t i e s  

w e r e  d e t e r m i n e d  a t  s e v e r a l  c a n a l  w i d t h s  u p  t o  0 . 1 9 0  c m

a s  a n  i n d e p e n d e n t  c h e c k  o n  t h e  t e c h n i q u e .  W i t h  t h e  

n a r r o w e r  c a n a l s ,  l e s s  t h a n  a b o u t  0 . 0 9 2  c m ,  t h e r e  w a s  a  

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

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

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

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

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

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

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

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

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

n  >  8 )  a n d  i n d e p e n d e n t  o f  f i l m  p r e s s u r e ,  a t  l e a s t  u p  t o  

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

s i l o x a n e s  a t  a l l  f i l m  p r e s s u r e s  s t u d i e d  g a v e  m o r e  t h a n  1 0 0  

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

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

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

c o l u m n  4  o f  T a b l e  I  a r e  g i v e n  t h e  a v e r a g e  u n c o r r e c t e d  

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

c u l a t e d  f r o m  t h e  f i r s t  t e r m  i n  e q  1 ,  f o l l o w e d  b y  t h e i r  

s t a n d a r d  d e v i a t i o n s  i n  c o l u m n  5 .  I n  c o l u m n  6  t h e  c o r 

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

t e r m  o f  e q  1 .  I t  i s  a p p a r e n t  t h a t  t h e  s u r f a c e  v i s c o s i t i e s  

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

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

d i f f e r e n c e s  b e t w e e n  c o l u m n s  4  a n d  6 ,  o r  t h e  c o r r e c t e d  

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

t h e  o r d e r  o f  1 0 - 6  s u r f a c e  p o i s e  o r  l e s s .  I n  e a c h  c a s e ,  

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

a r d  d e v i a t i o n s  i n  c o l u m n  5 .  I t  i s  a p p a r e n t  t h e n  t h a t  

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

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

1 0 - 5  s u r f a c e  p o i s e .  T h e  s u r f a c e  v i s c o s i t i e s  o f  t h o s e  

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

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

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

p h e n y l a t e d  s i l o x a n e s  a s  w e l l - d e f i n e d  s a m p l e s  o f  t h e s e  

m a t e r i a l s  w e r e  n o t  a v a i l a b l e .

Surface Viscosity by Torsional Viscometer. T h e  t o r 

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

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

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

i f  a n y  o f  t h e  i n f l e c t i o n  p o i n t s  i n  t h e  F  vs. A  c u r v e  g a v e  

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

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

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

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

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

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

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

s h o w n  i n  F i g u r e  2  f o r  t h e  3 0 , 0 0 0 - c s t o k e  p o l y d i m e t h y l 

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

d e c r e m e n t  o f  t h e  t o r s i o n a l  o s c i l l a t i o n .  I n  F i g u r e  2 ,  A 

v a r i e d  f r o m  0 . 0 6 0 2  t o  0 . 0 6 1 5 ,  w i t h  n o  o b v i o u s  t r e n d  

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

f i l m  p r e s s u r e  o f  1 0  d y n e s / c m .  T h e  d i f f e r e n c e  o f  0 . 0 0 1 3  

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

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

l e s s  t h a n  0 . 0 0 2 0  i n  a l l  c a s e s .  T h i s  c a n  b e  s e e n  i n  F i g u r e  

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

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

FILM  P R ESSU R E (d ynes/cm )

Figure 3. The logarithmic decrements of torsional 
oscillation (X) of several polydimethylsiloxanes as a function 
of the film pressure of the monolayer. The solid line 
corresponds to X0, the logarithmic decrement for clean water:
(1) (CH3)3[Si(CH3AO]43Si(CH3)3; (2) 30,000-cstoke 
polydimethylsiloxane; (3) CsHsOISifCHakObT C2H5;
(4) C2H„0 [Si(CH3)20 ]14.5C2H5;
(5) 100,000-cstoke polydimethylsiloxane.

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

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

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

o f  t h e  m o n o l a y e r s .  A s  t h e  v a l u e s  o f  A 0 a r e  w i t h i n  t h e  

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

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

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

l a y e r - c o v e r e d  s u r f a c e .  T h e r e f o r e ,  t h e  s u r f a c e  v i s c o s i 

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

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

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

p r e s s u r e  o f  t h e  m o n o l a y e r s .  A  d i f f e r e n c e  o f  0 . 0 2 0  i n  t h e  

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

c o s i t y  d i f f e r e n c e  o f  0 . 0 0 0 6 5  s u r f a c e  p o i s e ,  w h i c h  m a y  b e  

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

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

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

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

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

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

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

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

1 0 - 6  s u r f a c e  p o i s e .  E v e n  w h e n  t h e  m o n o l a y e r s  a r e  

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

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

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

q u i t e  r e m a r k a b l e  f o r  a  l o n g - c h a i n  p o l y m e r i c  m a t e r i a l ,  

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

a b o u t  1 0 5 , 0 0 0 .  T h i s  m u s t  r e f l e c t  t h e  l o w  i n t e r m o l e c u -  

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

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

o r g a n i c  p o l y m e r s . 14 T h e r e f o r e ,  i t  c a n  b e  c o n c l u d e d  

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

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

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

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

m a t e r i a l s .

G a r r e t t  a n d  Z i s m a n 31 h a v e  r e p o r t e d  a n o t h e r  r e m a r k 

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

s i l o x a n e  f i l m s ,  n a m e l y ,  t h e  e f f e c t  o f  t h e  f i l m s  o n  t h e  s o -

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

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

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

m o n o l a y e r .  T h e s e  s i l o x a n e s  g a v e  l a r g e  “ d a m p i n g  

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

t o  ( 1 )  t h e  i n i t i a l  r a p i d  i n c r e a s e  i n  f i l m  p r e s s u r e  w i t h  d e 

c r e a s i n g  a r e a ,  ( 2 )  t h e  b e g i n n i n g  o f  t h e  p l a t e a u  r e g i o n  o f  

t h e  F  vs. A  c u r v e ,  ( 3 )  t h e  i n f l e c t i o n  p o i n t  o n  t h e  p l a t e a u ,  

a n d  ( 4 )  a t  t h e  a p p r o a c h  t o  c l o s e s t  p a c k i n g  o f  t h e  a d 

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

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

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

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

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

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

s u r f a c e  v i s c o s i t y .

(31) W . D . G a rre tt and W . A . Zisman, “ D am p ing  o f C ap illa ry  
Waves b y  M onom olecular Layers of L inear Polyorganosiloxanes, ”  
presented a t the 150th N a tio n a l M eeting  o f the  A m erican C hem ical 
Society, C o llo id  and Surface C hem istry  D iv is io n , A tla n tic  C ity ,
N . J., Sept 16, 1965.

Zinc Oxide Sensitized Photochem ical Reduction and Oxidation1,2

by G erald O ster and M a sah id e  Yam am oto

Department of Chemistry, Polytechnic Institute of Brooklyn, Brooklyn, New York (Received August 2, 1965)

U l t r a v i o l e t  r a d i a t i o n  b e l o w  3 8 0  m /u  c a u s e s  z i n c  o x i d e  t o  r e d u c e  m a n y  o r g a n i c  c o m p o u n d s .  

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

v e n t s  i s  r e d u c e d  t o  t h e  h y d r a z i n e  i f  w a t e r  i s  p r e s e n t .  I n  t h e  p r e s e n c e  o f  o x y g e n  t h e  e x c i t e d  

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

p r o d u c e d  i n  t h e  l i g h t - e x c i t e d  s o l i d .

Introduction

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

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

d a t i o n s  a n d  r e d u c t i o n s .  F o r  e x a m p l e ,  E i b n e r  i n  1 9 1 1 3 

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

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

n a t e d .  B a u r  a n d  N e u w e i l e r  i n  1 9 2 7 4 s h o w e d  t h a t

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

p e r o x i d e  f r o m  o x y g e n  a n d  w a t e r .  T h e  l i t e r a t u r e  o n  

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

e x t e n s i v e  ( s e e ,  f o r  e x a m p l e ,  r e f  5 a n d  6 )  b u t  i s  u s u a l l y

(1) W o rk  supported b y  the  U . S. A to m ic  E nergy Comm ission under 
C on trac t A T  (30-l)-2206. Presented a t the In te rn a tio n a l Confer
ence on P hotosensitiza tion in  Solids, Chicago, 111., June 23, 1964.
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of a descriptive nature. Furthermore, no conclusive
experiments regarding the mechanism of the reaction
have been presented.

The purpose of the present work is to carry out· some
quantitative rate studies of indophenol reduction with
a single sample of zinc oxide whose chemical content
and luminescence properties7 are known, where the
atmosphere is controlled; and the products of the
reaction are characterized.

Zinc oxide is an important industrial material (e.g.,
asa filler in rubbers) and is known to cause photo
catalytic destruction.6 It also serves as a photo
catalyst for the initiation of vinyl polymerization,S
the detailed mechanism of which is treated elsewhere. 9

Excitation of zinc oxide by X-rays is similar in its effects
to ultraviolet excitation,7 and in the present work
some comparisons of the chemical effects produced
by these two types of radiation are considered.

Experimental Procedures and Results

A. Materials and Radiation Sources. Throughout
we have used a highly pure zinc oxide (Type SP-500)
obtained from the New Jersey Zinc Co. This material
which is produced by the French process has as its
greatest impurIty calcium in 10 ppm (iron in 1 ppm).
All other materials were obtained from Fisher Scientific
Co. or from Eastman Chemical Co. and were, when
possible, purified by repeated crystallization.

The principal ultraviolet source used waS a GE 100-w
AH4 mercury lamp in conjunction with a Wood's
glass filter to isolate the 365-mJL lines to give an in
tensity incident on the sample of 4 X 10-10 einstein/
cm2 sec, as measured on a calibrated thermopile (Eppley
Laboratories). For wavelength-dependence studies
this lamp and a 100-w intenpediate pressure mercury
lamp (Hanovia SH) were us~d.(without a filter) with
a Bausch and Lomb grating monochrometer. The
X-ray source employed was a tungsten target Machlett
tube operated ,at 50 kw and 10 rna to give an intensity
at the surface of the sample of 8000 rads/hr.

B. Reduction of Indophenol. In order to examine
the photoreducing property of zinc oxide, sodiilln2,6
dichlorobenzenone was employed as the indicator.
This indophenol absorbs maximally at 600 mJLabove
pH 6 with a molar extinction coefficient of 1.80 X 104•

At pH 7 its oxidation reduction potential is 0.217
v. 1O On reduction it becomes colorless (note: the
colored and the colorless species have molar extinction
coefficients at 365 fiJL of·3.7 X 103 and 2.1 X 103,

respectively). The dye alone is photochemically in
active and the reduced species can be completely re
oxidized by air to the colored species.

The zinc oxide powder (average particle diameter

The Journal of Physical Chemistry
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0.3JL) was added to an aqueous indophenol solution amI
was flushed with purified nitrogen 20 min prior to ana
during the irradiation accompanied by magnetic
stirring. At various times an aliquot sample was
withdrawn and centrifuged in a chemical centrifuge.
The absorption'at 600 mJL of the-clear supernatant was
then determined. No appreciable amount of dye
was adsorbed to the zinc oxide powder.

In Fig}lre 1A is shown the quantum yield of photo
reduction of indophenol as a function ,of wavelength
of exciting light. For the calculation of quantum yield,
we have assumed that all of the incident light is totally
absorbed by the zinc oxide and the small light filtering
effect of the dye in the ultraviolet range is also corrected.
I t is of interest to compare this, result with the reflect
,ance spectrum (Figure 1B) of the zinc oxide sample,
as determined on a Perkin-EImer. spectrophotometer.

The rate of photoreductionof indophenol as function
of amount of .zinG oxide added is given in Figure 2.
The rate was found to be independent of the indophenol
concentration within the concentration range 1O-4 M
and to be proportional to the first power of the intensity
(varied by the introduction of fine-mesh wire screens).
When the exciting light is removed, the reaction stops
immediately (the time scale is on the order of minutes),
i.e., there is no posteffect, and it commences irnJ:rl':
diately when the light is turned on. From a study of
the temperature dependence of the rate, it was found
that the reacti6n has an over-all activation energy of
1.2 kcaljmole.

Phosphate ions but not phthalate ions stop the photo
reduction. It was noticed that an aqueous suspension
of zinc oxide which normally is at pH 7.4 becomes acidic
(down to pH 6.8) on illumination.

C. Reduction of Diphenylpicrylhydrazyl. A zinc
oxide suspension in organic solvents (benzene, carbon
tetrachloride, and chloroform) will on irradiation with

(2) Taken in part from the dissertation of M. Yamamoto submitted
to the faculty of the Polytechnic Institute of Brooklyn in partial
fulfillment of the requirements for the degree of Doctor of Philosophy,
June, 1966. . - .

(3)A. Eibner, Chern. Z.,35,786 (1911).

(4) E. Baur and C. Neuweiler, Helv. Chim. Acta, 10, 901 (1927).

(5) C. Ellis, A. A. Wells, and F. F. Heyroth, "The Chemical Action
of Ultraviolet Rays," Reinhold Publishing Corp., New York, N. Y.,
1941.
(6) H. E. Brown, "Zinc Oxide Rediscovered," New Jersey Zinc
Co., New York, N. Y., 1957.
(7) G. Oster and M. Yamamoto, J. Appl.PhY8., 37, 823 (1966).

(8) M. C. Markham and K.J. Laidler, J. PhY8. Chern., 57, 363
(1953).

(9) M. Yaml1,moto and G. Oster, J. Polymer, Sci.; A"~4, 1683 (196f?1.

(lO) W. M. _Clark, "Oxidation-Redl,lctionPot~tialsof Org~c
Systems," The Williams & Wilkins Co., Balti.niore, Md., 1960, p
130.
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A B

Figure 1. (A) Spectral dependence of the quantum yield of zinc
oxide sensitized indophenol photoreduction. Indophenol 
concentration 7.6 X 10 “6 M ;  zinc oxide concentration 
1.5 g/1.; temperature 30°. (B) Diffuse reflectance 
spectrum of zinc oxide. Reflectance standard: MgO.

Figure 2. Rate of indophenol photoreduction v s . amount of 
zinc oxide added. Indophenol concentration 
7.6 X  10~5 M ;  temperature 30°.

u l t r a v i o l e t  l i g h t  c a u s e  2 , 2 - d i p h e n y l - 0 - p i c r y l h y d r a z y l  

( D P P H )  t o  b e c o m e  d i s c o l o r e d .  M o r e  s p e c i f i c a l l y ,  

t h e  m a x i m u m  a t  5 2 0  m / i  ( 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  

o f  1 . 3  X  1 0 4)  i s  d e c r e a s e d  a n d  a  y e l l o w  p r o d u c t  i s  o b 

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

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

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

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

e x c l u d e d  f r o m  t h e  s o l u t i o n .  P r i o r  h e a t i n g  a t  3 0 0 °  o f  

t h e  z i n c  o x i d e  in  vacuo h a d  n o  e f f e c t  o n  t h e  r a t e  o f  r e 

d u c t i o n  o f  D P P H .

T h e  p r o d u c t s  o f  t h e  r e d u c t i o n  o f  D P P H  i n  v a r i o u s  

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

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

1 : 1 )  r e v e a l e d  t h a t  o n l y  o n e  p r o d u c t  w a s  p r o d u c e d  

( R { 0 . 9 8 8  f o r  D P P H  a n d  R f 0 . 9 7 0  f o r  t h e  p r o d u c t ,  

w h i c h  c o r r e s p o n d s  t o  d i p h e n y l p i c r y l h y d r a z i n e ) .  T h i s  

p r o d u c t  a b s o r b s  m a x i m a l l y  a t  3 2 0  m p  i n  e t h a n o l  o r  i n  

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

p r o d u c t  i n  K B r  p e l l e t s  s h o w s  a  s t r o n g  p e a k  a t  3 . 0 4  ¡±

r e g a r d l e s s  o f  t h e  s o l v e n t s  i n  w h i c h  t h e  D P P H  w a s  

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

i n  d i p h e n y l p i c r y l h y d r a z i n e .  O n  t r e a t m e n t  o f  t h e  

p r o d u c t  w i t h  P b 0 2 o n e  e a s i l y  o b t a i n s  D P P H .

A l t h o u g h  X - r a y s  w i l l  c a u s e  t h e  d e c o l o r a t i o n  o f  D P P H  

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

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

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

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

D. Reduction of Metal Ions. S i l v e r  i o n  ( i n  t h e  f o r m  

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

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

t i o n , 11 a n d  w e  f o u n d  t h a t  t h e  r e a c t i o n  p r o c e e d s  a t  a n  

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

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

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

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

a s  l o w  a s  1 0 0  r a d s .

M e r c u r i c  i o n  ( i n  t h e  f o r m  o f  m e r c u r i c  c h l o r i d e )  i n  

a q u e o u s  s o l u t i o n  i s  l i k e w i s e  p h o t o r e d u c e d  w i t h  z i n c  

o x i d e  t o  g i v e  g r a y i s h  c o l l o i d a l  m e r c u r y , 11 b u t  i n  t h e  

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

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

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

E . Oxidations. C h e m i c a l l y  r e d u c e d  c r y s t a l  v i o l e t  

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

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

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

p r e s e n c e  o f  o x y g e n .  T h e  o x i d a t i o n  i s  v i s i b l e  w i t h  X -  

r a y s  o f  d o s a g e s  a s  l o w  a s  1 0 0  r a d s .  Z i n c  o x i d e  i n  

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

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

p r o d u c t )  i f  o x y g e n  i s  p r e s e n t .

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

h y d r o g e n  p e r o x i d e .  T h i s  r e a c t i o n  r e q u i r e s  t h e  p r e s 

e n c e  o f  b o t h  o x y g e n  a n d  w a t e r .  E v e n  p r i o r  h e a t i n g  

a t  3 0 0 °  in  vacuo o f  z i n c  o x i d e  d o e s  n o t  s u f f i c i e n t l y  

r e m o v e  o x y g e n  t o  s t o p  t h e  r e a c t i o n . 7 H o w e v e r ,  z i n c  

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

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

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

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

Discussion
M a n y  o f  o u r  r e s u l t 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  t h e  

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

( p h o t o l y s i s  o f  z i n c  o x i d e ) .  F o r  e x a m p l e ,  m e t a l l i c  

z i n c  ( f i r s t  t r e a t e d  w i t h  H C 1  t o  r e m o v e  t h e  p a s s i v e  

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

c o m p o u n d s  d e s c r i b e d  i n  t h i s  w o r k .  I n  t h e  p r e s e n c e  o f  

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

(11) E . B a u r and A. P erre t, J. Chim. Phys., 23, 97 (1926); G . A . 
K orsunovsk ii, Zh. Fiz. Khim ., 39, 2136 (1965).
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drogen peroxide. .This autoxidation of zinc as well
as the decomposition of hydrogen peroxide with metallic
zinc has been known for many years. 12 In this case
zinc cannot be in the metallic state but rather exists as
zinc atoms, since prolonged irradiation of zinc oxide
does not produce colloidal coloration as is the case with,
for example, silver salts.

A more favorable scheme is the formation of zinc ion
on zinc oxide. surface under -ultraviolet irradiation.
The concentration of zinc ions in solution is increased
when an aqueous zinc oxide suspension is illuminated. 13

Since our work does· not show postirradiation effects,
produced zinc ion is very unstable and may not accumu
late. The decrease in pH observed.with illumination
of zinc oxide suspensions is compatible with this result.
The inhibitory effect of phosphate ion may be a com
plexation of photochemically produced zinc ion. In
terms of the electronic theory of photoconductivity of
zinc oxide,14 this can be interpreted that ultraviolet
excitation produces electrons and holes, the latter
having very low mobility (i.e., n-type conductivity),
and the electrons in the conduction band can transfer
to other molecules at the surface of the solid. Hence,
the excited zinc oxide solid serves as an electron donor.
Ultraviolet light causes a desorption of oxygen from the
surface of zinc oxide. 13 This would allow direct
exposure of the surface to the solvent and hence allow
the reaction of zinc ions of the solid with, for example,
water or oxygen to take place. It is of interest to
note that oxygen quenches the photoconductivity as
well as the luminescence of zinc oxide. The quenching
effect is considerably greater if water vapor is added
to the oxygen.7 Apparently, the formation·of hydro
gen peroxide removes electrons which would normally
recombine with holes.

The Journal of Physical Chemistry
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The rate of the photochemical reduction as a func'
tion of exciting wavelength (Figure lA) follows the
absorption spectrum of zinc oxide as seen from the re
flection spectrum (Figure IB). The absorption edge
of 380 mJL is not infinitely sharp and has a tail into the
visible range. This is seen from the silver reduction
experiments where extremely small amouIits of reduced
silver are detectible by eye. In this connection, we
have found that red light will quench the low-tempera
ture phosphorescence (as well as thermoluminescence)
of zinc oxide7 indicating appreciable absorption in
the long-wavelength region.

The form of the rate curve as a function of zinc oxide
concentration (Figure 2) arises from photometric con
siderations. For low concentrations of the solid much
of the incident light is lost by scattering. For the
higher concentrations employed, the suspension is so
dense the reaction is confined to the front surface and
hence the rate is practically independent of the solid
content. The fact that the quantum yield isinde
pendent of intensity in the range employed shows that
the reaction on zinc oxide surface is very rapid and not
diffusion limited. The independence of the rate on
indophenol concentration indicates merely that the
concentration of the indicator is much higher than t4e
concentration of active sites produced on the zi11:C
oxide surface at any moment. The small activation
energy observed may be associated with energy of
electron transfer.

(12) M. Traube, Ber., 26, 1471 (1893).
(13) G. v. Elmore and H. A. Tanner, J. Phys. Chem., 60, 1328
(1956); R Beranek, E. Barton, K.Smrceck, and I. Sekerka, Col.
lection Czech. Chem. Commun., 25, 369 (1960).
(14) See, for example, J. T. Law in "Semiconductors," N. R Hanney,
Ed., Reinhold Publishing Corp., New York, N. Y., 1959.
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The surface tension of liquid uranium and thorium tetrafluorides was measured by the
maximum bubble pressure method. The salts were contained in molybdenum crucibles
and pressure measurements made with capillary-tipped molybdenum tubes. The sur
face tension of water and liquid sodium chloride was satisfactorily measured prior to meas
uring the fluorides. The probable error of the values obtained is ±5 dynes/cm. Approxi
mately 25 surface tension measurements were made on each salt and the least-mean
square equations fitting the data are UUF, (dynes/cm) = 447- 19.2 X lO-2T (OK) and
UThF, (dynes/cm)= 461 - 16.12 X lO-2T (OK). The surface tension-temperature func
tions of salts, metals, and homopolar substances are discussed in relation to their behavior
near the critical temperature.

Introduction

The purpose of this study was to adapt the conven
tional maximum bubble pressure method, which has
been used to measure surface tensions reliably at
moderately high temperature ("'10000 K) for use in
determining surface tensions to ;20000 K and above.
A critical discussion of the theorY' of the maximum
bubble pressure method has been outlined by Harkins. 2

Jaeger3 developed a technique with this method which
made possible the precision measurement of the
surface tensions of salts to 1600°.. Since Jaeger's
contribution, interest in surface tension measurements
of liquid salts has generally been confined to tempera
tures below lOOO°K.

Usually platinum, rhodium, or their alloys are used
as bubble tips; however, they could not be used for
these studies owing to their low melting point. Tube
materials that could be used above 20000 K are tanta
lum, tungsten, and molybdenum, melting at 3270,
3650, and 28900 K, respectively. Molybdenum was
chosen because· of its relative ease of fabrication and
a-cilability. It was also desirable from a chemical
standpoint since it was successfully used to determine
the densities of several saIts including UF4 and ThF4.4

Since the latter salts boil at 1723 and 1953°K, respec
tively, and no surface tension data on them were avail
able, we selected them for initial surface tension meas
urements in the range of 2000°K.

Apparatus and Procedure. The apparatus shown in
Figure 1 was described in detail recently in connection .
with the surface tension of liquid uranium. 5 In these
studies, molybdenum tubes and crucibles were substi
tuted for their refractory oxides counterparts. A
molybdenum capillary tip 1.5-mm o.d. X 0.8 mm i.d.
X 1 cm long was machined on a plug which was
welded to a molybdenum tube 0.94 cm o.d. X 1 mm
wall, 45cm long. The diameter of the capillary tip
was measured with a calibrated microscope with .an
accuracy of ± 6 1-£.

(1) This work was supported by the U. S. Atomic Energy Com
mission under Contract AT(30-1)-2082.

(2)W. D. Harkins, "Physical Methods of Organic Chemistry,"
Part I, 2nd ed, A. Weissberger, Ed., Interscience Publishers, New
York, N. Y., 1949, pp 355-425.

(3) F. M. Jaeger, "Optical Activity and High Temperature Measure
ments," McGraw-Hill Book Co., Inc., New York, N. Y., 1930, pp
252-277.

(4) A. D. Kirshenbaum and J. A. Cahill, J. Inorg. Nucl. Chem., 19,
65 (1961).

(5) J, A. Cahill and A. D. Kirshenbaum, ibid., 27,73 (1965).
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Figure 1. Surface tension apparatus.

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

t e m p e r a t u r e  i n  t h e  a p p a r a t u s  s h o w n  i n  F i g u r e  1 u n d e r  a  

f e w  c e n t i m e t e r s  o f  a r g o n  p r e s s u r e .  T r a c e  a m o u n t s  o f  

N ,  0 ,  a n d  H 20  w e r e  r e m o v e d  f r o m  t h e  a r g o n  b y  p a s s i n g  

i t  t h r o u g h  t i t a n i u m  f l a k e s  m a i n t a i n e d  a t  4 0 0 ° .  T h e  

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

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

t h r o u g h  i t  a t  a  r a t e  o f  6 0  b u b b l e s / m i n .  T h e  c a p i l 

l a r y  t i p  w a s  p l a c e d  ~ 1 . 5  c m  b e l o w  t h e  s u r f a c e  o f  t h e  

m e l t  a l o n g  w i t h  t h e  p y r o m e t e r  w e l l .  T h e  r e l a t i v e  

h e i g h t s  o f  t h e  c a p i l l a r y  t u b e  a n d  a n  a d j u s t a b l e  1/ i 6- i n .  

d i a m e t e r  m o l y b d e n u m  r o d  ( n o t  s h o w n  i n  F i g u r e  1 )  

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

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

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

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

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

a t  r o o m  t e m p e r a t u r e .

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

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

p r e v i o u s l y  c a l i b r a t e d  o p t i c a l  p y r o m e t e r . 6 T h e  a r g o n  

f l o w  t o  t h e  c a p i l l a r y  w a s  r e d u c e d  t o  1 0  b u b b l e s / m i n ,  

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

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

w a s  c o n v e r t e d  t o  c e n t i m e t e r s  o f  U F 4 o r  T h F 4 u s i n g  

p r e v i o u s l y  d e t e r m i n e d 4 d e n s i t y  v a l u e s  d e s c r i b e d  b y  t h e  

f o l l o w i n g  e q u a t i o n s .

D v f, =  7 . 7 8 4  -  9 . 9 2 0  X  1 0 ~ 4T  ( ° K )

-D t u l  =  7 . 1 0 8  -  7 . 5 9 0  X  1 0 ~*T ( ° K )

Y o u n d  a n d  h i s  a s s o c i a t e s 7' 8 f o u n d  t h a t  i f  a  b u b b l e  i s  

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

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

m a x i m u m  p r e s s u r e  i s  p o s s i b l e .  F r o m  t h e s e  m e a s u r e 

m e n t s  a n d  b y  e m p l o y i n g  t h e  e q u a t i o n  o f  S c h r o e d i n g e r , 9 

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

a ( d y n e s / c m )  =

w h e r e  dt — d e n s i t y  o f  t h e  m e l t  a t  o p e r a t i n g  t e m p e r a 

t u r e  i n  g / c c ,  g =  9 8 0  c m / s e c 2, a 2 =  rh0[ 1 —  2/sr/ho —  

1 /6(r/h0) 2 +  • • • ] ,  r =  r a d i u s  o f  t i p  =  i . d . / 2 ,  ha =  

(H  —  L) ,  w h e r e  L  i s  t h e  l e n g t h  o f  t h e  c a p i l l a r y  t i p  

i m m e r s e d  a n d  H  =  ( P m a x X - D i L o V d t  ( P m a x  =  m a x i 

m u m  b u b b l e  p r e s s u r e  r e a d  o n  m a n o m e t e r  a n d  Dmo =  

d e n s i t y  H 20  a t  a m b i e n t  t e m p e r a t u r e  i n  g / c c ) .

T h e  a p p a r a t u s  w a s  f i r s t  t e s t e d  u s i n g  w a t e r  a n d  N a C l ,  

a n d  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  v a l u e s  o f  J a e g e r 3 

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

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

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

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

v i s i b l e  u n d e r  6 0  X  m a g n i f i c a t i o n .  A l l  p r e c a u t i o n s  

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

r e c e n t l y  o u t l i n e d  b y  W h i t e 10 w e r e  a d h e r e d  t o  i n  t h e s e  

m e a s u r e m e n t s .

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

a n d  t h o r i u m  t e t r a f l u o r i d e s  c o n t a i n i n g  9 9 . 5  t o  9 9 . 9 %  

f l u o r i d e  w e r e  u s e d .  T h e  c h i e f  i m p u r i t i e s  w e r e  U 0 2F 2 

a n d  T h 0 2, r e s p e c t i v e l y .  A n a l y s i s  o f  t h e  U F 4 m e l t s  

a f t e r  t h e  r u n s  i n d i c a t e d  t h e  p r e s e n c e  o f  0 . 5  t o  1 w t  

%  U 0 2F 2, w h e r e a s  a  c h e c k  a n a l y s i s  o f  t h e  s t a r t i n g  m a 

t e r i a l  s h o w e d  0 . 2 1  w t  %  U 0 2F 2. S u r f a c e  t e n s i o n  d a t a  

o b t a i n e d  f r o m  t h e  m e l t s  w h i c h  c o n t a i n e d  0 . 5  a n d  ~ 1  

w t  %  U 0 2F 2 i n d i c a t e  t h a t  t h e  e f f e c t  o f  t h i s  i m p u r i t y  

i n  c o n c e n t r a t i o n s  u p  t o  1 w t  %  i s  w i t h i n  t h e  a c c u r a c y  

o f  t h e  m e a s u r e m e n t s ,  i.e., ± 3 % .  S i m i l a r  c o n c e n t r a 

t i o n s  o f  T h 0 2 i n  t h e  T h F 4 m e l t s  a r e  t o  b e  e x p e c t e d .  X -  

R a y  p o w d e r  d i f f r a c t i o n  p a t t e r n s  o f  t h e  T h F 4 m e l t  d i d

(6) A . D . K irshenbaum  and J. A . C ah ill, J. Inorg. Nucl. Chem., 25, 232 
(1963).
(7) M . H offm an, M .S . Thesis, U n iv e rs ity  o f Chicago, 1926.
(8) H . P. T r ip p , P h .D . Thesis, U n ive rs ity  o f Chicago, 1934.
(9) E . Schroedinger, Ann. Phys., 46, 413 (1915).
(10) D . W . G. W h ite , Am. Soc. Metals, Trans. Quart., 55, 757 
(1962).
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Figure 2. Surface tension of ThF, and UF4 VB. temperature.

not reveal any lines of Th02 that were not also given by
anhydrous ThF4, and eight of the principal lines of
Th02 did not appear. The concentration of Th02,

then, must have been 1% or less, the detection limit
fot powder diffraction patterns. Microscopic examina
tion of the molybdenum crucible and the molybdenum
melt interface indicated no reaction took place here
with molybdenum and either UF4 or ThF4• No
molybdenum, in any form, waS fOllnd in either salt by
chemical analysis, and the wall thickness of the molyb
denum crucibles did not decrease after being in con
tact with the liquid fluorides for even a few hours.

Results
Twenty-five values were determined for' each salt

between their melting and. boiling points. A least
mean-square treatment of the respective data gave the
following equations.

O'UF, (dynes/em) = 447 - 19.20 X 1O-2T (OK)

O'ThF, (dynes/em) = 461- 16.12 X 1O~2T eK)

The probable error of these measurements is ± 5
dynes/em. The experimental results are plotted in
Figure 2 and -the smoothed data calculated from the
equations are shown in Table 1. These values are the
only ones now available for the surface tension of UF4

and ThF4•

Discussion
Critical temperatures of 3150 and 3525°K were

estimated for UF4 and ThF4, respectively, by the
method previously outlined,ll i.e., from our liquid

Table I: Smoothed Surface Tension Data forUF, and ThF,

UF, ThF,

". ".
Temp, dynes/ Temp. dynes/

oK em oK em

1309 (mp) 195 1383 (mp) 238
1400 178 1500 219
1500 159 1600 203
1600 140 1700 187
1723 (bp) 116 1800 171

1900 155
1953 (bp) 146

density data,4 the ideal vapor density, and the law of
rectilinear diameter, and hence represent an upper
limit for Te• The critical temperature, Te,' of organic
and inorganic substances· which obey the law of cor
responding states can be related to the surface tension
by the well-known empirical equation

(1)

where 0'0 is the extrapolated surface tension at OOK,
N = HiD, and Tr is the reduced temperature ('.f/Te).

The above equation or its linear form (N = 1) also
applies to most liquid metals ;12 however, neither of
those forms applies to salts.

The surface tension of homopolar liquids can be

(11) A. V. Grosse. J. [naTg. Nucl. Chem.•. 22, 23 (1961).

(12) A. V. Grosse, ibid., 24, 147 (1962).
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Figure 3. Comparison of T0 and Text for NaCl.

r e l a t e d  t o  t h e i r  c r i t i c a l  t e m p e r a t u r e  b y  E o t v o s ’  l a w ,  

e x p r e s s e d  b y

c t  —  K
(To -

( E m )

T)
Vs ( 2 )

w h e r e  K  — 2 . 1 2  e r g s / ( m o l e ! / '  ° K ) ,  o r  =  t h e  s u r f a c e  

t e n s i o n  i n  d y n e s / c m ,  a n d  V m =  m o l a r  v o l u m i e  i n  c c /  

m o l e  a t  T °  K .  R e c e n t l y  G r o s s e 12 h a s  s h o w n  t h a t  t h e  

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

c o n s t a n t ,  K  =  2 . 1 2  e r g s / ( m o l e 2/3 ° K ) ,  i s  r e p l a c e d  b y  

C =  0 . 6 4  e r g / ( m o l e 2/3 ° K ) ,  a n d  <r a n d  V m r e p l a c e d  b y  

t h e i r  r e s p e c t i v e  v a l u e s  e x t r a p o l a t e d  t o  0 ° K ,  i.e., 
<t° a n d  F m ° .  T h e  E o t v o s  r e l a t i o n  t h e n  b e c o m e s

=  C
( E m ° )

°\  */« (3)

N o  c o r r e l a t i o n  c a n  b e  m a d e  b e t w e e n  a a n d  T 0 f o r  s a l t s  

w i t h  e i t h e r  e q  2  o r  3 .  H o w e v e r ,  t h e  q u a n t i t y  C  o r  

o - ° ( F m 0 ) 2 /y T c  i n  e r g / ( m o l e 2/3 ° K )  f r o m  e q  3  g i v e s  a  

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

Table II

L iF N a F N a C l K C l T h F i U  F , Bids

C 0.465 0.493 0.505 0.603 1.61 1.66 1.90
T jT bp 2.12 2.16 1.96 1.91 1.83 1.82 1.65

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

s h o w n  i s  t h e  r a t i o  o f  Tc/Tbp.
T h e  m o s t  i o n i c  s a l t ,  L i F ,  g i v e s  a  v a l u e  o f  C  l o w e r  t h a n  

w a s  f o u n d  f o r  l i q u i d  m e t a l s ,  t h a t  i s ,  C  =  0 . 6 4  e r g /  

( m o l e 2/l ° K ) ,  w h i l e  B i C h  h a s  a  C  v a l u e  m u c h  c l o s e r  

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

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

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

l i n e a r l y  t o  0  d y n e s / c m ,  t h e  t e m p e r a t u r e s  r e a c h e d  

c l o s e l y  a p p r o a c h  T c . H e r e a f t e r  t h e  t e m p e r a t u r e  

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

T e x t -  V a l u e s  o f  T ext f o r  T h F 4 a n d  U F 4 w e r e  6 5 5  a n d  

8 8 0 ° K ,  o r  2 0  a n d  2 5 %  l o w e r  t h a n  t h e i r  r e s p e c t i v e  

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

S i m i l a r  d i f f e r e n c e s  w e r e  n o t e d  b e t w e e n  T ext a n d  T c 

f o r  t h e  a l k a l i  h a l i d e s  u s i n g  J a e g e r ’ s  s u r f a c e  t e n s i o n  

d a t a 3 a n d  p r e v i o u s l y  e s t i m a t e d  v a l u e s  f o r  T c . 13 A  

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

f o r  B i C l 3, w h o s e  c r i t i c a l  t e m p e r a t u r e  w a s  r e c e n t l y  

d i r e c t l y  o b s e r v e d , 14 i s  s h o w n  i n  T a b l e  I I I .  T e x t  w a s  

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

a n d  B u c h a n a n . 16 I n  v i e w  o f  t h e  l a r g e  d i f f e r e n c e s

(13) A . D . K irshenbaum , J. A . C ah ill, P. J. M cG on iga l, and A . V . 
Grosse, J. Inorg Nud. Chem,., 24, 1287 (1962).
(14) J. W . Johnson and D . C ob icc io tti, J. Phys. Chem,., 68, 2235 
(1964).
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Table III

Salt LiF NaF NaCl KC1 TI1F4 UFi BiCla

4140 4270 3400 3200 3525 3150 1178
T ext 3220 3150 2725 2400 2860 2380 1005
Te-xt /Te 0.78 0.74 0.79 0.75 0.81 0.74 0.85

between Tc and Toxt and the fact that a must be 0 
at Te, the surface tension-temperature function of salts 
may curve at much lower reduced temperatures 
than do the a vs. T functions of homopolar liquids or 
liquid metals, which are linear practically all the way 
to Tc. Figure 3 illustrates the marked difference 
between Tc and Text for the particular case of NaCl. 
Recent measurements15 16 on the electrical conductivity 
of BiCL show that the conductivity reaches a maximum 
at about 0.67’c and then decreases with increasing 
temperature. This behavior, which is attributed to the 
formation of molecules in the liquid phase at and above 
0.6TC for BiCL, can be expected for salts generally. 
As the critical temperature of salts is approached and 
the number of molecules increases, salts will behave 
more like molecular liquids. Since a transition from

ionic to van der Waals type bonding occurs, the 
surface tension, a property which depends on the 
forces of attraction present, is also likely to be affected. 
An actual measurement of the surface tension between 
the normal boiling point and the critical temperature 
of a typical salt like NaCl to determine this effect would 
be a demanding task. A possible shape for the a 
vs. T function for salts in this latter temperature range 
is shown in Figure 3 by curve A which could also 
curve off the a vs. T line at reduced temperatures 
greater than 0.6TC. The orthobaric and mean densi
ties of NaCl shown in Figure 3 have been previously 
presented.13

Methods for either directly or indirectly measuring 
or calculating the surface tension at these high tempera
tures are under consideration.

Acknowledgment. The authors thank Dr. A. V. 
Grosse for his helpful comments and suggestions 
throughout the course of this work.

(15 ) D . A . B radhurst and  A . S. B uchanan , A ustralian  J . Chem ., 14, 
409 (1961).
(16) F . G rantham  and S. J. Y os im , J. P hys. Chem., 67 , 2506 (1963)
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Thermodynamics of Binary Alloys. II. The Lithium-Tin System1

by Melvin S. Foster, Carl E. Crouthamel, and Scott E. Wood

Chemical Engineering Division, Argonne National Laboratory, Argonne, Illin o is  (Received January 10, 1966)

Electromotive force measurements have been made on cells which may be represented as 
Li| LiCl-LiF[ Li in Sn (1, X Li =  atom fraction of Li). The alloy compositions varied from 
X Li =  0.1 to Sn saturated with solid Li5Sn2. The temperature range was 800 to 1050°K. 
A secondary reference electrode which consisted of liquid Bi saturated with solid Li3Bi 
was used in many of the measurements. An equation relating the excess chemical poten
tial of Li in binary Li-Sn alloys as a function of temperature and composition for the 
region studied was derived by a least-squares treatment. The standard free energy of 
formation of solid LisSn2 has also been calculated.

Introduction
Concentration cells without transference consisting 

of a lithium anode and a lithium-tin alloy cathode may 
be applicable either in a regenerative galvanic cell 
system or as a primary or secondary battery.

The merits of lithium as the most active component 
of the binary system have been discussed in an earlier 
work.2 The ability of lithium to form relatively 
stable intermetallic compounds with many of the more 
noble elements is one of its chief advantages. The 
stability of these compounds produces cell voltages in 
concentration cells without transference which are 
substantially larger than those predicted from ideal 
solution theory.

One of the elements which forms stable stoichiometric 
intermetallic compounds with lithium is tin. The phase 
diagram of the lithium-tin systems as given by Hansen 
and Anderko3 shows that six stoichiometric compounds 
are formed. The compound Li7Sn2 is reported to have 
the highest melting point, 783°.

The potentials of cells without transference have been 
measured, using cathode compositions between pure 
tin and 0.30 atom fraction tin in lithium and in the 
temperature range between 502 and 720°. In this 
region, the cathode consisted of either a one-phase 
liquid alloy or a liquid alloy of tin saturated with pure 
solid Li6Sn2.

Experimental Section
Materials. The electrolyte used in these studies 

was the same as described in ref 2. The eutectic com
position of 70 mole %  LiCl-30 mole %  LiF was made

by weighing reagent grade and relatively anhydrous 
salts in air and further purified by chlorine treatment 
of the melt, flushed with pure helium, and then evac
uated, sealed, and transferred in a Pyrex container 
to an inert-atmosphere box. The helium atmosphere 
in the box was continuously recirculated and repuri
fied during the course of the experiments as previously 
described.2

Lithium metal was obtained from the Foote Mineral 
Co., Philadelphia, Pa., in the form of 1-lb ingots sealed 
in cans under an argon atmosphere. The impurity 
analysis supplied by the Foote Mineral Co. was 0.003% 
Na, 0.0028% K, 0.003% Cl, and 0.0031% N2. From 
the J. T. Baker Chemical Co., Phillipsburg, N. J., 
tin metal was obtained in shot form. The impurity 
analysis supplied by Baker was As, 0.2 ppm; Cu, 
5 ppm; Fe, 30 ppm; Pb, 30ppm; and Zn, 5 ppm.

Apparatus and Procedures. The cells used in this 
investigation were the same as those described in ref
2. A porous beryllia crucible was used to contain the 
anode or cathode and to minimize the effect of lithium 
and intermetallic compound solubility in the electro
lyte. All electrode alloys used were prepared by 
combining appropriate weighed quantities of the 
elements in the inert-atmosphere box.

Because of the previously observed experimental

(1 ) T h is  w ork  w as p erform ed  under the  auspices o f  th e  U . S . A tom ic  
E n ergy  C om m ission .
(2 ) M . S. F oster, S. E . W o o d , and C . E . C routham el, Inorg. Chem., 
3, 1428 (1964).
(3 ) M . H ansen and K . A nderk o, “ C onstitu tion  o f B inary  A llo y s ,”  
M cG ra w -H ill B o o k  C o ., In c ., N ew  Y o rk , N . Y ., 1958, p 904.
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fact that lithium metal transferred from an anode of 
pure liquid lithium to a liquid alloy cathode at rates 
sufficient to preclude stable, reproducible cell poten
tial measurement, the original intent was to use as a 
reference electrode a tin alloy saturated with solid 
Li5Sn2 (over-all composition of 0.30 atom fraction of 
tin). This is analogous to the reference electrode of a 
bismuth alloy saturated with Li3Bi (over-all compo
sition of 0.40 atom fraction of bismuth) that had been 
used in studies of the Li-Bi system.2 When cells con
sisting of a lithium anode and a saturated cathode 
alloy (over-all composition of 0.30 atom fraction of tin) 
were operated, the voltages observed appeared to 
be stable at constant temperature, but the reversible 
cell voltage was difficult to ascertain because of the 
slow response of cell voltage with change of tempera
ture. Many points required 10 hr to achieve equi
librium. Before doing further experimental work in 
this system, it was decided to check the electrode con
sisting of liquid tin saturated with solid Li5Sn2 against 
the electrode of liquid bismuth saturated with Li3Bi 
and, if possible, to apply the latter as the reference 
electrode in further studies. This check was accom
plished without any difficulty other than the slow ap
proach to equilibrium mentioned above. The voltages 
obtained, combined with the reference electrode poten
tials established,2 yielded identical results, within 
experimental error, when compared with those obtained 
with a pure lithium anode. Thus, the reference 
electrode used in these studies consisted of an alloy of 
bismuth saturated with Li3Bi. In this cell, a species 
of Li3Bi is the most soluble entity in the electrolyte 
(approximately one order of magnitude greater than 
any Li-Sn species). Lithium metal solubility in the 
electrolyte, however, was negligible in the absence of 
the pure liquid lithium anode. The stability of the 
cell potential with time and with temperature cycling 
indicated that changes of electrode potential by any 
irreversible transfer of these species was negligible.

Results
The cell potential-temperature-composition data 

for single-phase liquid lithium-tin alloys were ob
tained from two types of cell: (1) Bi(l) saturated with 
Li3Bi(s)|LiCl-LiF[Li in Sn(l, X Li), where X li =  (atom 
fraction of Li in Sn) =  0.10, 0.20, 0.30, 0.40, 0.50, 0.60 
and 0.65; and (2) Li(l)[LiCl-LiF|Bi(l) saturated with 
Li3Bi(s). Adding the potentials of type 1 and type 2 
cells at a given temperature yields the potential of a 
third type of cell: (3) Li(1)JLiCl—LiF|Li in Sn(l, X Li).

The potentials of cells of type 3 are shown in Figure 
1 as a function of temperature at several cathode com
positions (the experimental points are in circles).

Figure 1. Voltage-temperature-eomposition data for the cell 
Li (1 ) 1 LiCl—LiF | Li in Sn(l, X l ì) ( X lì = atom fraction of Li).

Also shown in the figure (the experimental points are 
in triangles) is the potential of type 4 cell: (4) Li(l)|Li
Cl—LiF|Sn saturated with Li5Sn2(s).

The smooth curve for each composition represents 
the cell potential as a linear or quadratic function of 
temperature. This function was derived by a least- 
squares treatment of the data. The standard deviation, 
a, of the individual experimental points from the 
smooth curve is indicated.

The cell reaction for type 3 cells may be written as 
the transfer of lithium from pure lithium (saturated 
with electrolyte) to the alloy, for which the change in 
the Gibbs free energy is

AG =  -F E  =  RT In oLi (1)

where F is the value of the Faraday, E is the cell poten
tial, R is the gas constant, T is the absolute tempera
ture, and olì is the activity of lithium in liquid tin alloy. 
The standard state of lithium is taken to be the pure 
liquid metal in the cell environment, i.e., saturated 
with electrolyte, at the temperature of interest. The 
excess chemical potential of lithium in the liquid alloy 
is then given by the relationship

AMLiE = —FE -  RT In X Li (2)
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The values so calculated were fitted by a least-squares 
method to the equation

Ami/  =  E (o ,  +  btT +  (3)
i=l

where the data for each composition were weighted 
equally according to the number of experimental 
values for that composition. The values of the con
stants are shown in Table I. The standard deviation 
of the observed cell potentials from the values indicated 
by this equation was 0.5 mv.

Table I: Coefficients Used in Evaluating Eq 3

i  = 1 i  = 2 i  = 3

“ i 2018.75 -38,187.4 33,403.92
b,- -35.5044 84.9183 -53.6456
Ci 0.021445 -0.044818 0.030409

The curves shown in Figure 2 represent the calcu
lated values for Ami/  from eq 3 as a function of com
position at temperatures of 800 and 950°K. The ex
perimental points shown were calculated from the 
smooth curves in Figure 1. Also shown for compari
son in Figure 2 are the values for Ami/ ,  calculated 
from the composition of the liquid phase indicated by 
the published phase diagram3 and the cell potential 
obtained from a type 4 cell (cathode saturated with 
solid Li6Sn2). It must be emphasized that the region 
of the applicability of eq 3 extends only over that por
tion of the phase diagram in which tin-rich, unsaturated 
alloys exist, and only for temperatures between 800 
and 1050°K.

Discussion
The solubility of Li6Sn2 in liquid tin has been cal

culated at chosen temperatures. Equations 3 and 2 
were equated at a given temperature. The correspond
ing potential of a type 4 cell (cathode saturated with 
solid Li5Sn2) was used in the calculation of at the 
saturation point. The results are shown in Figure 3 
and are compared with the phase diagram given by 
Hansen and Anderko.3

Several attempts were made to fit the data to a 
function of the form Ami/  =  Asn2f(? ’,Xi,i) where 
f(T,X-Li) is a function of the temperature and com
position. These attempts failed in that the calculated 
values deviated widely from the observed values at 
the lower values of the concentration of tin in the 
alloy. Apparently, this behavior is forced in the par
ticular way in which the function attempts to reach 
zero point of the curve (at a composition of pure Li).

Figure 2. Excess chemical potential of lithium in tin.

showing calculated solubility points.

In reality, for an equilibrium system the curve repre
senting the excess chemical potential of lithium in the 
binary liquid at constant temperature as a function
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of the mole fraction of the liquid phase must be dis
continuous through the composition range where solid
LhSn2 is present in equilibrium with a liquid alloy,
since no liquid of these compositions exists. Because
of these difficulties and the experimental difficulties
noted, it was decided to use the simpler, but empirical,
function given in eq 3.

If the cell reaction for a type 4 cell may be written as

Li(l) + 2/sSn(l) (satd with LisSn2)~
1/sLisSn2(s) (4)

then one may represent the Gibbs free energy change
for the cell reaction as

t::..G =-FE = l/St::..GfO - 2/sRTln aSn (5)

where E is the voltage of the cell of type 4, t::..Gf
o is the

standard Gibbs free energy of formation of LisSn2(s)
from the elements, and aSn is the activity of tin in
the saturated alloy. Li(l) and LisSn2(s) are said to
exist in their standard state in the cell environment.

3045

The activity of tin was calculated by applying the
Gibbs-Duhem relationship and eq 3. Values of t::..Gf

o

for the formation per mole of LisSn2 at various tempera
tures are given in Table II. The estimated error of
these values is 1.0 kcaljmole.

Table n: Standard Free Energy of Formation of Li5Sn2(s)

Temp, I!.Gfo,
oK kcsI/mole

800 -61.4
850 -59.8
900 -57.9
950 -55.3

1000 -52.4

Acknowledgments. The aid of Mr. Richard E.
Eppley and Mrs.- GeneR. McCloud in obtaining the
experimental data is gratefully acknowledged.
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Fluoranil-Pyridine Charge-Transfer Complexes

by W. R. Carper1

Department of Chemistry, Califcrnia State College at Los Angeles, Los Angeles, California

and R. M. Hedges

Department of Chemistry, Texas A &  M  University, College Station, Texas (Received January 24, 1966)

Pyridine and nine of its methyl derivatives are complexed with fluoranil in carbon tetra
chloride and other solvents at 25°. The spectra may be interpreted as charge-transfer 
complexes and ion pairs (“ inner complexes in the Mulliken sense” ).

Introduction
Charge-transfer complexes between pyridine and 

various acceptors have been studied extensively by 
various investigators2-9 by means of both ultraviolet 
and infrared spectroscopy. Kosower and co-workers10 
have investigated various pyridinium iodide complexes 
and looked at solvent effects while the solid-state 
structures of the pyridine and 4-picoline-iodine com
plexes have been reported by Hassel.11

In a previous study12 aniline-chloranil complexes 
were investigated and a successful test of the molecu
lar orbital13 approach was made. As an extension of 
this type of investigation, pyridine and nine methyl 
derivatives thereof were complexed with fluoranil in 
carbon tetrachloride, chloroform, and water at 25°.

Experimental Section
Fluoranil (mp 171.5-172.5°) was obtained from the 

Pierce Chemical Co. and used without further puri
fication. Spectral grade solvents were used throughout 
the investigation. The pyridines were generously 
donated by the Reilly Tar and Chemical Corp. and were 
quadruply distilled shortly before their use. Boiling 
points corresponded to those found in the literature and 
chemical handbooks. Solutions were made up in the 
manner described previously,12 and measurements were 
made at 25 ±  0.01° with a Beckman DK-1 spectro
photometer.

Results
Two new absorption bands appear when fluoranil is 

added to various methyl derivatives of pyridine in 
carbon tetrachloride at 25°. These new absorption

bands are listed in Table I. These same absorption 
bands (both visible and ultraviolet) are seen to in
crease in intensity with decreasing temperature. This 
phenomena is reversible and is a consequence of the 
exothermic charge-transfer complexation.

As an electron donor, pyridine offers both the nitro
gen lone-pair and the ir electrons in the ring. With 
this in mind, the following questions arise: (1) Are
the new transitions n —► t * ,  it t t * ,  or both? (2) 
Are the new bands representative of separate complex 
species, or are they associated with the same complex?

In an attempt to answer the first question, molecular 1 2 3 4 5 6 7 8 9 10 11 12 13

(1 ) T o  w h om  correspondence m ay  be  addressed.
(2 ) (a ) D . L . G lusker and H . W . T h om p son , J . Ghem. Soc., 471
(1 9 5 5 ) ; (b ) V . G . K rishna and M . C h ow d h u ry , J. P h ys . Chem ., 67 , 
1067 (1963).
(3 ) R . E . M errife ld  and  W . D . P hillips, J. A m . Chem. Soc., 80 , 2778
(1 9 5 8 ) .
(4 ) J. N ag -C h aud hu ri and S. B asu , Trans. F araday Soc., 55 , 898
(1 9 5 9 ) .
(5 ) E . K . P ly ler and R . S. M u llik en , J . A m . Chem. Soc., 81 , 823
(1 9 5 9 ) .
(6 ) A . I . P o p o v  and R . T . P flaum , ibid., 79 , 570 (1957).
(7 ) A . I . P o p o v  and  R . H . R y g g , ibid., 79, 4622 (1957).
(8 ) C . R e id  and R . S. M ullik en , ibid., 76 , 3869 (1954).
(9 ) R . A . Z ingaro and  W . B . W itm er, J . P h ys. Chem ., 64 , 1705
(1 9 6 0 ) .
(10) E . M . K osow er, J. A m . Chem. Soc., 77 , 3883 (1 9 5 5 ); 78 , 5838
(1 9 5 6 ) ; 80, 3253 (1 958 ); 82, 2195 (1 960 ); 83, 2013, 3142, 3147
(1 9 6 1 ) .
(11 ) O . H assel and  H . H op e , A cta  Chem. Scand., 15, 407 (1 961 ); 
967 (1961).
(12) W . R . C arper, R . M . H edges, and  H . N . S im pson , J. P hys. 
Chem., 69, 1707 (1965).
(13) R . E . M iller and W . F. K . W yn n e-J on es, J . Chem. Soc., 2375 
(1959).
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Table I : Fluoranil-Pyridine Complexes in Carbon
Tetrachloride at 25°

Donor0 /--------- New transitions,6 m/x--------- .

Pyridine ( 1 ) 396(1) 455(3)
2-Picoline (2 ) 385(1) 455 (2)
3-Picoline (3) 393(1) 455(2)
4-Pi coline (4) 382(2) 455 (2)
2,-LLutidine (5) 375(1) 455(2)
2,5-Lutidine (6 ) 355(1) 455(1)
2,6-Lutidine (7) 355(1) 455(1)
3,4-Lutidine (8 ) 377(1) 455(2)
3,5-Lutidine (9) 390(2) 455(3)
2,4,6-Collidine ( 1 0 ) 369(1) No additional

band

“ Numbers in parentheses correspond to data points in Figure 
2. b Numbers in parentheses are standard deviations.

orbital calculations were obtained (see Computations 
section) on pyridine and its derivatives, and the results 
are given in Table II. The coefficient of the highest 
filled donor orbital (in 0 units) was plotted vs. yct 
(cm-1) of the highest energy band. The result of this 
plot is contained in Figure 1. The work of Nag- 
Chaudhuri and Basu4 on iodine complexes is also 
included.

Table II : Results of Hiickel Molecular 
Orbital Calculations

7T-
j3 coeff Electron

No. of P eoeff /3 coeff of 2nd density
electron of low of high highest on nitro

Compound centers est AO est BO BO gen

Pyridine 6 0.9265 0.7744 1 .0 0 0 0 0.9043
2-Pieoline 6 0.9411 0.6762 0.9176 0.9973
3-Picoline 6 0.9365 0.7374 0.8943 0.8998
4-Picoline 6 1 .0 00 0 0.6410 1 .0 00 0 0.9720
2,4Jjutidine 6 1.0370 0.5754 0.8977 1.0650
2,5-Lutidine 6 0.9415 0.5904 0.8665 0.9936
2,6-Lutidine 6 1.0133 0.6399 0.7808 1.0962
3,4-Lutidine 6 1.0552 0.5849 0.8916 0.9683
3,5-Lutidine 6 0.9799 0.7298 0.7808 0.8951
2,4,6-Collidine 6 1.1912 0.5380 0.7808 1.1637

The linearity of the Figure 1 plot indicates that the 
two transitions which appear for each of the new com
plexes are (a) n -*■ x* (450-mju band) and (b) x -*■ tt* 
(as indicated by Figure 1).

If the identification of the transition energies is 
correct, then there is the question concerning the pos
sibility of isomeric complexes. That is to say, are the 
transition energies associated with the same species, or

Tct (CM'1)

Figure 1. 13 coefficient v s . y„t (cm-1)'- (1) pyridine, (2)
3-picoline, (3) 3,5-lutidine, (4) 2-picoline, (5) 4-picoline,
(6 ) 2,4-lutidine, (7) 3,4-lutidine, (8 ) 2,4,6-collidine.

are there two distinctly different complexes present in 
the same solution?

The next step was to consider the effect of other 
solvents (chloroform and water) on the same complexes. 
The spectra of a sample pyridine-fluoranil complex in 
carbon tetrachloride, chloroform, and water is contained 
in Figures 2 and 3. Each spectrum is broken up into 
the two separate bands (n — x* and x x*) so as to 
indicate the relative intensities of the two transitions. 
A summary of the data given in Figures 2 and 3 is con
tained in Table III.

Table III: Analysis of Spectral Data 
Contained in Figures 2 and 3

■ ea  for the transition0-
Solvent n —>■ r * 7T —► TT*

e c u 86 (~450 m p ) 600 ( -—-396 r a p )

CHCfi 3,800 (~450 mM) 2400 (~396 r a p )

h 2o 10,600 (~370 m p ) 6000 (̂ —335 r a p )

t a  =  apparent molar extinction coefficient = absorbance
pyridine-fluoranil charge-transfer band/[fluoranil].

Before considering this table, it should be pointed 
out that the observed spectra in chloroform and water 
were seen to be temperature independent, thus indi
cating the presence of a new species which cannot be 
the same type as that observed earlier in carbon 
tetrachloride. Examination of Table III reveals a 
blue shift of the two bands as one proceeds to a sol-

Volum e 70, N um ber 10 October 1966



3048 W. R. Carper and R. M. Hedges

Figure 2. Spectra of pyridine-fluoranil solutions in CCU and 
CHCI3; absorbance vs. wavelength (m̂ t): ( 1 ) fluoranil,
1.167 X 1 0 " 3 M  in CCb; pyridine, 0.505 M ;  (2 ) 
fluoranil, 1.167 X 10~3 M  in CCI4; (3) fluoranil,
1.44 X 10-4 M  in CHC13; pyridine, 0.505 M ;

(4) fluoranil, 1.44 X 10-4 M  in CHCI3.

Figure 3. Spectra of pyridine-fluoranil solutions in H20 ; 
absorbance vs. wavelength (m^): (5), fluoranil, 3.48 X 
10-5 M ;  pyridine, 0.505 M ;  (6 ), fluoranil, 3.48 X 
10 M .

vent of higher dielectric constant. Furthermore, the 
relative intensities (see Table III) have reversed them
selves (the n it* transition is more dominant in the 
solvent of higher dielectric constant) and also have 
been compressed (there is a separation of 2.5 ev in

water as compared with a separation of 4.0 ev) in carbon 
tetrachloride.

All of the above can be represented by the mechanism 

D +  A Ci (outer complex) — >
C2 (inner complex, D+A~)

Such a mechanism was first postulated by Mulliken 
and Reid8 for pyridine-iodine complexes. More re
cently, Miller and Wynne-Jones13’14 15 have used this 
model for a variety of trinitrobenzene-amine com
plexes.

The relative intensities are explained by assuming 
that the geometry of the complex varies from solvent 
to solvent. That is to say, the inner complex (favored 
in the more polar solvent of high dielectric constant) 
exists in a form such that most of the transfer occurs 
through the nitrogen atom. Consequently, the n —*■ 
x* transition becomes enhanced as one proceeds to 
the more polar solvent.

As a final point, one would expect that if two sepa
rate types of complexes existed simultaneously in solu
tion and if these types were (a) x x* and (b) n -*■ x*, 
that the spectrum of (a) would be only mildly perturbed 
(if at all) by the various changes in solvent. The fact 
that both transitions are affected simultaneously, 
coupled with the results in Figure 1, leads the in
vestigators to conclude that the new transition energies 
are indeed all representative of the same species of 
complex.
Computations

In order to apply the Dewar approach16 it was neces
sary to obtain molecular orbital calculations on all 
of the donor molecules. These were calculated by 
the Hiickel method using a modified version of Wiberg’s 
program16 and an IBM 7094 digital computer. The 
results of the calculations are given in Table II.

A six-electron model was used to calculate the energy 
levels in the usual form

ac — =  AO (antibonding orbital)
<xc +  z/?cc = BO (bonding orbital)

The heteroparameter used for nitrogen was —0.19 
in accordance with Brown’s work17 while the methyl 
inductive parameter used was —0.50.18

(14) R . E . M iller and  W . F . K . W yn ne-J ones, J . A m . Chem . Soc., 
4886 (1961).
(15) M . J. S. D ew a r and  A . R . L epley , J . A m . Chem. Soc., 83 , 4560 
(1961).
(16) K . B . W ib erg , “ P hysica l O rganic C h em istry ,”  John W ile y  
and  Sons, In c ., N ew  Y o rk , N . Y .,  1964.
(17) R . D . B row n  and M . L . H effernan , A ustralian  J . Chem., 12, 
554 (1959).
(18) A . Streitw ieser, “ M olecu lar  O rbital T h e o ry  fo r  O rganic C h em 
ists,”  John W iley  and  Sons, In c ., N ew  Y o rk , N . Y . ,  1961.
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It is shown quite generally for isotropic membranes, and with some restrictions for aniso
tropic membranes, that in describing transport under stationary-state conditions, the 
membrane may be chosen legitimately as the frame of reference for a local dissipation 
function. This is true even when there is no mechanical equilibrium, in other words when 
viscous flow occurs, provided that the mean density of the membrane over a lateral plane 
is constant in the direction of flow. The forces conjugate to the membrane-centered 
flows are the gradients of chemical or electrochemical potential of the permeating species. 
However, the local dissipation function must be averaged over a cross section at any depth 
within the membrane, and hence the flows likewise must represent averages, which meas
ured values usually do. The local phenomenological relations corresponding to the average 
local dissipation function are then symmetrical. The assumption that this is so is im
plicit in the Kedem-Katchalsky treatment of membrane processes.2 As an example, an 
important limiting case, that of a set of charged pores having a diameter very large com
pared to the thickness of the electrical double layer, is examined in detail. In a recent 
treatment of this model, Kobatake and Fujita obtained unsymmetrical phenomenological 
relations for the average flows.3'4 5 This result is not correct. It turns out that their 
approach indeed leads to symmetrical relations if the local forces and flows are chosen so 
as to form a set of conjugate pairs.

Introduction port may be approached from the point of view of solu
tion theory. This is possible when the membrane is 
essentially a system of rather large pores (compared to

In the study of transport processes in free solution, 
using the nonequilibrium thermodynamics of con
tinuous systems, the local center of mass is the usual 
frame of reference for diffusional flows.6 Other frames 
of reference available are the local center of volume or 
any of the individual components of the system, in 
particular the solvent. In membane transport, the most 
convenient component to choose as a frame of refer
ence, both experimentally and theoretically, is clearly 
the membrane itself. Some cases of membrane trans

(5 ) S . R . de G ro o t  and  P . M azur, “ N on -E q u ilib riu m  T h erm o
d yn am ics ,”  N orth -H ollan d  P ublish ing  C o ., A m sterd am , 1962.

(1 ) B iop h ysica l L aboratory , H a rvard  M ed ica l S ch oo l, B oston  15, 
M ass.
(2) O . K ed em  and A . K ateha lsk y , J . Gen. P h ysio l., 45 , 143 (1961).
(3 ) Y .  K ob a ta k e  and H . F u jita , J. Chem. P h ys ., 40 , 2212, 2219 
(1964).
(4 ) Y .  K ob a ta k e  and  H . F u jita , K ollo id -Z ., 196, 58 (1964).
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ir: grad v + 2P"·(,) (1)

n-l

Tu = - 2:ik • [{grad (ILk - ILn)h - Fk + Fn] -
k=1

(6) J. G. Kirkwood, R. L. Baldwin, P. J. Dunlop, L. G. Gosting,
and G. Kegeles, J. Chem. Phys., 33, 1505 (1960).

(7) F. M. Snell and B. Stein, J. Theoret. Biol., 10, 17.7 (1966).

(8) R. Schlag!, Discussions Faraday Soc., 21, 46(1956).

(9) D. D. Fitts, "Nonequilibrium Thermodynamics," McGraw
Hill Book Co;, Inc., New York, N. Y., 1962.

where n represents the number of components present,
including the membrane. The J k are diffusional
flows relative to the local center of mass, V is the bary
centric velocity, and ILk aridFk are, respectively, the
chemical potential of the kth component and the ex
ternal force acting on it. The transposed visc911s
pressure tensor ir arises by splitting the total presshl'e
tensor Pinto two parts, one of which is the scalar hydro
static (equilibrium) pressure p multiplied by the unit
tensorU

(2)P = pU + IT

The assumption that a scalar hydrostatic pressure can
be separated out in this way limits the discussion to
inelastic media. For our purposes, this is _an un
important limitation, since we deal only with stationary
states. It does not exclude changes in specific volume;
i.e., the flow need not be incompressible, but such
changes will generally be negligible in the condensed
systems we are considering. The final term on the
right-hand side of eq 1 only arises if the system exhibits
rotational viscosity, in which case P and hence II will
not be symmetric. The axial vector P" then represents
the antisymmetric part of P, while (,) is the meanangu
lar velocity of the constituent particles. The inertial
terms in the driving forces for diffusional flows above
have been omitted, since these are generally negli
gible,5,9 and the conservative external forces acting on

gradients are present in the pores owing to the occu
rence of viscous flow. However, it is worth pointing
out that the flows normally measured are average
flows over the plane of the membrane. Since average
flows are independent of position in the stationary state,
one might suppose that they offer a means of avoiding
the problem of velocity gradients. The correctness
of this supposition is demonstrated below.

The Loeal Dissipation Function
For simplicity, we restrict ourselves to Isothermal

systems. If we disregard the possibility of chemical
reactions for the moment, the local entropy produc
tion u at any point within the membrane is given, in
the notation of de Groot and Mazur, by

the mean free path of the permeating molecules)
which mayor may not carry wall charges. In such
treatments, it is always found advantageous to trans
form the frame of reference from the local center of
mass to the pore walls. When the transport process
is described by nonequilibrium thermodynamics, then
whatever the structure of the membrane, it is necessary
to ascertain whether or not such changes of reference
frame preserve Onsager symmetry in the localphe
nomenological equations. The treatment of Kedem
and Katchalsky assumes implicitly that this is the
case. 2 de Groot and Mazur have shown by considering
a discontinuous (three-compartment) system that the
over-all or integral phenomenol9gical coefficients,
characteristic of the membrane as a whole, obey
Onsager symmetry when the gradients across the
membrane are all linear.5 However, this treatment
throws no light on the local coefficients. Kirkwood
and co-workers, in dealing with the problem in free
solution, found that in certain circumstances trans
f~rming the reference frame to the walls of the con
tainer does not result in symmetrical coefficients.6

Snell and Stein recently treated the symmetry of the
over-all coefficients in a complex membrane, basing
their considerations on symmetrical local coefficients
with the membrane as a frame of reference.7

Attention was first drawn to this question by Schlagl,8

who was able to show that the transformation can be
symmetry-preserving when the pores are small enough
to satisfy the following criteria: (a) the fluid is ho~o
geneous over the pore cross section; and (b) the electrical
space charge per unit volume of fluid is constant over
the pore cross section. Kobatake and Fujita have
recently considered the opposite situation, that of an
array of cylindrical pores having a diameter very large
with respect to the thickness' of the electrical double
layer. 3,4 Here the argument developed by Schlagl
cannot be applied. Indeed, it turns out that the local
phenomenological equations relating to a streamline
within a pore are not symmetrical when referred to the
membrane. Kobatake and Fujita arrived at mean
local flows which also are not described by symmetrical
equations. It will be shown below that a correct
averaging procedure restores the symmetry.

For systems in mechanical equilibrium, which here
implies that not only acceleration but also velocity
gradients have vanished, Prigogine's theorem states
that the barycentric velocity in the definition of local
flows may simply be replaced by any other velocity
without changing the entropy production.5 However,
in many cases of interest in membrane transport,
mechanical equilibrium does not exist in this sense
even in the stationary state, since radial velocity
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the particles are presumed not to give rise to intrinsic 
angular momentum.

Equation 1 refers to local volumes in a continuous 
phase, sufficiently “ macroscopic”  to make the concept 
of entropy production meaningful. The intensive 
properties of the membrane are therefore required to 
be continuous functions of the space coordinates. It 
should be borne in mind, however, that in a nonequi
librium system, the local intensive properties are 
averages over microscopically large, although macro- 
scopically small, regions of space and time.9 In short 
we are dealing with what de Groot and Mazur call 
“ coarse-grained”  variables. We shall consider two 
cases.

(a) The membrane pores are smaller than, of the 
same order of magnitude as, or not very much larger 
than the mean free path of the permeating molecules. 
Such a membrane represents a continuous phase.

(b) The membrane pores are very much larger than 
the mean free path of the permeating molecules. This 
type of membrane will be regarded as a two-phase 
system in which entropy production occurs only in the 
“ internal”  fluid phase, i.e., not within the actual mem
brane fabric. Equation 1 may then be restricted to 
local volumes in the internal phase, the local density 
of the membrane component being everywhere zero.

The situations envisaged in case a are those in which 
the membrane component is interspersed, essentially 
at a molecular level, among the components of the 
permeating fluid, and therefore partakes intimately 
(by frictional and other interactions) in the processes 
occurring. In case b, the membrane component is con
sidered to be a separate phase segregated from the per
meating fluid, which is stationary at the interface be
tween the phases; consequently, the membrane par
takes only marginally in the processes. Biological 
cell membranes having both lipid and aqueous regions 
of permeability may, from an over-all phenomeno
logical point of view, be included in case a. Both cases 
are covered in the following analysis.

If chemical reactions take place in the membrane, 
the entropy production contains an additional term, 
a summation over the products of the affinities and 
velocities of the reactions. In an isotropic system, the 
first term on the right-hand side of eq 1 is separately 
positive definite. The second term breaks into three 
parts: (i) a term referring to the scalar process involving 
bulk viscosity (negligible when changes in specific 
volume are negligible), which should be grouped with 
the chemical reaction term since this process can couple 
only to chemical processes in an isotropic system; (ii) 
a term containing the symmetric parts of each tensor 
(with zero trace); and (iii) a further term referring

to rotational processes, which may be combined readily 
with the third term in eq 1 since it also involves the 
axial vector Pa. The three contributions to the entropy 
production just described are each separately positive 
definite in isotropic systems. The total entropy pro
duction in such systems thus gives rise to four inde
pendent sets of phenomenological relations. In an 
anisotropic system this is no longer true; the properties 
of the complete array of phenomenological coefficients 
depend on the symmetries of the system. However, 
the cross-coefficients must obey Onsager’s reciprocal 
relations in their most general form.6’9 For the most 
part, anisotropic membranes are not excluded from 
consideration here, but in case a we do exclude any 
variation, in the direction normal to the membrane 
surface, of the total density averaged over a cross 
section. In case b we exclude any such variation 
of the density of the internal phase, averaged over the 
entire area of a cross section. It will be noted that the 
internal phase in case b is usually isotropic, so that 
rotational processes (and chemical reactions) do not 
couple to the flows, but since rotational viscosity is 
only significant in solutions of macromolecules, it is 
virtually confined to case b.

We now identify the membrane with component n, 
and define the quantities

(grad pk)T = (grad pk)T -  ¥k (3)

J*m = J* +  P*v (4)

where pk denotes the mass per unit volume of com
ponent k. Thus the J*m are flows relative to the 
membrane. Introducing into eq 1 eq 3, 4, and the 
Gibbs-Duhem relation

n

Ep* (grad pk)T = grad p
k = 1

and remembering that the membrane does not move 
and that pn =  0 in case b, we obtain directly

71 — 1
TV = - E J * “ -(grad pk)T +  v-grad p -

k =  1

E pA 'V  -  fr : grad v +  2Pa-o) (5)
k = i

In mechanical equilibrium, only the first term on the 
right-hand side remains and eq 5 reduces to a particu
lar case of Prigogine’s theorem, (n and hence Pa may 
be neglected and the second and third terms together 
give zero.) The corresponding phenomenological equa
tions are then symmetrical, since the new flows and 
forces result from linear transformations of the original 
flows and forces, respectively.

We are interested in the more general situation in
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which mechanical equilibrium does not hold, but we do 
assume stationarity. Then from the local kinetic and 
intrinsic rotational energy balances,5 writing 6 for the 
average moment of inertia per unit mass of the con
stituent particles and p for the total density, eq 5 is 
transformed to

71—1
To =  -E J /M g r a d  ffit) t  +  v-grad p -

k= 1

div (P • v) +  *: grad v — n : grad v — 
div ( [y 2]pv2v) -  div ([Vslptfodv) =

71 — 1
-E J V M g ra d  j3*)r +  v-grad p -
k = 1

div (P • v) T  p div v —
div ( [y 2]pv2v) — div ( [ y 2]p0o2v)

since U : grad v = div v. This may be condensed to 
give

71 — 1

<t> =  - Z J * m-(grad M*)r -  div (n-y) -k= 1

div a y 2]pv2v) -  div ( [ y 2]pi>6)2v) (6)

where <f> = To is the local dissipation function per unit 
volume. Since this quantity is dependent on position 
within the membrane, we denote it <j>x,v,z, where x is 
the direction perpendicular to the plane of the mem
brane. We now wish to derive a related function, the 
average local dissipation function at a depth x within 
the membrane, 4>z. This is the local dissipation func
tion involved implicitly in the work of Kedem and 
Katchalsky,2 since they obtain the total dissipation 
function for the membrane, per unit area, by integrating 
in the x direction only.

Consider the volume V of an infinitesimally thin 
cross-sectional slab of membrane of thickness 8x at x. 
Then

4>x =  (l/R)J\>z,!,,zdT (7)

where dr is an element of volume in the slab. If A 
is the cross-sectional area of the membrane, then from
(6) and (7)

where dii is an outwardly directed vectorial area ele
ment, and the last three integrals extend over the whole 
surface of the slab. These surface integrals (together 
with their signs) represent net inward fluxes normal 
to the slab faces of, respectively, viscous mechanical

energy, kinetic energy, and intrinsic rotational energy. 
Since we have considered a stationary state, each in
ward flux would represent, if positive, an expenditure 
within the slab of the form of energy concerned— 
either by total dissipation or by partial conversion 
to another form (which may appear in the volume in
tegral). If an inward flux is negative, i.e., actually an 
outward flux, it evidently represents the output of an 
energy conversion. In isotropic systems, including 
most examples of case b, the final integral in eq 8 
may be omitted from further consideration. This 
follows not only from the symmetry properties of the 
system, but also from the observation that in isotropic 
systems Pa usually has a short relaxation time and 
vanishes in the stationary state.6

It can be seen now why it was necessary to exclude 
membranes which exhibit average density variations, as 
discussed, in the a: direction. Under steady conditions, 
the average momentum density pv, which is equal to 
the average mass flux, is constant for all slabs. Con
sequently, any variation in the mean total density 
p must be accompanied by a corresponding variation 
in the mean barycentric velocity v. In determining 
p in case b, pn is counted as zero as before, since we are 
only concerned with the average concentration of the 
fluid phase over the whole cross section. If v does not 
change, the average flow of momentum in the slab is 
independent of the position x. The flow of kinetic 
energy is therefore constant in the x direction. The 
flows of intrinsic angular momentum and rotational 
energy, and of viscous mechanical energy (which 
anyway appears as a second-order term among the 
energy flows in the treatment of de Groot and Mazur6), 
will in general also be constant or nearly so in the x 
direction. Thus the surface integrals in eq 8 are all 
zero or vanishingly small. In the presence of anisot
ropy of the kind described, however, an energy dis
sipation or conversion occurs which causes these 
integrals to take on finite positive or negative values.

The averaging is completed by writing

dr =  5xdA (9)

We assume that Jxk is constant everywhere over the 
slab of thickness &r,10 which of course does not imply 
that pk is similarly constant. This is nothing other 
than an extension of the usual hypothesis of local 
equilibrium in nonequilibrium thermodynamics. It 
is ensured if no absolute barriers exist to diffusion of the 
permeating species from one local volume to another in 
the plane of the slab. We may define the average flow

(10) R . L . C leland , J. K . B rinck , and R . K . Shaw, J. P h ys. Chem ., 68, 
2779 (1 964 ); R . L . C leland, Trans. Faraday Soc., 62 , 336 (1966).
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Jfcm of the /cth component relative to the membrane by 
the expression

J*m = (1 /A) J h mdA (10)

where A is either the cross-sectional area of the whole 
membrane as before or of a subsection of it over which 
the local equilibrium hypothesis, as set out above, holds 
good for all x. Then from (8), (9), and (10)

$x =  - Z I * m-(grad pk)T (11)
k =  1

Equation 11 is the local dissipation function used by 
Kedem and Katchalsky.2 It is seen, by comparison 
of eq 11 and 5, that the averaging procedure has in 
effect reduced the problem to one of mechanical equi
librium after all. If the local dissipation function re
fers to a cross section of the membrane over which 
there is local equilibrium, the conditions of Prigogine’s 
theorem are automatically fulfilled. It follows that 
the corresponding phenomenological equations are
symmetrical. The occurrence of chemical reactions
would contribute further averaged terms to <j>x, with
out contributing to the surface integrals of eq 8 unless 
significant changes in specific volume or viscosity were 
brought about. It should be emphasized that viscous 
dissipation, within the membrane, of hydrostatic 
mechanical energy or of potential energy in general 
is not excluded.

The Phenomenological Relations 
in a Wide-Pore Model

Our object now is to describe the flow of a single salt 
and water through a membrane consisting of uniform 
right-circular cylindrical pores. We are concerned 
only with pores having a radius a much greater than 
the thickness of the electrical double layer. The latter 
results from a surface charge on the cylinder walls of 
density <re.

We consider steady-state ion flows, viscous forces 
being a negligible contribution to the total driving 
forces for the diffusional ion flows, but the major con
tribution for solvent flow. Bearman and Kirkwood11 
have shown that whenever viscosity terms can be 
neglected in the driving forces for diffusional flows 
and steady-state conditions exist, the individual equa
tions of motion are equivalent to linear phenomeno
logical relations. We assume for simplicity that the 
solution is dilute; consequently, the contribution of 
water diffusion relative to the local center of mass is 
negligible and the equations of motion of the solution 
and of the water are identical.11’12 Flows through the 
membrane will be analyzed in terms of flows through a

single capillary, and the membrane will not be included 
as a species.

Along any streamline, the diffusional flows of the ions 
(relative to the local center of mass) are given by

2
IA / r i  I'A £ f/C)X )

¿=1
2

—H L ki[efrl/fdx +  vtdp/dx +  bmc/dx] (12)
i —  1

where k and i represent either cation or anion (1 or 2, 
respectively) and the remaining symbols are either de
fined above or as follows: b\p/dx, potential gradient at 
any point; ei} specific charge of species i; n(c, concen
tration-dependent part of the electrochemical potential 
fit, where pf is the partial specific Gibbs free energy of 
species i; v{, partial specific volume of species i. Dif
fusion relative to the center of mass due to pressure 
gradients is generally vanishingly small and the terms 
V{dp/dx in eq 12 may be neglected.3’4

It is desirable to express the electrochemical potential 
gradients of the ions in terms of the chemical potential 
gradient of the neutral salt. To do so, it must be as
sumed that electroneutrality holds for each local volume 
element of the solution, neglecting the effect of the wall 
charge

ripi +  &2p2 — 0 (13)

This is an approximation only near the wall, and an 
accurate description elsewhere. It has been shown that 
the terms introduced by not making this assumption 
are negligible.4 The use of eq 13 at this point allows 
us to express the ion flows in terms of current and salt 
flow and their conjugate forces.
The salt concentration is defined by

Pi +  P2 = Ps (14)

The gradient of the concentration-dependent part of 
the chemical potential can be written

d^/dx =  ¿(dMiVdpJCdpj/dx) (15)
¿=1

which reduces to the following form when the activity 
coefficients y t are taken into consideration (M{ repre
sents molar weight)

dtf/bx =  (RT/M <)[(!/Pi)(dPi/bx) +
(l/y t)(dyi/dx)) (16)

In dilute solution, we have 71 ~  72 ~  7s (the mean
ionic activity coefficient of the salt), and using (13)

(11) R . J. B earm an and J. G . K irk w ood , J. Chem. P h ys., 28 , 136 
(1958).
(12) R . H . A ranow , P roc. Natl. Acad. Sci. U. S ., 50 , 1066 (1963).
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and (14) to express the ion concentrations in terms 
of the salt concentration and the specific charges, the 
following simplification results

M1bp1°/bx = M2bp 2a/àx =  (Ms/V)bpac/ bx (17)

where v = v\ +  v2, the stoichiometric coefficients of the 
salt. Combining (16) and (17), eq 12 becomes

J* =  -Z L A e M / à x  +  (MJvM^bp'/bx] (18)
¿ = i

The ion flows are transformed to flows of salt and cur
rent by

Js = (M s/rXJi/Mi +  h/M,) (19)

I =  eJi T  c2J2 (20)

The result of this transformation is

Js =  (Ms/v)2[Ln/ M !  -f- 2L\i/M\M% +  L22/M22] X 
bp, sc/bx — {Ms/v)[(ei/Mi)Ln +  (e2/Mi +

ei/M2)L12 -f- (01/M,2) F22\b\p/bx (21) 

I =  — (M3/v)[(ei/Mi)Ln +  (ei/M2 -f- e2/M\)Ln +
{fii/ M2) L22 ] bpsc/bx -  

[el Lu T  2eie2Ln T  e22Ln]b\p/bx (22)

Using the same argument (eq 13-17) and similarly 
neglecting the pressure contribution to diffusion rela
tive to the center of mass, the transformation from 
ion flows to salt and current flows may be performed on 
the dissipation function and a symmetrical matrix of 
coefficients written directly. In order for the. trans
formation to leave the rate of entropy production in
variant the salt flow must be defined as in eq 19. Koba- 
take and Fujita4 defined salt flow by the relation

Js = Ji +  j 2 (23)

This flow is not conjugate to the driving force bpec/bx. 
For convenience, we now define a new set of coefficients

£11 =  (Ms/vnLn/M I +  Ln/MiMi +  L22/M 22] (24)

£12 = £21 =  (Ma/v)[(ei/Mi)L1i +  {ei/Mi +
e\/Mi)Ln fl- {ei/Mi)Ln] (25)

£22 = [ei2Tn +  e^Ln  +  e22T22] (26)

The reference frame for the flows in eq 21 and 22 is 
transformed to the capillary wall by use of the relations

Im = I +  (fiiPi +  e2p2)v (27)

Jsm =  Js +  PsV (28)

where v, the barycentric velocity, is given by the 
following solution to the Navier-Stokes equation3

v =  — abp/bx — pb^/bx (29)

Here a and p are defined by

a = (a2 — r2)/4);

P  =  (e/4inf)($ -  £ 0)

and the remaining symbols are e, dielectric constant of 
the medium; $, electrostatic potential due to the wall 
charge; $0, electrostatic potential at the wall (r = 
a); r, variable distance in the radial direction; and 
a, capillary radius. The second term on the right- 
hand side of eq 27 accounts now for the influence of 
wall charge on the current, and will be discussed pres
ently. The transformed flows, related to the membrane 
as frame of reference, are

Jsm =  — £n bpl/bx — £12b^/bx +  psv (30)

Im = — £nduac/dx — £nd\p/bx +
(eipi — e2p2)v (31)

Using eq 29 and rearranging, these equations can be 
rewritten in terms of the forces conjugate to the flows. 
Together with eq 29, they constitute the phenomeno
logical description of local membrane-fixed flows along 
a particular streamline

Jam =  — [£n +  ap^jd^sV&r —
[ £ 1 2  +  f i p s j b i p / b x  —

[aps]d(p — vRTps/MB)/bx (32) 

Im = — [£21 +  apa(eipi +  e2p2)]bpsc/bx —
[ £ 2 2  +  /3(eiPi "h e2p2)]b\f//bx —
[a(eipi +  e2p2)]b(p — vRTpB/MB)/bx (33) 

v =  — [aps] V /  bx — [/?] br/z/bx —
[a]d(p -  vRTPs/Ms)/bx (34)

In writing these equations we have assumed for sim
plicity that at all points (l/ys)(bya/bx) <<C ( l /p s)- 
(bps/bx). Clearly, the matrix of coefficients is not 
symmetric. We now show that averaging the flows 
results in symmetry. For ease in calculation, eq 29, 
30, and 31 are used. The flows are averaged over the 
capillary cross section by means of the relations

Ji“  =  J^°J,m27rrdrJ £  2 wr dr (35)

where J¿m represents a flow along a streamline, and J*m 
its averaged value. The contribution of the wall 
charge is taken into consideration in this averaging 
process and eq 13 is replaced by a more accurate ex
pression of the electroneutrality condition

eiPi +  e2p2 = — («/4x) (1/ r) (b/br) (rb$/br) (36)
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Neglecting the wall charge at this point would be 
equivalent to neglecting the streaming current and the 
effect of transmembrane potential on barycentric 
velocity.

The integration over the capillary cross section is 
self-evident except for the last term in eq 31. This in
tegration is performed by twice integrating by parts 
(see ref 5, pp 423-426) using the boundary conditions

(i) d$/dr =  0 at r =  0

(ii) v =  0; d$/dr =  47r<re/e ; $  =  4>0 at r — a (37) 

For simplicity in notation, let

4 =  I (l/r)(c)/2)r)(rd<h/dr)vrdr =
Jo

f [V2$]vrdr (38) 
Jo

Performing the integration by parts twice, and applying 
the conditions (37)

4 =  I (<f> — $o)(V2v)rdr (39)
Jo

Substituting from the Navier-Stokes equation3 for 
V2v

9 = {($  — $0)A?}?’dr òp/òx —

(e/4 4>)rdr òì/z/òx (40a)

We shall abbreviate this equation as

I m =  — [ £ 2 1  +  ( tÇ , p s/ 2 -ira2)  ] à p .sc/ à x  —

[£22 -  (e/27ro)2(3C/2)]à\f//àx -
[eQ/2wai]à(p — vRTps/Ms)/dx (45) 

v = — [a2ps/87;]ô/2sc/t)a; — [eg/27ra2]di/'/àa; —
[a*/8i?]0(p -  vRTps/Ms)/àx (46)

Although this completes our demonstration, it is worth
while proceeding further with the calculation. The 
integrals g and 3C are evaluated in the Appendix and 
are related to the concentration-dependent electro- 
osmotic coefficient B/ps’/2 of Kobatake and Fujita in 
the following manner

e g /2 ^ 2 = (e /2 ^ )2(3C/2)(a/<7e) = B/P: h (47)

where

B =  -(<T'/v)(ekT/-4̂ |ei||e2|)1/! (48)

The result above differs from that of Kobatake and 
Fujita4,13 for two reasons. Firstly, by defining a salt 
flow which is not conjugate to its driving force, the 
gradient of chemical potential, they removed sym
metry from their coefficient matrix. Secondly, the 
term [B/ps1/2]àp/àx was omitted in the integration.

To compare this work with that of Kobatake and 
Fujita in mere detail, three of the coefficients derived 
in eq 21 and 22 can be identified with similar coef
ficients in their phenomenological equations as

K'MapJvRT =  £21 = £12 (49)

Aps = £22 (50)

4 =  Qdp/dx — (e/4-ir)3Cd\p/dx (40b)

The flow equations averaged across the cross section 
can now be written in terms of the integrals Q, SC, and 
4 defined by eq 40

J sm =  — £ ndp.s°/dx — £nd\p/dx + psv (41)

Im = - £ 21dp°/dx -  £ 22dt/dx -  (e/27ra2)4 (42)

v =  —(a2/3ri)bp/'dx — (eQ/2irai)d\l//dx (43)

where all barred symbols represent averages in the sense 
of eq 35, and as a consequence of eq 25

£ 1 2  =  £ 2 1

The variation of ps in the vicinity of the walls is con
sidered negligible here. These equations can be trans
formed into the following symmetrical set

Jsm =  —[£n +  a2ps2/8t]]dps0/dx —
[ £ 1 2  +  (e S P s /2 ir a 2) ]b\p/dx -

[a2Ps/8v]d(p -  vRTps/Ms)/dx (44)

Two others which depend on their definition of salt 
flow can also be expressed in terms of the phenomeno
logical coefficients in eq 12. The coefficient analogous 
to £n is

DPs/RT =  [Lu/Mi +
Ln(Mx +  Mi)/M1M2 +  Li2/M2] (51)

while a further coefficient analogous to £ j2 is

D ' ps — [ T n e i  +  L 1 2  ( e i  +  e2) +  L22e2\ ( 52)

The final step in the derivation of equations useful 
for describing flows through the membrane is to invert 
the matrix of coefficients (eq 44-46). The transformed 
phenomenological equations can then be integrated 
across the thickness of the membrane under steady- 
state conditions. Although the concentration de
pendence of the coefficients above prevents one from

(13) S. R . C aplan and D . C . M ik u leck y  in  “ Io n  E x ch a n ge ,”  V o l. I , 
J. A . M arinsk y , E d ., M arce l D ek k er P ublish ing  C o ., N ew  Y ork ,
N . Y .,  in  press
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expressing the over-all coefficients in explicit terms 
(they appear as integrals), the over-all matrix remains 
symmetrical.
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Appendix
The integrals g and X  are evaluated by expressing 

the potential $  in terms of modified Bessel functions 
of zeroth and first order4 9

9 =  ($0/277) [2a/ k — a2] 

and when ko 1, this reduces to 

g =  — $0o2/2 t7

(59)

(60)

The more complicated integral X  can be simplified, 
using integration by parts

X  =  f  [($ -  $0)/77](V2$)rdr =
Jo

— (l/^) f  [d($ — $0)/d r ]2rdr (61)
Jo

Using eq 53 and 58, this becomes
$  =  ^ J 0(Kr)/Ii(ica) (53)

X  =  - [ $ 02/ t77i2M ]  I
r

(62)[71(Kr)]2(Kr)d(Kr)
where k is the Debye-Hiickel reciprocal double-layer J 0
thickness, defined by Performing the integration

k2 =  47r|ei||e2|ps/efcT (54) na
1 [I1(Kr)]2(Kr)d(Kr) =

and $ 0, the potential at r =  a, is given by Jo

$o =  47nje/  Ke (55) - [ 7 2]K2a2[{7l'(K«)}2 - (1 +  l /a 2K2)712(Ka)] (63)

The integral g can now be obtained by utilizing the (see ref 15, p 203) and using the relation

properties of the modified Bessel functions. From (40) Ii (ko) =  70(koO — Ii(na)/Ka (64)
and (53)

9 =  { ($  -  $o)A}?-dr =

($0/277) (2/7i(ko)) f  I0(nr)rdr — a2 (56)
_ J o  J

The integral in eq 56 is evaluated by use of the rela
tions

(ref 15, p 201), eq 62 becomes 

X  =  ($ 02k2o2/277){ [(J0(ko) / / 1(ko)) -
1 /ko]2 -  1 -  1/k2o2} (65)

For ra »  1, the ratio of Bessel functions in (65) can 
be expanded as follows (see ref 14, p 49)

70(K o y /jM  = 1 +  1/2ko +  3 / (8k2o2) +  . . .  (66)

(see ref 14, 

(see ref 15,

rJo
7o(Kr)rdr =  (a/K)I0'(Ka)

p 43) and

7o' ( ko) =  7j(ko)

p 201). From (56), (57), and (58)

(57)

(58)

This leads to the result

X  = —$o2KO/27/ =  47T(7e9 / 0 e  (67)

(14) F . B ow m an , “ In trod u ction  to  B essel F u n ction s ,”  D o v e r  P u b 
lications, In c ., N ew  Y ork , N . Y ., 1958.
(15) N . W . M cL a ch la n , “ Bessel F u n ction s for  E ngineers,”  O xford  
U niversity  Press, L on d on , 1955.
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On the Temperature Coefficient of Unperturbed Dimensions of 

Atactic Polystyrene

by Umberto Bianchi, Eligio Patrone, and Enrico Pedemonte

Istitu to d i Chim ica Industriale, Sez. V  Centro N azionale d i Chimica delle M acrom olecole, 
Università di Genova, Genova, I ta ly  (Received February IS , 1966)

Conflicting results concerned with the temperature coefficient of unperturbed dimensions 
in atactic polystyrene are discussed, taking into account the method by which they have 
been derived. By measuring the specific solvent effect present in various 0-solvent series, 
it is shown that positive values of the temperature coefficient (around room temperature) 
cannot be attributed to polystyrene on safe grounds, whereas evidence is increasing sup
porting the opposite tendency of the polystyrene chain to decrease its dimension on in
creasing the temperature.

Introduction
The experimental study of the temperature variation 

of unperturbed mean-square end-to-end distance (r02) 
in atactic polystyrene started with the pioneering work 
of Flory and Fox.1

These authors found, from the values of Ke = $■ 
[(r02)/Af ]1/s at two temperatures (34 and 70°), a value 
of d In (r02)/dT = —1.8 X 10“ 3 deg“ 1, which has been 
subsequently confirmed.2

Very recently, Orofino and Ciferri3 reported a positive 
value of the temperature coefficient d In (r02)/d T  = 
0.4 X 10“ 3 deg“ 1 derived both from solution and bulk 
studies, which has been used4 in discussing the confor
mational properties of vinyl polymers.

In an attempt to clarify the situation, we shall dis
cuss the kind of evidence on which negative and posi
tive values of d In (r02) /d T are based.

Specific Solvent Effects in Solution
As we have already pointed out,6,6 the use of un

related 0 solvents can easily arrive at misleading results, 
as in this case the experimental d In (r02)/d T  involves 
not only the temperature variation of (r02) but also 
the change in conformational properties due to short- 
range solvent effects.7“ 12 In light of this observation, 
values of d In {r02)/dT given in ref 1 and 13 are to be 
considered with caution.

It is obvious that, to obtain a significant value of 
d In (r02)/dT (attributable at least to the couple poly

mer -f- solvent), it is sufficient that solvent effects, 
if present, will not change sensibly in going from one 
0 solvent to the other. This is the reason why Bianchi 
and Magnasco2 and Orofino and Ciferri3 have used a 
set of related 0 solvents: in the first case, three toluene- 
methanol mixtures with a methanol concentration 
slightly increasing from low (25°) to high (45°) 0 
temperatures, and in the second case, three structurally 
similar 0 solvents, 1-chlorodecane (0 = 6.6°), 1-chloro- 
undecane (0 =  32.8°), and 1-chlorododecane (0 =  
58.6°) (referred to in the following as C110, C lll, and 
C112). 1 2 3 4 5 6 7 8 9 10 11 12 13

(1) T . G  F ox  and P . J. F lory , J . A m . Chem. Soc., 73 , 1915 (1951).
(2 ) U. B ianch i and V . M agn a sco , J . P olym er S ei., 41 , 177 (1959).
(3) T . A . O rofino and A . C iferri, J . P h ys . Chem ., 68 , 3136 (1964).
(4 ) J. E . M a rk  and P . J. F lory , J . A m . Chem. Soc., 87 , 1423 (1965).
(5) U . B ianch i, J. P olym er S ei., A2 , 3083 (1 964 ); A . C iferri, ibid. 
A 2 , 3088 (1964).
(6 ) U . B ianch i, E . P atron e, and M . D a lP iaz , M akrom ol. Chem., 84 , 
230 (1965).
(7) A . R . Schultz  and P . J. F lory , J . P olym er S ei., 15, 231 (1955).
(8 ) U . B ianch i, V . M agn a sco , and C . R ossi, Chim. Ind . (M ila n ), 
40 , 263 (1958).
(9) K . J. Iv in , H . A . E nd e, and G . M eyerh off, P olym er, 3 , 129
(1 9 6 2 ) .
(10) H . G . E lias and O. E tter , M akrom ol. Chem., 65 , 56 (1963).
(11) T . A . O rofino and  J. W . M ick e y , Jr., J. Chem. P h ys., 38 , 2512
(1 9 6 3 ) .
(12) V . C rescenzi and  P . J. F lory , J . A m . Chem. Soc., 86 , 141 (1964).
(13) G . V . Schulz and H . B aum ann, M akrom ol. Chem ., 60 , 120 
(1963).
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Even SO, our result (d In (ro2)/dT =-l.8(±OA) X
10-3) is in striking disagreement with that of Orofino
and Ciferri (0.4 X 10-3). This is a surprising result,'
as it is by no means clear why one set of 8 solvents
should be considered more structurally related than
the other.

A possible explanation of the disagreement between
the two values of d In (ro2)/dT, both obtained in at
least apparently related 8 solvents, ·is the existence of a
varying specific effect within one or both the 8-so1vent
series.

We have already shown14,16 how it is possible to
discover the existence of solvent effects by measuring
the constantKoin the equation

(1)

which has been found to be valid in sufficiently low
molecular weight ranges for many polymers14- 20 in
normal (non-8) solvents. It has been shown that Ko
is very near K e provided specific solvent effects are
fl,bsent or very small.

Previous works14,19 have shown that the range in
which eq 1 is applicable goes from M = 5 X 102 to
about 104 for atactic polystyrene in good solvents
(benzene, toluene, etc.) and extends to higher molecular
weights in poorer solvents20 (methyl ethyl ketone).

By measuring, at the same temperature, h 1(= K o'
M'Io) for some polystyrene fractions (with molecular
weight comprised in this range) in the various e 801
ve~ts, it should then be possible to discover the exist
ence of a varying solvent effect.

Experimental Section

Polystyrene fractions, with Un ranging from 2.7 X
103 to 9.5 X 103, calculated from the equation

log [17] = -3.05 + 0.5 log M (2)

have been obtained from previously described frac
tionations.14

The range of temperature covered by the two sets
of 8.so1vents being 25-45° in our case2 and 6-58° in
ref 3, we have chosen 35° as the temperature at which
to measure [?)] (=KoM'Io). Polydispersity, if present,
would not matter, as we are comparing [17] in different
solvents but all measured oli. the same fractions.

Figures 1 and 2 show some of the 17sp!c V8. c plots and
Table I collects the experimental values of [11].

Discussion
Viscosity measurements in Table I show that, for

all of the polystyrene fractions examined, [17] values. at
35° in CIl2 are consistently higher than values in
CIlO or Clli. Even supposing the expansion coef-
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Figure 1. Plot of 'r/sp!c VS. c for some polystyrene (PS)
fractions in l-chlorodecane (open circles) and
l-cWorododecane (squares) at 35°.

Figure 2. Plot of fJsp!c VS. c for some polystyrene fractions
in fA (squares), 82 (open circles), and 83 (triangles).
8,,' 02, and 83 have the same meaning as in Table I.

ficient a not to be strictly equal to 1 for such low molecu
lar weights, one would expect [17] in CIl2 to be less than
in CIlO or Cll1, as polystyrene in CIl2 at 35° i8 below
8 conditions (CIl2 is 8 at 58;6°) and above 8 conditions
inCIlO (8 = 6.6°)andCIl1(8 = 32.8°).

The opposite result thus' strongly points toward the
presence of a· specific, solvent effect, which alters the
polystyrene conformational properties to a differe~t

(14) C. ROBsi, U. Bianchi, and E. Bianchi, Mak:romol. Chem.,41, 31
(19QO).

(15) U. Bianchi, M. Dal Piaz, and E. Patrone, ibid., 80, 112 (1964).

(16) E. Patrone and U. Bianchi, ibid., 94, 52 (1966).

(17) C. Rossi and C. Cuniberti, J. Polymer Sci., H2, 681 (1964).

(18) T. G Fox, J. B. Kinsinger, H. F. Mason, and K M. Schuele,
Polymer, 3, 71 (1962). .

(19) T. Altares, D. P. Wyman, and V. R. Allen, J. Polymer Sci"
A2, 4533 (1964). "

(20) R. Okada, Y.Toyoshima, and H. Fujita, Makromol. Chem.,
59,137 (1963).
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Table I : Intrinsic Viscosities (dl/g) of Various Polystyrene 
(PS) Fractions in C110, C lll, and C112 in 0 ,, 0 2, and 03 at 35°°

Frac
tion

Mn X 
io-* a io

—hi, 100 cc /g - 
a n a i 2 ^ 0 1  ( = 0 2  =  6 3 ) 

100 cc/g

PS10FI 9 . 5 0.079 0 . 0 8 1 5
PS10F2 5 . 6 0.067 0.067 0.0675
6PSF6 5 . 5 O.O6O5 0.0635 0.0655
PS66F8 5 . 2 0.0645 0.0645
PS6sF9 4 . 4 0.0565 0.0585 0.059
PSuF4 3 . 6 0.0515 0.053 0.054
PS66F12 2 . 7 0.044 0.046

“ 0i, 02, and 03 are toluene-methanol mixtures with 23.1, 24.8, 
and 27.2% methanol (in volume), respectively. Only [77] in 
0 i is given, [77] ea and [77] e3 being identical.

extent in going from C110 to C112. Moreover, [ 77 ]  

values measured in our three 9-solvent mixtures are 
coincident within experimental error. Consequently, 
the value d In (r02)/d T  =  -1 .8 (± 0 .4 )  X 10“ 3 deg“ 1 
should be attributed to the temperature effect per se, 
whereas the experimental value of ref 3, d In (r02)/dT =  
0.4 X  10“ 3 deg“ 1, contains a positive contribution from 
specific solvent effects.

It seems appropriate at this point to discuss the posi
tive value of d In (r02)/d!T found for atactic polystyrene 
PS by thermoelasticity measurements.3 We shall 
simply make two observations. One is connected 
with hhe large difference in the average temperatures 
at which d In (r02)/dT has been measured, T =  
40° in the case of viscosity and T = 150° in thermo- 
elasticity measurements. As stated by Orofino and 
Ciferri themselves, there are already indications21 22“ 23 
that the quantity d In (r02)/d7T could not remain con
stant over wide temperature intervals. Consequently, 
agreement between the two values is not necessarily 
expected and cannot in general be used as a proof of 
internal consistency.

The second observation is a more fundamental 
one and is concerned with the fact that a noncoincidence 
between d In (r02)/d T  values derived from solution and 
bulk properties could originate from the difference 
in environmental properties existing in the two sys
tems; as stated in previous papers,3'6’6 it seems im
portant to refer d In (r02)/d T  values obtained from solu
tion studies to the complex structure polymer +  sol
vent and not to the isolated, unperturbed polymer chain.

As a last comment, we refer to the temperature 
range (120-170°) covered in ref 3 by stress-tempera
ture measurements, where cross-linked atactic poly
styrene has been assumed to behave like a rubber. It 
is known,24 25’26 however, that the glass transition tem
perature of a cross-linked, stretched sample is higher

than that of the uncross-linked polymer (Tg = 100° 
for polystyrene) for at least two reasons. (A) Cross 
linking increases Tg (in the case of Orofino and Ciferri, 
the increase A Ts due to a divinylbenzene mole fraction 
= 0.52 X 10“ 2 is about 5°26). (B) Stretching increases
Tg (according to Gee27 and DiMarzio,28 the effect 
should amount to only 1-2°).

Moreover, it is well known that Tg is time-depend
ent,26’29 and in the present case depends on the rate 
of heating (or cooling) applied during the stress- 
temperature analysis. We have measured30 the glass 
transition temperature of a polystyrene sample of iden
tical preparation as that used in ref 3, applying two dif
ferent rates of heating (and cooling): 25°/hr (the rate 
used in ref 3) and l°/day . ATg was found to be 5°. 
Summing up all these contributions, we can conclude 
that the “ apparent”  glass transition temperature of 
the polystyrene sample during the thermoelasticity 
measurements was around 111-112°.

Taking into account that the glass transition always 
occurs over a range of temperature, it is possible that 
the tension-temperature study of ref 3 has been per
formed over too low a temperature range, at the 
beginning of which the sample was not completely 
in the rubbery “ state.”

It is easy to see31 that this effect would make the 
apparent d In (r02)/d T  more positive than it should be.

Conclusions
We conclude that so far a positive value of d In 

(r02)/dT for atactic polystyrene has not received suf
ficiently safe grounds.

It has been shown that the related 9 solvents C110, 
C lll, and 0 1 2  still present a varying specific effect 
which results in an apparently positive temperature 
coefficient. On the opposite side, our present results 
give support to early solution studies1,2 indicating a 
tendency of polystyrene unperturbed dimension to 
decrease with increasing temperature.

(21) C . R eiss and  H . B en oit , Com pt. R end ., 2S3, 268 (1961).
(22 ) I . Sakurada, A . N akajiraa, O . Y osh izak i, and K . N akam ae, 
K ollo id -Z ., 186, 41 (1962).
(23) U . B ianch i, C . C un iberti, and G . D ellep iane, R ic. Sei., A 2 , 506 
(1962).
(24) T . G  F ox  and P . J. F lory , J. P o lym er S ei., 14, 315 (1954).
(25) F . B ueche, “ P h ysica l P roperties o f P o lym ers ,”  Interscience 
P ublishers, In c ., N ew  Y o rk , N . Y .,  1962.
(26 ) K . U eberreiter and G . K an ig , J . Chem. P h y s ., 18, 399 (1950).
(27) G . G ee, P . N . H a rtley , J. B . M . H erbertand , and  H . A . L ance- 
ley , P olym er  1, 365 (1960).
(28 ) E . A . D iM a rz io , J . R es. Natl. B ur. Std.. 68A , 611 (1964).
(29) A . J. K o v a cs , Fortsehr. H ochpolym er. Forsch., 3 , 394 (1963).
(30) U . B ian ch i and E . P edem on te , t o  be published.
(31) L . R . G . T reloar, “ T h e  P hysics o f  R u b b er E la stic ity ,”  O xford  
Press, L on d on , 1958.

Volum e 70, N um ber 10 October 1966



3 0 6 0 U . B i a n c h i , E . P a t r o n e , a n d  E . P e d e m o n t e

Additional evidence can be found in our work32 on 
the fa]/T behavior for low molecular weight poly
styrene fractions in various solvents; as shown pre
viously,6’33 for sufficiently low molecular weights where 
the expansion factor a is very near unity, we have 
din fa ]/dT  ~  2/ 3 d In(r02) /AT.

Our measurements give the following values: for 
polystyrene (M ~  3 X 103) in toluene at T — 40°, 
d in  [77 ]/d  T =  —1.9 X ICE'3; for polystyrene in cyclo
hexane at T = 40°, d In fa)/dT = —1.5 X  10-3. 
This last value is particularly illuminating, as in cyclo
hexane the thermodynamic contribution to a, if acting

alone, would certainly make a and therefore fa] in
crease with temperature.
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PHOTOSENSITIZED OXIDATION OF ALCOHOLS

:;'n Electron Spin Resonance Study of Intermediates Formed during

Photosensitized Oxidation of Alcohols!
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Electron spin resonance spectroscopy was used to identify and to examine the role and
kinetics of semiquinone radicals and radical ions in the photosensitized oxidation of aqueous
solutions of D-sorbitol, cellobiose, D-glucose,glycerol, and methyl, ethyl, isopropyl, and
n-propyl alcohols. Sodium anthraquinone-l- and -2-sulfonatesand -2,6- and -1,5-disul
fonates were used as sensitizers. When aqueous solutions of sodium anthraquinone
2,6-disulfonate and -2-sulfonate were photolyzed; a singlet was observed which could be
associated with the formation of the semiquinone radicaL Photolysis of the sensitizers in
the presence of carbohydrates and alcohols caused the singlet which formed on photolysis
to decay with first-order dependence on concentration of alcohol and anthraquinonesul
fonate salt. Second-order rate constants were calculated, and relative values compared
with those of previous workers obtained by other methods. In alkaline solution of anthra
quinone salts containing carbohydrates, anthrasemiquinoneradical ions were formed and
were the same whether produced by photolysis andlor thermolysis. From the observed
spectra the hyperfine splitting constants were calculated and possible assignments pro
posed in relation to the structure of the anthrasemiquinone radical ions. Attempts have
been made to identify the precursor of the semiquinone radicals formed during photolysis
of aqueous solutions of sodium anthraquinone-2-sulfonate and -2,6-disulfonate, containing
carbohydrates or alcohols. It is possible that the precursor of the radicals may be the
triplet state.

the sensitizer proceeds in two ways only, as shown
in reactions 2 and

(1) Presented in part at the 151st National Meeting of the American
Chemical Society, Pittsburgh, Pa., March 22-31, 1966.

(2) Resident Postdoctoral Research Associate.
(3) University College, Cardiff, Wales.
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(5) J. L. Bolland and H. R. Cooper, Proc. Roy. Soc. (London); A225,
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(6) C. F. Wells, Trans. Faraday Soc., 57, 1703 (1961).

(7) C. F. Wells, ibid., 57, 1719 (1961); Discussions Faraday Soc., 29,
219 (1960); J. Chem. Soc., 3100 (1962).

Introduction

The commonly accepted mechanism of the photo
sensitized oxidation of ethanol is that proposed initially
by Bolland and Cooper,5 and extended by Wells.6

The initial reactions proposed in neutral oxygenated
solutions were

A + hp~A* (1)
k, . •

A* + CHaCH20H ~AH· + CHaCHOH (2)

A represents the sensitizer; A*, the excited state of
the sensitizer; andAH·, the semiquinone radical.
A series of additional reactions were proposed to
account for the participation of oxygen, perhydroxyl
rCUcals, and sensitizer.

In a series of kinetic investigations based on oxygen
absorption, Wells7 proposed that the deactivation of

A*~A

Oxygen absorption obeyed the expression

dt 1 1 1 ko
- d[02] =1 +j [RH] k;.

(3)
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where [RH ] is the concentration of alcohol and 1 the 
rate of activation proportional to the intensity of light. 
Using this relationship ki/k0 can be calculated. The 
values of ki/ko for a series of alcohols using the same 
quinone give the related reactivities of these alcohols 
to hydrogen transfer promoted by the excited sensitizer. 
Based on actual product estimations, Phillips, Barber, 
and Rickards8 found that the effective kinetics for d -  

sorbitol (RCH2OH) degradation sensitized by sodium 
anthraquinone-2-sulfonate or -2,6-disulfonate could 
be represented by

df 1 1  1  h

~  d[RCH2OH] “  I  +  I  [RCH2OH] h

We have been interested in this reaction because 
of its close relation to the photodegradation of cotton 
cellulose sensitized by anthraquinonoid vat dyes. To 
devise protective methods it is particularly important 
to elucidate the role of the semiquinone radical (AH-) 
relative to the excited sensitizer (A*). Electron spin 
resonance was used to identify and to examine the role 
of semiquinone radicals and radical ions in the photo
degradation of D-sorbitol sensitized sodium anthra- 
quinones. We have found that the reaction

RCH2OH +  AH • * — > RCHOH +  AH2 (4)

is of particular significance in the photodegradation 
process where AH-* may be the semiquinone in its 
ground or excited state.

Experimental Section
Materials. The anthraquinones used were obtained 

from commercial chemical sources and were recrystal
lized from C6H6, C2H6OH, or distilled H20  before use. 
Alcohols and sugars used were reagent grade and were 
used without further purification.

Apparatus and Procedure. The electron spin reso
nance spectra of the intermediates formed during the 
photosensitized oxidation of alcohols in solution 
were determined in a Varian 4502-15 epr spectrometer 
system.9 The system was equipped with a variable 
temperature accessory allowing operation from about 
— 185 to 300°, a dual sample cavity having a slotted 
opening in one side of one cavity, and an aqueous solu
tion sample cell accessory. A PEK 110 Hg short-arc, 
point-source, high-pressure lamp9 was used to irradiate 
the solutions directly in the sample cell within the reso
nant cavity. The light from the lamp was focused 
to about 1 cm2 on the slotted opening in the cavity and 
had a rated luminous intensity of 140,000 candles/ 
cm2. The lamp was placed at a distance from the 
sample so that the light from the lamp did not sensibly 
heat the sample. The spectral distribution of the

Figure 1. Esr spectra of photolyzed aqueous solutions (0.037 
M )  of sodium anthraquinone-2,6-disulfonats (A-l, 370 sec; 
A-2, 150 sec) and sodium anthraquinone-2-sulfonate 
(B, 150 sec).

Figure 2. Rate of change of esr signal strength of photolyzed 
aqueous solutions of sodium anthraquinone-2,6-disulfonate:
(A) 0.037 M ,  (B) 0.0037 M .

radiant energy output of the lamp contained character
istic high-pressure Hg vapor lines. Except where 
indicated, the solutions were irradiated at 25°. Ab
solute splitting constants were obtained by calibrating 
the system with p-benzoquinone (a = 2.37 gauss).10

Results
Sodium Anthraquinone-2,6-disulfonate. A narrow 

singlet (line width about 5 gauss with g =  2.0036) was 
observed when an aqueous neutral solution of sodium 
anthraquinone-2,6-disulfonate (3.7 X 10~2 M) was

(8) G. O. Phillips, P. Barber, and T. Rickards, J .  C h e m . S o c . } 3443 
(1964).
(9) Trade names are given as part of the exact experimental condi
tions and not as an endorsement of the products over those of other 
manufacturers.
(10) B. Yenkataraman, B. G. Segal, and G. S. Fraenkel, J .  C h e m .  
P h y s . ,  30, 1006 (1959); J .  A m .  C h e m . S o c . , 77, 2707 (1955).
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photolyzed with ultraviolet light (see Figure 1). The 
rates of formation of the radical species during photol
ysis of this solution and of a less concentrated solution 
(3.7 X  10-3 M) are shown in Figure 2. For the 
lower concentration of the 2,6-disulfonate on photolysis 
the esr signal increased to a maximum value in a few 
seconds. The rate of decay of the radical species 
when the light was extinguished was much lower in 
the more concentrated solution.

Effects of Sugars. When an aqueous neutral solu
tion of sodium anthraquinone-2,6-disulfonate (3.7 X 
10 -3 M) and D-sorbitol (0.55 M) was photolyzed (pre
oxygenated or in vacuo), an esr signal was observed 
(same as in Figure 1A). This species appeared al
most immediately (within 5 sec of initiation of irradia
tion) and decayed rapidly as the photolysis continued 
(see Figure 3). The maximum free-radical concentra
tion, obtained after about 5 sec of photolysis, varied 
with sensitizer concentration, as shown in Figure 4, 
the carbohydrate concentration being kept constant. 
Point C in Figure 4 shows that for a given sensitizer 
concentration the maximum concentration of free 
radical is independent of the sugar used.

The rate of disappearance of the radical during con
tinuous photolysis was dependent on the concentra
tion of D-sorbitol (see Figure 5). For these data the 
plot of 1 / [radical concentration] vs. time was linear and 
could therefore be used to calculate initial rates for 
the radical decay. The plots of log (rate)i=0 vs. log 
[solute],=0 are linear (see Figure 6). From the slopes 
of the lines it can be calculated that the rate was 
proportional to [D-sorbitol]0-96, [cellobiose]1-06, and 
[D-glucose]1-02. It has been similarly shown that the 
reaction rate was proportional to the first power of the 
sensitizer concentration. We therefore calculated 
second-order rate constants using the expression: 
[rate of decay of radical]i=0 =  fc2 [sensitizer] [solute]. 
For D-sorbitol fc2 was 2 X 10-2 1. mole-1 sec-1 ; for 
cellobiose, 4 X 10- 2 1. mole-1 sec-1 ; and for D-glucose, 
3 X 10-2 1. mole-1 sec-1.

In alkaline solution (0.2 M  NaOH) of sensitizer 
(3.7 X 10-3 M) and sugars (0.1-0.5 M ) , the esr signal 
(similar to that for neutral solution) was stronger by 
several orders of magnitude than that for neutral solu
tion. The strength of the esr signal, which formed 
within a few seconds after the light was turned on, 
varied linearly with sensitizer concentration (see Figure 
4A). The decay rate showed some dependence on 
solute concentration during continuous photolysis 
(see Figure 7).

Sodium Anthraquinone-2-sulfonate. When aqueous 
solutions of sodium anthraquinone-2-sulfonate were 
irradiated, an esr signal was observed (see Figure IB)

Figure 3. Rate of decay of radical species formed by 
continuous photolysis of aqueous solutions of D-sorbitol 
(0.55 M )  containing sodium anthraquinone-2,6-disulfonate 
(0.0037 M ) .

Figure 4. Effect of concentration of sodium 
anthraquinone-2,6-disulfonate on the initial esr signal strength 
in photolyzed aqueous solutions of D-sorbkol (0.4 M  ) and 
NaOH (0.2 M )  (A), of D-sorbitol (0.275 M )  (B), and of 
D-sorbitol, cellobiose, and D-glucose (0.1375 M )  (C).

TIME, SEC.

Figure 5. Effect of varying the concentration of D-sorbitol, in 
the presence of sodium anthraquinone-2,6-disulfonate (0.0037 
M ), on rate of decay of radical species formed by continuous 
photolysis: (A) 0.05 M ,  (B) 0.1 M ,  (C) 0.2 M ,  (D) 0.4 M ,

(E) 0.55 M ,  (F) 0.75 M .
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Figure 6. Order of reaction for decay ·of raElical species formed
by continuous photolysis of aqueous solutions of cellobiose
(A), D-glucose (B), and D-sorbitol (C) containing sodium
anthraquinone-2,6-disulfonate (0.0037 M)
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Figure 8. Rate of decay of radical species formed during
photolysis of aqueous solutions of alcohols (0.5 M)
containing sodium anthraquinone-2,6-disulfonate (0.0037M)
(light on): (A) methanol, (B) glycerol, (C) ethanol,
(D) I-propanol, (E) 2-propanoI.
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Aliphatic Alcohols. When sodium anthraquinone
2,6-disulforiate was irradiated in aqueous alcoholic
solution at pH 7, there was a pronounced difference
in decay rate of the radical depending on the alcohol.
Typical results for glycerol, methanol, I-propaMI,
2-propanol, and ethanol are shown in Figure 8. T~

hlitial rates for the reaction were calculated at varyiri'g
alcohol and sensitizer concentrations, and· from the
data the second-order rate constants, shown in Table
I, were calculated.

°O:+;----;I~OO..--....20kO..---,SoJOOb<--rl400

TIME,SEC.

Figure 7. Dependence of rate of decay of radical species
formed by photolysis on concentration of D-sorbitol (A, 0.3
M; B, 0.1 M) in alkaline solutions (NaOH, 0.2 M)
containing sodium anthraquinone-2,6-disulfonate
(0.0037 M).

which decayed with a rate dependent on sensitizer and
solute concentration. A kinetic expression was found
for this sensitizer similar to that for the 2,6-disulfonate.
The reaction was first order in D-sorbitol and sensitizer.
For D-sorbitol ~, calculated as above, was 1 X 10-3 1.
mole-I sec-I.

Sodium Anthraquinone-1-sulfonate and -1,5-disulfo
nate. When the I-sulfonate and 1,5-disulfonate were
irradiated in neutral solutions under conditions identical
with those described above for the 2-sulfonate and 2,6
disulfonate, no esr signal was observed. In alkaline
solution under similar conditions an esr signal was
observed, probably due to the formation of the semi
quinone radical ions.

The Journal of PhY8ical Chemistry

Table I: Rate Constants for Reaction of
Semiquinone Radicals with Aliphatic Alcohols

Alcohol
Iso- n-

Methyl Ethyl propyl Propyl Glycerol

k2 X 10-2), mole-1 1.4 3.4 6.4 5.1 2.5
sec-1

k,(ROH)/k2(EtOH) 0.4 1 1.9 1.5 0.7

Esr Spectra ofSemiquinone Ions. The esr spectra of
the semiquinone ions are not obtained instantly when
aqueous alkaline solutions of sodium anthraquinone
sulfonates are irradiated. This behavior for the 1
sulfonate (3.7 X 10-3 M) in the presence of D-sQrbitol
(0.4 M) and NaOH (0.2 M) is shown in Figure 9.
The final spectra of the irradiated solutions of the
sulfonate are-shown in Figure 10. Less hyperfine
splitting was found at the lower temperatures. The
esr spectrum of the semiquinone radical ion from sodium
anthraquinone-2,6-disulfonate at -760 is shown in
Figure 11.
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Figure 9. Rate of formation of semiquinone radical ion by 
photolysis of aqueous alkaline solution (NaOH, 0.2 M )  of 
sodium anthraquinone-l-sulfonate (0.0037 M ) containing 
D-sorbitol (0.4 M ) :  first six sweeps, 10 gauss, 30 sec; 
seventh sweep, 10 gauss, 1 min; eighth sweep,
10 gauss, 5 min.

MAGNETIC FIELD

Figure 11. Esr spectrum of radical formed by photolysis at 
—76° of an aqueous alkaline solution (NaOH, 0.2 M )  of 
D-sorbitol (0.4 M )  containing sodium 
anthraquinone-2,6-disulfonate (0.0037 M ) .

the same conditions of heating gave an ill-defined spec
trum. The effect on the spectrum by irradiation after 
heating was similar to that due to irradiation alone; 
that is, a 21-line spectrum was obtained. The hyper- 
fine spacing? and g  values for the anthrasemiquinone 
radical ions are given in Table II.

Figure 10. Esr spectra of semiquinone radical ions formed by
thermolysis of photolysis of aqueous solutions or sodium
anthraquinonesulfonates (0.0037 M )  containing D-sorbitol
(0.4 M ): (A) sodium anthrasemiquinone-2,6-disulfonate,
heat or light; (B) sodium anthrasemiquinone-1,5-disulfonate,
heat or light; (C) sodium anthrasemiquinone-l-sulfonate,
after 5-min photolysis, heat or light; (D) sodium
anthrasemiquinone-l-sulfonate,
after 15-min photolysis, light only or light after
heat; (E) sodium anthrasemiquinone-2-sulfonate, •
light only (compare Table II).

The sodium anthraquinone-2,6- and -1,5-disulfonates 
and -1-sulfonate (3.7 X 10“ 3 M) in alkaline D-sorbitol 
solutions (0.4 M) on heating to about 80° for 10 min 
gave a wine-red coloration. The esr spectra of these 
solutions were identical with those shown in Figure 10A, 
B, and C, respectively. On being irradiated the radical 
ion from the 1-sulfonate was transformed from a 12- 
line to a 19-line spectra. This effect was similar to 
that produced by light alone. The 2-sulfonate under

Table II: Hyperfine Spacings of the Anthrasemiquinone 
Radicals Produced by Light and/or Heat in Alkaline 
Solutions of Sodium Anthraquinonesulfonates 
(0.0037 M )  Containing D-Sorbitol (0.4 M )

Over
all

hyper
fine

Sodium 0 Condi
No.
of

split
ting, AH,

anthraquinone- value“ tions lines gauss gauss

2,6-Disulfonate 2.0036 Heat or 11 3.93 0.39

1,5-Disulfonate 2.0038
light 

Heat or 9 3.286 0.38

1-Sulfonate 2.0039
light 

Heat or 12 4.99
0.51
0.45

1-Sulfonate
light

Light 19 6.28

2-Sulfonate

2-Sulfonate 2.0037

only
Heat

Light

Not re
solved 
21 4.96 0.25

a Based on peroxylamine disulfonate, c  = 2.00550: “ EPR at 
Work, No. 28 /’ Varian Associates, Palo Alto, Calif.

The semiquinone ion derived from the 2,6-disulfonate 
has a spectrum consisting of 11 lines. This number 
of lines could result from the coupling of four a protons
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Figure 12. Rate of formation of semiquinone radicals by
photolysis at -500 of anthraquinone (0.0275 M) in
2-propanol-benzene (1: 4) as related to energy tr.ansfer.
Solutions: (A) anthraquinone (0.0275 M); (B)
biphenyl (0.01 M) and anthraquinone (0.0275 M);
(0) naphthalene (O,OlM) and anthraquinone
(0.0275 M). Filters: (1) saturated naphthalene
in benzene, (2) saturated biphenyl in benzene.
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anthraquinonesulfonates.6- s,1l Although the inter
mediates active in this process have not previously
been directly observed, radicals have been noted durin~.

the photoreduction of alkaline solutions of sodiuM
anthraquinone-2-sulfonateI2 and anthraquinonesul
fonic acids.13 Elschner, et al., observed semiquinone
radical ions during photoreduction in both the anthra
quinone-2-sulfonic and 2,6-disulfonic acids but not
in the cases of the I-sulfonic and 1,5-disulfonic acids.13

Spectra consisting of at least 30 lines have been ob
served in hydroxyanthraquinonesulfonates when photo
reduced.14

It is common practicel6- 18 to prepare the substituted
anthrasemiquinone radical ions from alkaline organic
solutions of the corresponding anthraquinones by use
of heat and/or light. Attention has been directed,
almost exclusively, to the conditions where ionization
of the semiquinone to the radical ion occurs.

(11) F. Wilkinson, J. Phys. Chem., 66, 2569 (1962).

(12) B. Mooney and H. I. Stonehill, ClJ.e:rr!.. Ind. (London), 1309
(1961). '> .•

(13) B. Elschner, R. Neubert, H. Berg, and D. Tresselt,. Z. Chem.,
1,361 (1961).
(14) A. D. Broadbent and H. Zollinger, Helv. Chim. Acta, 47, 2140
(1964). .

(15) R. W. Brandon and E. A. Lucken, J. Chem. Soc., 4273 (1961).

(16) R. W. Elofson, K. F. Schulz, Bo E. Galbraith, and R. Newton,
Can. J. Chem., 43, 1553 (1965). .~

(17) G. Vincow and G. K. Fraenkel, J. (;hem. Phys., 34, 13~
(1961).
(18) M. Adams, M. S.Blois, and R. H. Sands, ibid., 28,774 (1958).

and two {j protons with some of the lines falling so
close that overlapping essentially occurs. The correct
number of lines would arise if the splitting constant of
the a protons was double that of the {j protons, which
was found to be 0.39 gauss. If aa = 2ap + ~ where
~ < ap, the hyperfine spacings taken from the central
component would be ± ap + ~, ± 2ap + ~,. ± 3ap +
2~, ±4ap + 2~, ±5ap + 2~. From the spectrum ~

has a maximum value of 0.07 gauss, setting an upper
limit of 0.85 for aa'

The ion derived from sodium anthrasemiquinone
1,5-disulfonate has a spectrum consisting of nine lines
due to coupling with two a protons and four {j protons,
but with some overlapping lines. The observed
splitting constants are ap = 0.37 gauss, aa = 0.89 gauss
with the hyperfine .spacings taken from the central
component equal to ±ap, ±2ap + ~, ±3ap + ~,

±4ap+ ~.

Sodium anthrasemiquinone-l-sulfonate has a spec
trum consisting of 12 equally spaced lines which could
arise from the interaction of four {j protons and three
a protons. If the splitting constant of the {j proton
was approximately double that of the a proton, 12
equally spaced lines would be observed. The splitting
constant (aa) for the a proton was found to be 0.45
gauss. This sets an upper limit of 0.97 gauss for ap.
The 12-line spectrum changes on continued irradiation
to 19 lines. Resolution of this spectrum was not ob
tained.

The ion derived from the sodium salt of the 2-sulfo
nate gave an equally spaced 21-linespectrum, MI =
0.25 gauss.

Energy Transfer. In neutral and alkaline solutions
the addition of naphthalene or anthracene (ca. 10-2 M)
inhibited the production of anthrasemiquinone radical
during irradiation of anthraquinone (2.75 X 10-2 M)
in degassed 2-propanol-benzene (1 :4). For the light
filter saturated solution of anthracene or naphthalene
in CoHo used, two radical species were observed. The
radical species, which cpuld be observed at 25 and - 50°
in neutral solution, occurred at· a higher magnetic
field than the other species which could be stabilized
only by freezing the solution at - 50°. An estimate
of the protection afforded by the addition of aromatic
hydrocarbons was obtained at -50°. The effect of
naphthalene and biphenyl, when added to a solution
of anthraquinone (2.75 X 10-2 M) in 2-propanol
benzene (1 :4) and then irradiated '';n vacuo through the
appropriate filter, is shown in Figure 12.

Discussion

There has been considerable discussion of the mech
anism of the photooxidationof alcohols by sodium

The Journal of Physical Chemistry
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Mechanistic studies, on the other hand, have been 
carried out in neutral solution where the reactive in
termediate (AH • ) could not be detected.19

Our initial efforts were, therefore, directed toward 
identifying and observing the behavior of the radical 
species which we readily observed in neutral and alka
line aqueous solutions of sodium anthraquinonesulfo- 
nates, on irradiation with heat or light, in the presence 
and absence of alcohols and carbohydrates.

In alkaline solution there can be little doubt that we 
are observing the esr spectra of the semiquinone radical 
ions. However, with the evidence available, it is not 
possible to identify unequivocally the individual 
proton splitting constants. For the semiquinones 
derived from the 2,6- and 1,5-disulfonates at least 
two possibilities exist, and these are indicated in 
relation to those of substituted anthraquinones which 
have been studied in Table III. For the 2,6-di
sulfonate the esr spectrum accords better with the 
splitting constants a2 =  0.39 gauss (4), ai = 1.21 gauss 
(2). Furthermore, the splitting constants designated 
ax and a2 are more consistent with those observed 
generally in the anthraquinone series (Table III), and 
would indicate that ax protons may be identified with 
(i protons and 02 protons with a protons. Comparable 
values (a2 = 0.37 gauss, ax =  1.27 gauss) are consistent 
with the nine-line spectrum from the 1,5-disulfonate 
on the basis of two hydroxyl groups having been in
troduced symmetrically into the molecule. Hydroxyla
tion during this operation is a distinct possibility 
and was initially proposed by Mooney and Stonehill12 
to account for the colored products arising from the
2,6-disulfonate in aqueous alkali with light. This 
side reaction is also observed in photooxidation reac
tions sensitized by the 2,6-disulfonate at low alcohol 
concentrations.6“ 8 It has been suggested that OH 
radicals can be produced by sensitized photolysis of 
water and would initiate the hydroxylation process.12’20 
Alternatively, OH ions may lead to hydroxylation as 
observed during esr examination of substituted mono- 
and dihydric phenols.21’22

Spin densities may be calculated using the expres
sion23 a11, =  QHchpt¡ where aH 1 is the proton coupling 
constant for the proton at position i, ph is the electron 
spin density at carbon atom i, and Q Hc h  is a constant. 
A value of Q close to —22.5 satisfied Vincow and 
Fraenkel’s17 calculation of unpaired electron density in 
semiquinones by calculation and experiment and is 
used here. On this basis the unpaired electron density 
or more precisely the spin density24 in the 2,6-disul
fonate semiquinone is pwa =  0.38, pTp =  0.017 or p”x = 
0.054, pw2 =  0.017. In each case only about 20% of 
the spin density is associated with the carbon atoms 
of the ring. A closely similar low proportion is also 
associated with the carbon atoms in the 1,5-disulfonate 
semiquinones. For alkylated phenoxy radicals the 
major proportion (80%) of the spin density resides in 
the carbon atoms of the ring not directly attached 
to the phenolic oxygen. On the other hand, 0- and 
p-benzosemiquinones have about 65 and 60%, respec
tively, of the spin density associated with the two 
oxygen atoms and more nearly resembles our observa
tions with the anthraquinonesulfonates.21’22

No detailed consideration is given here to the 
spectra of the species produced from sodium anthra
quinone-1- and -2-sulfonates. The changes in the 
spectrum, particularly for the 2-sulfonate to give 21 
equally spaced lines, could be due to secondary photo
reduction of the initial species. Broadbent and 
Zollinger14 have reported 30 lines observable by esr 
during phoxireduction of hydroxyanthraquinone-2,7- 
disulfonic acid. The tentative assignments [aa = 
0.45 gauss (3); a$ =  0.97 gauss (4)] for the 12-line 
spectrum from the 1-sulfonate is, at least, consistent 
with our other observations (see Table III).

In alkaline conditions the semiquinone radical ion 
is the species which is probably formed by irradiation 
of the aqueous solution containing sodium anthraqui
nonesulfonates and D-sorbitol. The species in which 
no hyperfine splitting was detectably observed in neu
tral solution is most probably the unionized semi
quinone radical, since all other conditions are com
parable. Previously, Mooney and Stonehill12 sug
gested that a semiquinone could be produced by photo
decomposition of a molecule of hydration water

(19) J. H . Sharp, T . K uw ana , A . O sborne, and J. N . P itts, Chem. 
I n d .  (L on d on ), 508 (1962).
(20 ) G . K . On or and  N . W oth ersp oon , J. A m . Chem. Soc., 79 , 4837
(1 957 ) .
(21) F . R . H engill, T . J. Stone, and W . A . W aters, •/. Chem. Soc., 408 
(1964).
(2 2 ) T . J. S tone and W . A . W aters, ib id . , 213 (1964).
(23) H . M . M cC on n ell, J. Chem. P h ys ., 24 , 632 (1956).
(24) E . de  B oer and  S. I . W eissm an, J. A m . Chem. Soc., 80 , 4549
(1 958 ) .
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Table III : Hyperfine Splitting Constants (gauss) of 
9,10-Anthrasemiquinone Ion and Its Derivatives

Derivative act 02 aß Ol

Unsubstituted16 0.41(4)* 0.83(4)
2,6-Disulfonate 0.85(4) 0.39(4) 0.39(2) 1.21(2)
1,5-Disulfonate 0.89(2) 0.37(2) 0.37(4) 1.29(2)
1-Sulfonate 0.45(3) 0.97(4)
2-Sulfonate . . .  (4) . . .  (3)
2,6-Dimethyl16 0.47(4) 0.71(2)
1,4-Dimethyl16 0.33(2) 0.68(2)

0.64(2)

° Number in parentheses indicates number of protons.

hydrogen-bonded to the carbonyl oxygen atom of the
2-sulfonate, a process which was strongly pH dependent 
leading to colored products. When an alcohol is 
present, on energetic grounds, reaction 2 is the most 
probable route to the semiquinone AH •. Our results, 
however, point to further reaction between AH-* 
or AH- and the alcohol, and it is our suggestion that 
reaction 2, which is fast, is followed by a slower process 
reaction 4 or

RCH2OH +  AH- - 4 -  RCHOH +  AH2 (6)

Reaction 4 is energetically more probable with sub
sequent aldehyde formation by disproportionation

2RCHOH — ► RCH2OH +  RCHO (7)

Evidence from the radiation chemistry of aqueous 
solutions of alcohols supports reaction 7. The evi
dence in support of reaction 4 or 6 is, as follows. The 
rate of disappearance of AH- is first order in AH- 
and RCH2OH. Thus the process

2AH------>  AH2 +  A (8)

for removal of AH- cannot be significant. The con
centration of AH • is proportional to the light absorbed 
as required by reactions 1 and 2, and the over-all 
stoichiometry observed in oxygen6-3 is satisfied. More 
sensitizer can be regenerated by the reaction

AH2 T  0 2 >■ A -f- H20 2 (9)

and similarly the quantum yield of production of AH2 
would be 1.0 in the absence of oxygen. On this basis 
second-order rate constants for reaction 6 have been 
calculated (see Table I). It is significant that the 
ratio of the reactivities closely parallel those cal
culated by Wells6-7 based on oxygen absorption meas
urements and attributed by him to the relative reactiv
ities of the alcohols to A*. The ratio of &2(ROH )/ 
ft2(EtOH) for AH • +  ROH -*■ is in good agreement with

the relative reactivities of alcohols to photoexcited 
dichromate solutions, as shown in Table IV. Here 
Bowen25 26 suggests that the first reaction on photochem
ical oxidation of the dichromate ion is H-atom abstrac-

Table IV : Reactivities of Alcohols to Transient Species 
Produced by Photoexcitation

fo(RO H )/
fc-(EtOH) Methyl Ethyl

—Alcohol— 
Iso

propyl
71-

Propyl Glycerol

This report 0.4 i 1.9 1.5 0.7
Bowen15 0.3 1.0 2.0 1.5 0.5
Wells6-7 0.12 1.00 2.14 1.53 0.28

tion from the alcohol. Reaction 6 would therefore 
appear to be the rate-controlling reaction which de
termines the absorption of oxygen. The reactivity 
of carbohydrates, based on oxygen absorption,26 is 
similar also to the reactivity of D-sorbitol, D-glucose, 
and cellobiose with AH-. When studying the photo
chemical oxidation of alcohols by p-benzoquinone in 
CC14 at 25°, Atkinson and Di27 found it necessary to 
propose a reaction such as (6) to account for the depend
ence of quantum efficiency on alcohol concentration.

To obtain some estimate of the relative values of the 
rate constants for reactions 6 and 2 and information 
also about the nature of the photoreactive A* which is 
the precursor of AH-, we have utilized triplet energy 
transfer. The principles have been described by 
Wilkinson.11 The triplet energy levels (cm-1) of an- 
thraquinone, anthracene, naphthalene, and biphenyl 
are, respectively, 22,000,28 14,700,29 21,300,29 and 
22,800.29 These hydrocarbons have lower triplet 
levels but higher singlet levels than anthraquinone. 
Thus, when a suitable filter is introduced to prevent 
direct population of the singlet level in the hydro
carbons, only the anthraquinone is excited directly. 
If the triplet state of anthraquinone is produced as an 
intermediate in the photoinduced reaction, conditions 
are suitable for energy transfer to the lower lying triplet 
state of the hydrocarbon. These reactions may be 
represented

A -—> A* (singlet)

A* — >  A* (triplet)

(25) E . J. B ow en , N ature, 177, 889 (1956); E . J. B ow en  and C . W . 
B un n , J. Chem. Soc., 2353 (1927); E . J. B ow en  and E . T . Y a rn o ld , 
ibid., 1648 (1929).
(26) G . O . P hillips and T . W . R ick ards, unpublished  data .
(27) B . A tk in son  and M . D i, Trans. Faraday S oc., 54 , 1331 (1958).
(28) M . K asha , R adiation  R es. S u p p l . ,  2 , 243 (1960).
(29) G . N . L ew is and M . K asha, J . A m . Chem. S oc., 66 , 2100 (1944).
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Triplet-triplet energy transfer may therefore occur in 
competition with reaction 2. As the triplet energy 
levels of the donor and acceptor become comparable, 
the transfer efficiency decreases.30 Our observations 
are that the rate of formation of and final equilibrium 
concentration of AH- during irradiation of a solution 
of anthraquinone in 2-propanol-benzene (1:4) are 
reduced by the addition of 10~2 M  naphthalene in 
neutral and alkaline solution. It is possible, therefore, 
that the triplet state is the precursor of AH-. The 
presence of biphenyl (10-2 M) does not change the 
final concentration of AH •, which would be anticipated 
because of its higher lying triplet state and hence 
making energy transfer energetically impossible.

It would appear, therefore, that the ability of AH- 
to abstract a hydrogen atom from the alcohol or 
carbohydrate, in addition to its formation by reaction 
2, will determine its ability to act as a sensitizer in

photooxidation reactions. The 2-sulfonate is well 
known to be less reactive than the 2,6-disulfonate,6-8 
and this is confirmed by the lower k% for the 2-sulfonate 
in reaction 6. The 1-sulfonate and 1,5-disulfonate are 
poor sensitizers with quantum yields for the production 
of AH2 in evacuated systems <0.1. Correspondingly, 
we have been unable to observe any reactivity of the 
semiquinone of these sulfonates with alcohols or carbo
hydrates.

The significance of these observations, when con
sidering the sensitized photodegradation of cotton 
cellulose by vat dyes, will be considered elsewhere. 
It may be observed here, however, that semiquinones 
have been observed in dyed cotton yarns and would 
appear to control the photodegradation processes.

(30) G. Porter and F. Wilkinson, T r a n s .  F a r a d a y  S o c . ,  5 6 , 1635 
(1960).
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A Comparative Study of Adsorption by Ellipsometrie and Radiotracer Methods

by J. R. Miller and J. E. Berger

Shell Oil Com pany, Research L aboratory, W ood R iver, Illin o is  (Received F ebruary 18, 1988)

Ellipsometrie and radiochemical techniques correlate well in comparative measurements 
involving adsorption of polar organic compounds on polished metal surfaces. The linear 
thickness found ellipsometrically is a direct function of the surface concentration deter
mined radiochemically to levels well below that of a tightly packed monolayer. Deposi
tion of capric and benzoic acid vapor onto various metals at 25° was monitored simul
taneously by both methods. Under these conditions, chromium and gold exhibit a slow 
film formation limited to one tightly packed monolayer. On the other hand, steel and 
nickel build films equivalent to at least three monolayers overnight. In contrast to the 
acids, octylamine vapor quickly adsorbs beyond a monolayer on all metals tested in air. 
In the case of the amine, the simultaneous adsorption of atmospheric constituents is 
strongly indicated. The two techniques further correlate in studies of deposition of stearic 
and benzoic acids from isooctane or nitromethane solutions.

Introduction
This work was undertaken primarily as a compara

tive study of ellipsometry and radiotracer techniques 
in measuring the adsorption of vapors of certain polar 
organic compounds on metals. Radioisotopes have 
found wide application in solution adsorption studies,1-4 
and recently ellipsometry has been employed to study 
adsorption on metals.6-8 However, to our knowledge 
only two reports comparing the techniques have ap
peared.8’9 The careful work of Bartell and Betts6 
shows a direct proportionality between the optical 
readings and radiochemical measurements and il
lustrates the need for further studies. In addition to 
supplying good corroborating evidence and establishing 
limitations of the methods, such a comparison can add 
to the understanding of surfaces and adsorbed films. 
In the present work, the techniques are applied in a 
study of the adsorption of the vapor of polar organic 
compounds on metals, hopefully to contribute to our 
understanding of vapor phase corrosion inhibition 
processes.

Experimental Section
Materials. Isooctane (Phillips reagent grade) and 

nitromethane (Matheson Coleman and Bell) were per
colated through a column of silica gel, and benzene and 
acetone (Mallinckrodt AR grade) were used as re
ceived. Stearic acid (Eastman White Label) was re

crystallized twice and dried under vacuum, benzoic 
acid (Mallinckrodt primary standard) was sublimed, 
but capric acid (Applied Science Laboratories, 99 .8+% ) 
and octylamine (Matheson Coleman and Bell) were 
used as received.

Four tagged compounds were used. Labeled capric 
acid was prepared by treating CH3(CH2)sC14OONa 
(New England Nuclear Corp., 4.0 mcuries/mmole) 
with dilute aqueous sulfuric acid. The resulting 
organic acid was extracted with benzene and dried with 
Na2S04. Benzoic acid, labeled in the carboxyl group 
(5.0 mcuries/mmole), was used as received from New 
England Nuclear Corp. Stearic acid also was labeled 1 2 3 4 5 6 7 8 9

(1 ) H . S ob otk a , E d ., “ M on om olecu lar  L a y e rs ,”  A m erican  A ssocia 
t io n  for  the  A d va n cem en t o f  Science, W ash in gton , D . C ., 1954.
(2 ) E . H . L oerer, R . C . W iq u ist, and S. B . T w iss, P rep rin t 70, 
N u clear E ngineering and  Science C onferen ce , C h icago , 111., M a rch  
17 -2 2 , 1958.

(3 ) H . A . Sm ith  and R . L . B enn ett, P ap er N o . 6 0 -L U B -1 4 , A S M E - 
A S L E  L u b rica tion  C onferen ce , B oston , M ass., O ct 17 -19 , 1960.
(4) D . C . W alker and H . E . R ies, Jr., J. Colloid S ci., 17, 789 (1 962).
(5 ) L . S. B artell and  J. F . B etts , J. P h ys. Chem., 64 , 1075 (1960).
(6 ) F . L . M cC ra k in , E . Passaglia, R . R . S trom berg , and  H . L . S tein 
berg, / .  R es. N atl. B ur. Std., 67A , 363 (1963).
(7 ) R . R . S trom berg , E . Passaglia, and  D . J. T u las, ibid., 67A , 431
(1 9 6 3 ) .
(8 ) W . T . P im b ley  and H . R . M acQ ueen , J . P h ys . Chem., 68 , 1101
(1 9 6 4 ) .
(9 ) R . R . S trom berg , W . G . G ran t, and E . Passaglia, J . R es. N atl. 
B ur. Std., 68A , 391 (1964).
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the carboxyl group with C14 (21.6 mcuries/mmole)
and was used as received from Nuclear-Chicago Corp.
The n-octylamine hydrochloride-l-C14 (Nichem, 0.4
mcuries/mmole) was converted to free amine by treat
ment with aqueous NaOH. Benzene was used to
extract the amine, and the solution was dried with
Na~04 and stored in a nitrogen atmosphere.

Apparatus. Ellipsometry measurements were per
formed with a Rudolph Model 437/200E photoelectric
device; use of instruments of this type has been de
scribed in detail previously.6,10 Step wedges of barium
stearate served to calibrate the instrument which
always was operated using the mercury 5461-A line.
Thicknesses of .unknown films were d;etermined by
comparing the changes in characteristics of reflected
Polarized light with the changes obtained using step
wedges. Langmuir-Blodgett step wedges of barium
stearate were constructed on evaporated films of
chromium, nickel, and aluminum and on polished Type
304 stainless steel. Although these substrate metals
exhibit different optical constants, calibrations were
the same and could be transferred from one metal to
another. Errors introduced because of variations in
refractive index for different films are believed to be
n,egligible with stearic and capric acids. Barium
s~arate standards may introduce an error in measuring
benzoic acid films due to differences in refractive index
between unknown and standard.

Radiotracer counting procedures involved exposing
a selected specimen area to a thin-window Geiger
tube (TGC-2) which was equipped with an aluminum
mask having a l-cm2 circular aperture. To allow easy
decontamination of the counter, a very thin, easily
replaceable plastic film (Pliofilm <25 }Lg/cm2) was
positioned over the tube face, This physical arrange
ment resulted in about 10% counting efficiency for
thin deposits of C14 tagged materials. In most
instances, .specimens were counted for a sufficiently
long interval to limit counting errors to less than about
5% (standard deviation/total count).

Procedures. For many of the experiments, the same
metal specimen was examined by both ellipsometry
and by radiotracer methods. Ellipsometry demands
a reflective surface; for this reason, disks (4 Gm in
diameter, 0.8 cm thick) of chromium, copper, nickel,
1018 steel, and 304 stainless steel were polished by usual
metallurgical procedures immediately before they were
needed. Levigated alUIIJ,ina abrasives having nominal
particle diameters of 0.3 and· 0.1 }L were used with
Buehler red felt and microcloth polishing laps, re
selectively. Polishing on clean microcloth under flow
ing distilled water removed residual alumina from the
polished surface. The mirrorlike hydrophilic surfaces

were dried in an air current and immersed immediately
in the appropriate environment.

Chromium-plated ferrotype plates used by photog
raphers also make convenient substrates and sections
of ferrotype were cleaned by a procedure similar to
that described previously.7 Fine gold foil (A. D.
Mackay, Inc., 0.01 in. thick) was cleaned in a mixture
of three parts of H2S04 and one part of HNOs, rinsed
in distilled water, in acetone,aridin benzene. Gold
specimens Were flamed gently and cooled ina nitrogen
atmosphere just prior to use.

Vapor phase adsorption experiments were conducted
by exposing a metal specimen to vapors of capric acid,
benzoic acid, or octylamine in aclosed vessel. Fre
quently, a closed optical cell was used to allow direct,
continuous measurement by ellipsometry. Radio
tracer experiments required that metal specimens be
removed from the adsorption cell for counting; this
was done quickly; ,-Loss of adsorbed acid prior to and
during counting was reduced by exposing the metal
specimens briefly to an atmosphere of ethylenediamine
vapor immediately after removal from the adsorption
cell. A residence time of about 1 min in the amine
vapor temporarily "fixed" the volatile"acids. To fix
amines, specimens were exposed to vapors of a 10%
aqueousHCI solution for about 5 sec.

Experiments involving adsorption from.· dilute solu
tions were conducted by immersing a freshiy cleaned
or a freshly polished metal specimen in the appropriate
solution; Mter some of ·these experiments, it was
necessary to rinse away the film of liquid which was
withdrawn with the metal.. Rinsing was accom
plished by dipping the metals five times in fresh sol
vent. Since metals emerged .dry from nitromethane
solutions of stearic or capric acid, rinsing with this
solvent was unnecessary. Optical co.nstantsof bare
substrates used in adsorption experiments or for the
preparation of step-wedges were measured in air with
clean, dry metal specimens.

Results and Discussion

The work described here attempts to answer the
question: "Is ellipsometry a reliable method for
studying monolayer adsorption of polar molecules on
metal surfaces?" To help answer this question,
ellipsometric data were compared with those obtained
by radiotracer techniques. The general .agreement
between these two experimental methods is good, bllt
some discrepancies were noted. These discrepancies,
usually minor ones, appear to have rational explana
tions and they will be considered following a discussion

(10) A. Rothen, Rev. Sci. Instr., 28, 283 (1957).
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Figure 1. Adsorption at 25° of untagged capric acid 
vapor on several metals by ellipsometry. (Broken 
lines represent 66-hr values, and solid and open 
circles are data from different experiments.)

Figure 2. Adsorption of C14 tagged capric acid 
vapor on several metals by radiotracer method.
(The equivalent monolayer values are given assuming a 
smooth surface and a molecular area of 20 A2.)

of the areas of agreement between ellipsometry and the 
radiotracer method.

Deposition of capric and benzoic acids on various 
metals from vapor in air at 25° was monitored by both 
methods for long time intervals. Ellipsometric data 
obtained with untagged capric acid are shown in Figure 
1 and radiotracer data are presented in Figure 2. 
Metal substrates can be divided into two classes: 
the first class (gold and chromium) adsorbs a mono- 
layer of acid, and the second class (nickel or stainless 
steel) accepts considerably more than a monomolecular 
layer. On gold and chromium, both methods indicate 
that an equilibrium surface deposit is reached in 1 
hr; further changes in film thickness are negligible.

Evidently, a monolayer is formed since the thickness 
measured by ellipsometry for capric acid films (10-11 
A) is close to that expected for vertical, well-aligned 
molecules. Radiotracer experiments demonstrate that 
packing is tight since a molecular area of 20 A 2 can be 
calculated if a roughness factor of 1.2 is assumed. (In
dependent experiments indicate that chrome ferrotype 
is only slightly rougher than freshly cleaved mica. This 
work will be described in a subsequent publication.)

Experiments in which the adsorption of tagged 
capric acid vapor on ferrotype was studied simultane
ously by both methods are summarized in Table I. 
Films appeared uniform and constant in thickness 
and the agreement between the two experimental 
methods is excellent.

Table I: Adsorption of Tagged Capric Acid Vapor 
by Chromium Plate (Ferrotype)

Absorption
~ime,

✓--------------- F ilm  thickness, A----------------•
Radio- Ellip-

min tracer® sometry

30 4.1 4.4
45 7.8
60 9.0 9.2

135 9.8 10.0
3900 11.2 10.9

“ Calculated from an independent observation that an equi
librium capric acid film on ferrotype produces 860 cpm (surface 
roughness factor of 1.2). The assumption is made that a 
“ perfect”  monolayer is 11 A thick.

Both techniques show that reactive metals (1018 
steel, 304 stainless steel, and nickel) permit a gradual 
buildup of capric acid to yield films much thicker than 
a monolayer. A direct comparison of the two methods 
again reveals a good correlation (see Table II). A 
comparison of data in Table II (tagged capric acid on 
nickel) with the results shown in Figure 1 (untagged 
capric acid on nickel) reveals a difference in adsorption 
level which will be discussed later.

Table II : Adsorption of Tagged Capric Acid Vapor 
by Nickel at 25°

-̂--------------Film thickness, A—
Exposure Radio- E llip 

time tracer® sometry

7 min 3.6 4.2
80 min 11.0 11.8
18 hr 32.1 33.0

“ Assuming that a tightly packed capric acid monolayer is 
11 A thick, and that the roughness factor for polished nickel 
remains constant at 1.3.
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R e s u l t s  o b t a i n e d  w i t h  b e n z o i c  a c i d  w e r e  m u c h  t h e  

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

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

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

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

t i o n  i s  r e a c h e d  w i t h i n  3 0  m i n  f r o m  v a p o r  w h i c h  i s  i n  

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

e t e r  m e a s u r e s  t h e  f o r m a t i o n  o f  a  f i l m  a b o u t  6 . 0  A  t h i c k  

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

l e n g t h  o f  9  A .  T h i s  d i f f e r e n c e  m a y  b e  d u e  t o  i m p e r f e c t  

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

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

i n d i c a t e  a  r e l a t i v e l y  l o o s e  p a c k i n g  ( a b o u t  4 0  A 2 p e r  

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

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

a r e a  o f  a b o u t  2 0  A 2, b u t  i f  p h e n y l  g r o u p s  a r e  f r e e  t o  

s p i n ,  t h e y  s w e e p  o u t  a n  a r e a  o f  a b o u t  4 0  A 2.

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

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

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

m e t a l s .  W i t h  s t a i n l e s s  s t e e l ,  t h e  e q u i v a l e n t  o f  f o u r  

m o n o l a y e r s  i s  m e a s u r e d  a f t e r  2 0  h r .  A s  s h o w n  i n  

F i g u r e  3 ,  r e a c t i v i t y  o f  o c t y l a m i n e  t o w a r d  m e t a l s  

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

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

f o r m s  o n  s t e e l  a l m o s t  i m m e d i a t e l y .  H o w e v e r ,  i n i t i a l  

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

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

T h i s  i s  i l l u s t r a t e d  i n  F i g u r e  4 ,  w h i c h  i s  a n  e n l a r g e m e n t  

o f  t h e  e a r l y  p o r t i o n  o f  F i g u r e  3 .  R a p i d  d e p o s i t i o n  

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

g o l d  a n d  s t e e l ,  r e a s o n a b l y  c o n s t a n t  f i l m s  o f  a b o u t  1 

m o n o l a y e r  a r e  p r e s e n t  d u r i n g  t h e  f i r s t  2 0  m i n .  T h e  

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

e n t l y  a l l o w s  v e r y  r a p i d  m o n o l a y e r  f o r m a t i o n .

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

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

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

m a t e r i a l s  p a r t i c i p a t e  i n  a d s o r p t i o n  t o  g i v e  m i x e d  

f i l m s . 11 N i t r o m e t h a n e  i s  p a r t i c u l a r l y  c o n v e n i e n t  s i n c e  

r i n s i n g  i s  u n n e c e s s a r y :  s p e c i m e n s  c a n  b e  r e m o v e d  d r y  

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

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

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

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

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

p a c k e d  m o n o l a y e r  i s  f o r m e d  w i t h i n  5 0  m i n  o n  3 0 4  

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

f e r r o t y p e  a f t e r  1 . 5  h r .  S o m e  d e s o r p t i o n  o f  s t e a r i c  a c i d  

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

m e n t s .

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

m o n o l a y e r  o n  c h r o m i u m  w i t h i n  1 h r ,  a n d  t h i s  f i l m  r e -

Figure 3. Adsorption at 25° of C14 tagged octylamine 
vapor on several metals by tradiotracer method.
(The equivalent monolayer values are given assuming a 
smooth surface and a molecular area of 20 A2.,

Figure 4. Adsorption at 25° of C14 tagged octylamine 
vapor on several metals by the radiotracer method.
(The equivalent monolayer values are given assuming 
a smooth surface and a molecular area of 20 A2.)

m a i n s  c o n s t a n t  i n  t h i c k n e s s  f o r  a t  l e a s t  4  h r .  T h e  f i l m  

t h i c k n e s s  f o r  b e n z o i c  a c i d  o n  c h r o m i u m  ( 6 - 7  A )  i s  

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

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

i n  v a p o r - p h a s e  a n d  s o l u t i o n  a d s o r p t i o n  e x p e r i m e n t s :  

r a d i o t r a c e r  e x p e r i m e n t s  y i e l d  a  v a l u e  o f  4 0  A 2.

S e v e r a l  m i n o r  d i s c r e p a n c i e s  h a v e  b e e n  p a s s e d  o v e r  i n  

t h e  p r e c e d i n g  d i s c u s s i o n .  F o r  e x a m p l e ,  F i g u r e s  1 a n d  

3  s h o w  t h a t  r a d i o t r a c e r  m e a s u r e m e n t s  f i n d  a  1 0 %  

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

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

(11) O . L ev in e and W . A . Zism an, J. P h ys. Chem ., 61 , 1188 (1957).
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Table III: Adsorption of Labeled Stearic Acid on Chromium 
and Steel (Solute Concentration 140 mg/1. of Nitromethane)

A d s o r p 
t io n

t im e ,
m in R in s e M e t a l

F ilm  th ick n e s s , A  
E l l ip -  R a d io -  

s o m e t r y  tracer®

5 CH3NO2 304 Stainless 3 . 5 5.1
5 None 304 Stainless 13.1 14.6

50 None 304 Stainless 21.4 21.4
90 None Ferrotype plate 6.0 6.2
90 c h 3n o 2 Ferrotype plate 5.0 3.5

“ A roughness factor of 1.2 is assumed which corresponds, for 
this system, to 225 cpm for a film 21.4 A thick.

t h a t  f i l m s  o f  c a p r i c  a c i d  a r e  a b o u t  5 %  t h i c k e r  o n  g o l d  

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

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

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

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

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

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

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

a c c e s s i b i l i t y .

P r e v i o u s  d i s c u s s i o n  h a s  d e m o n s t r a t e d  t h a t  r a d i o -  

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

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

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

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

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

m e t a l s  a n d  l e n g t h y  e x p o s u r e s  a r e  e m p l o y e d .  I n  

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

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

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

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

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

e p o x y - c e m e n t e d  j o i n t s ,  l a r g e  d i s c r e p a n c i e s  a r e  n o t e d .  

T a b l e  I V  s h o w s  t h e  e x t e n t  o f  d i v e r g e n c e  w h e n  t h e  

a m o u n t  o f  t a g g e d  c a p r i c  a c i d  i s  s m a l l  ( ~ 0 . 7  m g )  i n  a  

1 5 0 - m l  c e l l  w i t h  e i g h t  c e m e n t e d  j o i n t s .  C o d e p o s i t i o n  

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

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

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

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

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

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

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

r e a c t i v e  m e t a l  s u r f a c e s .  A l t h o u g h  e l l i p s o m e t r y  s h o w s  

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

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

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

vs. u n t a g g e d  a c i d .  F r o m  a  c o m p a r i s o n  o f  d a t a  i n  

F i g u r e  1 a n d  T a b l e  I ,  i t  c a n  b e  s e e n  t h a t  t a g g i n g

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

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

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

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

c o m p a r i s o n  o f  d a t a  f r o m  F i g u r e s  1 a n d  2  a n d  f r o m  

T a b l e  I I .  F o r  e x a m p l e ,  F i g u r e  1 s h o w s  t h a t  u n t a g g e d  

c a p r i c  a c i d  p r o d u c e s  f i l m s  1 6  A  t h i c k ,  b u t  F i g u r e  2  

r e v e a l s  t h a t  t a g g e d  c a p r i c  a c i d  d e p o s i t s  f i l m s  > 1 6  A  

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

Table IV: Adsorption of Capric Acid Vapor on Nickel 
at 25° in the Presence of Epoxy Cement

-F ilm  th ick n e ss , A-
E x p o s u r e R a d io - E l l ip 

t im e tra ce r s o m e t r y

25 min 3 . 4 1 1 . 3
17 hr 23 32
45 hr 23 35

m e a s u r e m e n t s  b y  b o t h  m e t h o d s  ( s e e  T a b l e  I I ) ,  a n d  

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

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

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

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

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

e n h a n c e d  a d s o r p t i o n .  P e r h a p s  t h e  c o r r o s i v i t y  o f  t h e  

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

i n t e n s i f i e d  b y  t h e  ¡3 r a d i a t i o n .  O n e  p r o b l e m  c o m m o n  t o  

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

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

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

f a c t u r e r ’ s  t h i n - l a y e r  c h r o m a t o g r a p h i c  a n a l y s e s  o f  t h e  

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

t h e  s l i t s  o f  a  R a y l e i g h  d i a p h r a g m  a r e  s e t  p a r a l l e l  w i t h  a  r a d i u s .  I n  g e n e r a l ,  t h e r e f o r e ,  

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

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

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

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

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

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

Introduction

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

f i r s t  a d o p t e d  f o r  u l t r a c e n t r i f u g e  w o r k 1 t h a t  t h e  r e c o r d  

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

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

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

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

i n t e r f e r e n c e .  T h e  e f f e c t  o f  ( a )  i s  e q u i v a l e n t  t o  a  g r a d i e n t  

o f  c o n c e n t r a t i o n  “ a c r o s s ”  t h e  s l i t  a p e r t u r e s ,  w h e r e a s  

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

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

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

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

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

f r o m  t h e  a b o v e  f a c t o r s .

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

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

F i g u r e  1 .  T h e  m i r r o r  w h i c h  n o r m a l l y  r e f l e c t s  t h e  l i g h t  

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

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

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

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

t i o n  b e i n g  a b o u t  7  c m  i n  m o s t  m a c h i n e s .  T h e  l i g h t  

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

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

t h e  s e c t i o n  s h o w n  i n  F i g u r e  1 .  T h e  c e l l  s e c t o r s  a n d  

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

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

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

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

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

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

Theory

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

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

(1 ) E . G . R ichard s and H . K . Schachm an , J. A m . Chem. S o c 79, 
5324 (1957).
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(1) (2) (3) (4) (5) (6) (7) (8) (9)

Figure 1. Rayleigh interference optical system: (1) slit 
source, (2) collimating lens, (3) cell twin-slit diaphragm,
(4) double-sector cell center, (5) Rayleigh double-slit 
diaphragm, (6) condensing lens, (7) camera lens, (8) cylindrical 
lens, (9) photographic plate. The optical axis is represented 
by the dashed line. Cell windows are not shown.

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

A l l  d i s t a n c e s ,  u n l e s s  i t  i s  s t a t e d  t o  t h e  c o n t r a r y ,  a r e  i n  

c e n t i m e t e r s .

1. Relation of Solute Concentration and Position at 
Equilibrium. I t  i s  a s s u m e d  t h a t  e q u i l i b r i u m  h a s  b e e n  

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

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

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

s o  t h a t  d  I n  n / d ( r 2)  =  k. H e r e  r  i s  t h e  d i s t a n c e  f r o m  

t h e  a x i s  o f  r o t a t i o n  a n d  k =  Mu>2( 1 —  vp)/2RT, 
t h e  s y m b o l s  i n  t h i s  e x p r e s s i o n  h a v i n g  t h e i r  u s u a l  

s i g n i f i c a n c e .

C o n s i d e r  t h e  p l a n e  o f  r o t a t i o n  C Y Z  ( F i g u r e  2 )  w h i c h  

c u t s  t h e  a x i s  o f  r o t a t i o n  a t  C .  L e t  Y  b e  a  p o i n t  i n  t h e  

c e l l  a n d  Y Z C  a  r i g h t  a n g l e ,  t h e  o p t i c a l  a x i s  i n t e r s e c t i n g  

t h e  p l a n e  o f  r o t a t i o n  a t  a  p o i n t  o n  C Z  n o t  v e r y  f a r  f r o m  

Z .  I f  H  i s  a n o t h e r  p o i n t  i n  t h e  c e l l  s u c h  t h a t  C Z  =  

C H  =  h, t h e n

I n  ( n T / n H )  =  M ( C Y ) 2 ~  ( C H ) 2} =

Jc{ ( y2 +  h2) —  h2} =  ky2

a n d

nY =  w He kŷ  =  7jh ( 1  +  ky2 +  • • • ) ( 1 )

A s  t h e  m a x i m u m ,  v a l u e  o f  ky2 i s  a b o u t  0 . 1  u n d e r  u s a b l e  

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

w i l l  b e  n e g l e c t e d .

2 . Interference Optical Theory. A  n u m b e r  o f  t h e  

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

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

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

( F i g u r e  1 )  i s  m e r e l y  t o  p r o d u c e  a t  t h e  p h o t o g r a p h i c  

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

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

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

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

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

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

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

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

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

! , (ft
Y

i  H- Y « *m &...—i q/2 !
ya*---------

_____jM
----------- *
z

Figure 2. Instantaneous position of one cell slit (width l) 
relative to one of the Rayleigh slits (width m, edges, 
respectively, y3 and yt from the optical axis). Rotation 
occurs in the plane YZC. Optical axis, which is 
perpendicular to YZC, passes through a point on CZ near Z.

Figure 3. Effect of condensing lens (not shown) on image 
formation. The plane YZO is perpendicular to the plane of 
rotation YZC (Figure 2), but parallel to the optical axis.

t o  t h e  p l a n e  C Y Z  ( F i g u r e  2 ) .  T h e  f o c a l  p l a n e  o f  t h e  

c o n d e n s i n g  l e n s ,  w h i c h  p a s s e s  t h r o u g h  O X  ( F i g u r e  3 )  

i s  p a r a l l e l  w i t h  t h e  p l a n e  o f  r o t a t i o n  C Y Z ,  a n d  t h e r e 

f o r e  p e r p e n d i c u l a r  t o  O Z .  L i g h t  f r o m  a  p o i n t  Y  

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

a t  a n y  p o i n t  X  o f  t h e  l i n e  O X .  I f  O X  =  x, c o m p a r e d  

w i t h  i d e a l  f o c u s i n g  a t  0 ,  t h e  p a t h  d i f f e r e n c e  i s  s e e n  

f r o m  F i g u r e  3  t o  b e

( Y X  -  Y O )  =  V f o M -  (y -  x )2] -  V { g 2 +  y2]

=  $ r {^ [ 1  +  (y -  x ) 2/g2] -

a / [ i  +  y 2/g2]}

=  9 { [1  +  (V ~  x ) 2/ 2 g2 - • • ]  -

[1 +  y 2/ 2 g2--- ]}

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

( Y X  -  Y O )  =  {{y -  x ) 2 -  y 2 ]/2 g =

x 2/ 2 g -  xy/g  ( 2 )

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

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

p h a s e  o f  t h e  r e s u l t a n t  l i g h t .  I t  e n t e r s  i n t o  K  ( s e e  

b e l o w ) ,  b u t  K  i s  e l i m i n a t e d  w h e n  t h e  p r o d u c t  \p(x)f*(x) 
i s  t a k e n  i n  t h e  s i n g l e - s l i t  a r r a n g e m e n t .  I n  a  t w i n -  

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

\p(x)f*(x) i s  t a k e n  b e c a u s e  t h e  t e r m  i n d e p e n d e n t  o f  

y w h i c h  i t  g i v e s  r i s e  t o  e n t e r s  e q u a l l y  i n t o  K \  a n d
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( s e e  e q  5  b e l o w ) .  I n  w o r k i n g  o u t  t h e  p h a s e - d i f f e r e n c e  

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

s o l u t e  r e f r a c t i v e  i n d e x  i n c r e m e n t  ( s e e  s e c t i o n  1 ) .  T h e  

p h a s e - d i f f e r e n c e  f u n c t i o n

=  ( 2 tt/ X )  [ p n H ( l  +  ky2)  -  xy/g] ( 3 )

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

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

p a t h  l e n g t h  i n  t h e  c e l l  a n d  X i s  t h e  w a v e l e n g t h  o f  t h e  

l i g h t .  ( N o t e :  t h e  t e r m  u n i t y  w i t h i n  t h e  i n n e r  b r a c k e t  

g i v e s  r i s e  t o  2irpnn/\ o n  e x p a n s i o n .  A l t h o u g h  t h i s  i s  

i n d e p e n d e n t  o f  y a c r o s s  o n e  s e c t o r ,  i t  i s  r e t a i n e d  b e 

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

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

v o l v e d . )

T h e  a m p l i t u d e  f/{x) a t  X  i s  p r o p o r t i o n a l  t o  f e ^ ^ d y  
b e t w e e n  a p p r o p r i a t e  l i m i t s . 2 F o r  s i m p l i c i t y  w e  t a k e  

t h e  p r o p o r t i o n a l i t y  c o n s t a n t  a s  u n i t y  s o  t h a t  \f{x) =  

f e - i4,(v)dy.
(i) Single-Slit Aperture {Diffraction Pattern). I f  w e  

h a v e  a  s l i t  w i t h  e d g e s  d i s t a n t  y\ a n d  y2 f r o m  t h e  a x i s  

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

C
M*) =

J  y

- / y

0 — 27rt'[pnH(l +  ky*) — x y / g ]/ \ ^

e x p  [—i{A y 2 +  B y  +  A /k)]dy

w h e r e  A  =  2irnupk/\ a n d  B  =  —2irx/g\. P u t t i n g  

u =  \ / A  (y +  B /2A)  a n d  K  =  {A /k  —  B 2/AA), d y — 
d u /y/A  a n d

i { x )
1 /• « !

=  — t=  I e x p ( — m 2)  e x p ( — iK )d u
\  A. J  ui

I n t e n s i t y  i s  p r o p o r t i o n a l  t o  \p{x)f/*{x) w h e r e  f/*{x) i s  

t h e  c o n j u g a t e  o f  f/ { %)■ A g a i n  t a k i n g  t h e  c o n s t a n t  o f  

p r o p o r t i o n a l i t y  a s  u n i t y  w e  h a v e

m r { x )  ,  x

[/ :
y/A  y/ A

exp{—iu 2)du
I f

exp{iu2)du

i [ £ ( c o s  u 2 —  i  s i n  u2)du X

[ / : ( c o s  u 2 +  i  s i n  u2)du

nui i*U2
P u t t i n g  J c o s  u2du =  P  a n d  I s i n  u 2du =  Q

• J  U l  J  Ml

* ( * ) * * ( » )  =  (P -  iQ )(P +  iQ)/A  =
( P 2 +  Q2)/A  =  { ( * )  ( 4 )  

(ii) Twin-Slit Aperture {Interference Pattern). T h e

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

n o w  e x t e n d  o v e r  t w o  i n t e r v a l s .  I t  i s  i m p o r t a n t  t o  

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

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

c e l l  c h a n n e l s .  W i t h  a n  e x t e n s i o n  o f  t h e  a b o v e  n o t a t i o n

1
f ix )  =  - I e x p (  — m 2)  e x p ( — iK f)du  +

\  A\ J  ui
1  r u>
7=  I e x p ( — iu 2) exp{—iK/)du

V  A 2 J  ui

P u t t i n g

f * U

J  U S

Ul
c o s  u 2 du =  P i

c o s  u2du =  P 2, a n d  I s i n  u 2 du =  Q-
nu

J  us

Ml
s i n  u2du =  Qx,

■ Hx) =  c x p (  iK i)  +
V  Ax

{P i  —  iQj)
V a 2

e x p  { —iK f)

H e n c e

/ (x W {x )  =  {Px2 +  Qx2)/Ax  +  ( P 22 +  Q,2)/A 2 +

2  [ ( P i P 2 +  Q1Q2 ) c o s  L  —

{P 1Q2  — P?Qi) s i n  L ] / V A xA 2 =  £{x) ( 5 )

w h e r e  L  =  (K 2 — K f).  T h i s  a n d  t h e  p r e c e d i n g  s e c t i o n  

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

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

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

R a y l e i g h  d i a p h r a g m .

3. Effects of Cell Motion on Aperture Sizes as a 
Function of Time. L e t  t h e  d i s t a n c e s  o f  t h e  e d g e s  o f  

t h e  R a y l e i g h  s l i t s  f r o m  t h e  o p t i c  a x i s  b e  yh y%, y%, 
a n d  t/4 a s  e x e m p l i f i e d  i n  F i g u r e  2 .  O f  c o u r s e ,  ( 2/4 —  

2/ 3)  =  ( 2/2 —  2/ 1)  =  mi t h e  w i d t h  o f  e a c h  s l i t ,  a n d  t h e  

d i s t a n c e  b e t w e e n  s l i t  c e n t e r s ,  q, i s  [{yA +  2/ 3)  —  ( 2/2 +  

2 /i)  ] / 2 .  W e  a l s o  d e f i n e  y  =  ( 2/4 +  2/3 +  2/2 +  2 / i ) / %  

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

p o s i t i o n .

W h e n  t h e  c e l l  h a s  r o t a t e d  t h r o u g h  a n  a n g l e  6  ( f r o m  

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

a x i s )  u n t i l  o n e  c e l l  s l i t  i s  i n  t h e  o r i e n t a t i o n  s h o w n  i n  

F i g u r e  2 ,  t h e  p o s i t i o n  o f  t h e  p o i n t  Y '  w h i c h  l i e s  o n  o n e  

e d g e  o f  i t  i s  g i v e n  b y  Z Y '  =  h t a n  d +  0 . 5 ( g  +  l) 
s e c  6 . H e r e  l i s  t h e  w i d t h  o f  a  c e l l  s l i t  a n d  q t h e  d i s t a n c e  

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

c e n t e r s  o f  R a y l e i g h  s l i t s  ( s e e  a b o v e ) .  I n  t h e  o p t i c a l  

s y s t e m s  u s e d ,  6  i s  a l w a y s  q u i t e  s m a l l  w h e n  l i g h t  p a s s e s .  

I f  I2/ 4I >  \y f  t h e  m a x i m u m  v a l u e  o f  |̂ | i s  o b t a i n e d  b y

(2 ) G . Joos, “ T h eoretica l P h ysics ,”  B lack ie  and  Son  L td ., L on d on , 
1934.
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Table I : Integration Limits for the Calculation of Terms of Eq 7

Subscript 
of P or Q Upper limit Lower limit

la ^AilB/2Ai 2/3 +  hô +  ira +  Z)/2] \/Ai(B/2Ai +  2/3)
2a y/A 2IB /2 A 2 +  yi +  hB +  (wi +  0/2] V A 2(B/2A2 +  2/1 )
4a y/Â2[B/2A2 +  yz +  hS +  (m 4- l)/2] ■\ZÂî(B/2A2 +  2/3)
5a y j A \ [B I2 A \  +  yi +  hd +  (m +  Z)/2] V A\{B /2Ai +  2/1 )
lb As for la y/~A\[B/2A\ +  2/3 +  hd +  (m — 0/2]
2b As for 2a V Â 2IB/2A2 +  y\ +  hd +  (m — 0/2]
4b As for 4a ■sfÂzlB /2A 2 +  Vz +  h0 +  (m — 0 / 2 ]
5b As for 5a V A 1[B/2A1 ~\~ y i -\- hQ (m — 0 / 2 ]
lc ■\/Âi(B/2Ai +  y 4) As for lb
2c y/Âî(B/2A2 +  2/2) As for 2b
4c \ZÂî(B/2Aî +  2/4) As for 4b
5c y/Ai(B/2Ai -f 2/2) As for 5b

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

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

r e l a t i v e  t o  t h e  o p t i c a l  a x i s .  T h i s  d i s t a n c e  i s  [ 0 . 5 -  

(q +  l) +  (2/ 4] ] ,  s o  t h a t  |(?| == t a n  |d| —  [|j/4| +  0 . 5 -  

(q +  l) ]/h. T h e  r e l a t i o n s  a b o v e  s h o w  t h a t  t h i s  i s  

e q u i v a l e n t  t o  [|y| +  q +  0 . 5 ( £  +  m)]/h. T h i s  e x p r e s 

s i o n ,  w h i c h  i s  a r r i v e d  a t  b y  a  s i m i l a r  p r o c e s s  i f  \yi\ >
12/ 41, h a s  a  m a x i m u m  v a l u e  o f  0 . 1  r a d i a n  w h e n  c a l c u 

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

T h u s ,  t o  a  s u f f i c i e n t  d e g r e e  o f  a c c u r a c y

Z Y '  =  he +  0 . 5  (q +  l) ( 6 )

I n  o t h e r  w o r d s ,  s i n c e  8  =  cof ( w h e r e  o  i s  t h e  c o n s t a n t  

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

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

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

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

R a y l e i g h  d o u b l e  s l i t .

Table II : Parameters Expressing Effects of Solvent 
in Both Channels“

l 0.054 0.054 0.054 0.054 0.100 0.100
m 0.075 0.150 0.075 0.150 0.025 0.025
V 0.0 0.0 -0 .2 - 0 .2 0.0 - 0 .2

° In all these cases Ai = a 2 — 0.001 and k  1 = fe = 1 X 10~6.

I n  a l l  t h a t  f o l l o w s ,  a t t e n t i o n  i s  c o n f i n e d  t o  a  f i x e d  

v a l u e  o f  h, i.e., i n  F i g u r e  2  t o  a  s e c t i o n  t h r o u g h  Z Y  

p a r a l l e l  w i t h  t h e  a x i s  o f  r o t a t i o n .  W h e n  t h e  c e l l  r o t a 

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

t r i b u t i o n  t o  t h e  l i g h t  i n t e n s i t y  a t  a n y  p o i n t  X  ( F i g u r e

3 )  i s  g i v e n  b y  e q  5  w i t h  t h e  l i m i t s  f o r  t h e  i n t e g r a l s  d e 

f i n e d  b y  t h e  y c o o r d i n a t e s  o f  t h e  c e l l  s l i t s  ( s u c h  a s  Z Y ' ) .  

H o w e v e r ,  i f  Z Y '  e x c e e d s  yt, t h e n  w 4 i s  f i x e d  b y  y 4 

a n d  n o t  b y  Z Y ' .  T h u s  a t  a n y  m o m e n t  d u r i n g  t h i s

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

i n t e r s e c t i o n s  o f  Z Y  w i t h  t h e  e d g e s  o f  t h e  c e l l  s l i t s ,  o r  

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

R a y l e i g h  s l i t .

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

p l o t t e d  i n  F i g u r e  4 ( i i )  a t  t h e  a p p r o p r i a t e  t ( =  d/u), 
d e t e r m i n e  t h e  l i m i t s  uh Ut, u3, a n d  u 4 a p p l i c a b l e  a t  

t h a t  i n s t a n t  f o r  t h e  t e r m s  o f  e q  5 .  W h e n  o n l y  o n e  

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

s i t i o n ,  t h e  s i t u a t i o n  c a n  b e  r e p r e s e n t e d  b y  F i g u r e  4 ( i )  

o r  ( i i i ) .  T h e n  e q  4  i s  u s e d ,  t h e  i n t e g r a t i o n  l i m i t s  a g a i n  

b e i n g  f i x e d  b y  e r e c t i o n  o f  a n  o r d i n a t e  a t  t h e  c o r r e c t  

v a l u e  o f  t. T h e  c o r r e s p o n d e n c e  b e t w e e n  F i g u r e  4  

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

N o  l i g h t  p a s s e s  u n t i l ,  a t  t h e  b e g i n n i n g  o f  F i g u r e  4 ( i ) a ,  

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

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

(i) (Ü) (iii)
------------> t  ( = 0/« )

Figure 4. Extent of Rayleigh slit aperture effective at 
r = h during cell rotation. Shaded and plain areas 
correspond, respectively, to the two cell channels. The 
intervals a, b, c are common to the three situations 
within the limits of accuracy of approximations used. 
Situations (i) and (iii) produce the fogging effects, 
and (ii) the interference fringes of interest.
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u n t i l  a t  t h e  e n d  o f  t h e  i n t e r v a l  4 ( i ) a  i t  c o v e r s  t h e  r a n g e  

Vi t o  {y\ +  l) a t  w h i c h  s t a g e  t h e  s e c o n d  e d g e  o f  t h e  

s a m e  c e l l  s l i t  h a s  r e a c h e d  yi. I n  4 ( i ) b  t h e  r e g i o n  

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

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

t o  yi a n d  y 2- T h e  i n t e r v a l  ( i ) c  i s  r a t h e r  s i m i l a r  t o  4 -  

( i ) a  i n  r e v e r s e .  D u r i n g  4 ( i i )  t h e  f i r s t  c e l l  s l i t  p a s s e s  

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

s l i t  s c a n s  t h e  f i r s t  R a y l e i g h  s l i t .  F i n a l l y ,  d u r i n g  4 -  

( i i i )  t h e  s e c o n d  c e l l  s l i t  t r a v e r s e s  t h e  s e c o n d  R a y l e i g h  

s l i t .

4- Light Intensity at Any Point, Integrated over a Com
plete Scan. A s  t h e  r e l a t i v e  i n t e n s i t y ,  I  ( x ) ,  a t  t h e  p o i n t  X  

i s  g i v e n  b y  £ (a ;)  ( e q  4  o r  5 )  a t  a n y  i n s t a n t ,  t h e  

t o t a l  e f f e c t  i s  o b t a i n e d  b y  t a k i n g  . / ^ ( F j d t  o v e r  t h e  r e q u i 

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

o f  t h e  i n t e g r a l s  u s e d  t o  e v a l u a t e  £ ( # )  a r e  t h e m s e l v e s  

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

B e c a u s e  6  v a r i e s  d i r e c t l y  w i t h  t ,  t h e  r e s u l t a n t  i n t e n s i t y  

m a y  b e  t a k e n  a s  f£(x,d)d0 .
A s  a n  e x a m p l e  o f  w h a t  i s  i n v o l v e d ,  w e  c o n s i d e r  t h e  

t i m e  i n t e r v a l  ( i ) a  ( F i g u r e  4 ) ,  t h r o u g h o u t  w h i c h  e q  4  

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

V A i( y i  +  B/2A{). A s  t h e  u p p e r  l i m i t s  i n c r e a s e  f r o m  

\^ A i(y i  +  B /2A x) t o  \ / A i ( y i  +  Z +  B/2AI)  d u r i n g  

t h i s  t i m e ,  i n  t e r m s  o f  t h e  p r e v i o u s  c o n v e n t i o n  f o r  t h e  

o r i g i n  o f  d t h e y  w o u l d  b e  w r i t t e n  a s  \ / A x [hd +  0 . 5 ( g  +  

l )  +  B / 2A 1] w i t h  6  i n c r e a s i n g  f r o m  [2/1 — 0 . 5 (q +  l)]/h  
t o  [yi —  0 . 5 (q — l)]/h. I t  i s  p e r m i s s i b l e  a n d  m o r e  

c o n v e n i e n t  f o r  s u b s e q u e n t  c o l l e c t i o n  o f  l i k e  t e r m s  t o  

c h a n g e  t h e  o r i g i n  o f  6  b y  t h e  c o n s t a n t  \y\ +  0 . 5 ( m  —  

q)}/h  s o  t h a t  t h e  u p p e r  l i m i t s  b e c o m e  V~A\[hd +  

0 . 5 ( m  +  1) +  B / 2 A i  +  i / i ]  w i t h  6  n o w  i n c r e a s i n g  f r o m  

—  ( t o  +  l)/2h  t o  —  (m — l)/2h  d u r i n g  4 ( i ) a .  I f  w e  

d e n o t e  £ ( r r ,0 )  t h u s  o b t a i n e d  a s  £sa, t h e  c o n t r i b u t i o n  t o  

t h e  t o t a l  l i g h t  r e a c h i n g  x  i s

/— ( m—l)/2h

£ea ( x,6 )dd
~(,m+l)/2h

I n  a  s i m i l a r  m a n n e r  w e  g e t  £ 4a a n d  14Ax) f r o m  4 ( i i i ) a .  

I t  i s  n e c e s s a r y  t o  a p p l y  e q  5  t o  t h e  i n t e r v a l  4 ( i i ) a ,  

t h e r e b y  o b t a i n i n g  £ ia =  ( T V  +  Qu2)/A i,  £2a =  (P%A +  

Q'lA)/A<±, £ 3a =  2[(P l aP 2 a  +  QuQie.) COS L  — (P\aQ‘2a ~  
jP 2aQ ia )  s i n  L ] / V A iA 2 a n d  c o r r e s p o n d i n g  c o n t r i b u t i o n s  

t o  I(x ).  F o r  b r e v i t y

/— {m — l) /2h

M xft) d e

- ( m + 0 / 2 / i

5
w h e r e  £ a ( z , 0 )  =  Y  £ s ,a • B y  s i m i l a r  r e a s o n i n g  I h(x)

« =  1
a n d  I c(x) c a n  b e  d e f i n e d  s o  t h a t  i n  s u m m a r y

I{x ) / — (m — l) /2h

- ( m + l ) / 2 h

/ (m — l) /2h

-  {m — l) /2h

^(x,d)dd +

£b ( T ,0 ) d Ô  + X
( m+ l ) / 2 h  

(m — l) /2h
£c ( x , 0 ) d 0 (7)

T h e  i n t e g r a t i o n  l i m i t s  f o r  a l l  t h e  P ’s a n d  Q ’ s  a r e  g i v e n  

i n  T a b l e  I .

T h e  “ f o g g i n g ”  c o n t r i b u t i o n ,  w h i c h  i s  g i v e n  b y  £ 

t e r m s  w i t h  s u b s c r i p t s  c o n t a i n i n g  4  a n d  5 ,  c a n  b e  c a l 

c u l a t e d  s e p a r a t e l y  i f  i t  i s  d e s i r e d .  F o r  l >  m s e p a r a t e  

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

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

s a m e  s e t  b y  e m p l o y i n g  a  s u b t e r f u g e  ( s e e  b e l o w ) .

Notation
a, b, c particular time intervals during cell rotation 
A = 2Trnnpk/\
B = —2 rx/\g
g focal length of condensing lens
h fixed distance from axis of rotation to plane of interest in 

cell
I  integrated light intensity 
k =  Afw2( 1 -  vp)/2RT 
K  = (A/k -  B*/<IA) 
l width of slit in cell window holder 
L = (K2 — Ki)
M  molecular weight of solute 
m width of slit in Rayleigh diaphragm
n difference oetween refractive index of solution and solvent 

(corresponding to any value of r) 
p optical path length in cell
P, Q Fresnel-type integrals f  cos u2du and f  sin u2Au, respec

tively
q distance between centers of a pair of slits 
r distance from axis of rotation (general)
R gas constant
f time
T absolute temperature
u = V A (y  +  B/2A)
v partial specific volume of solute
x coordinate in image plane (“ across” fringes) 
y coordinate in Rayleigh diaphragm plane (perpendicular to 

slits)
A distance between consecutive fringe minima 
A* displacement of fringe system 
d angle of rotation
X wavelength of light in air
£ instantaneous contribution to intensity
p density of solution
<t> phase-difference function
(i- amplitude function
a angular velocity

Com puter Program s and Calculations

T h e  c o m p u t e r  w a s  p r o g r a m m e d  i n  E M A  ( e x t e n d e d  

m e r c u r y  a u t o c o d e )  t o  c a l c u l a t e  t h e  i n t e g r a l s  o f  e q  7  

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

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

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

o f  8 . T h e  F  a n d  Q t e r m s  w e r e  t h e m s e l v e s  c o m p u t e d
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b y  G a u s s i a n  q u a d r a t u r e .  C o m p a r i s o n  o f  t y p i c a l  

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

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

T h e  m a i n  r e s t r i c t i o n s  i n  t h e  b a s i c  d e r i v a t i o n  a r e  

t h a t  l ^  t o  a n d  t h e  s e p a r a t i o n s  (q) b e t w e e n  c e n t e r s  o f  

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

w a s  d e a l t  w i t h  a s  f o l l o w s .  I f  w e  c a l c u l a t e  I(x )  f o r  

V a l m o s t  i d e n t i c a l  w i t h  t o , s a y  V =  t o [1  —  (l — t o )  X  

1 0 ~ 6/ 2 t o ] ,  t h e n  h (x )  i s  v e r y  s m a l l ,  c o r r e s p o n d i n g  t o  a  

c h a n g e  i n  6  o f  (l — t o )  X  1 0 ~ 6/ 2 / i .  I f  t h e  c o m p u t e r  

i s  i n s t r u c t e d  t o  s u m  h (x ), I a(x), a n d  1 0 6h (x ) ,  w e  g e t  

I(x )  f o r  Z >  t o  w i t h  a d e q u a t e  a c c u r a c y .

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

w e  c a n  m a k e  o n e  o f  t h e  k’s e x t r e m e l y  s m a l l ,  b u t  t h e  

c o r r e s p o n d i n g  A  s h o u l d  b e  r e d u c e d  s o  t h a t  A\/k\ =  
Az/ki. T h i s  s a v e s  w o r k i n g  o u t  d i f f e r e n t  t y p e s  o f  

i n t e g r a l s  w h i c h  a r e  r e q u i r e d  w h e n  k =  0  e x a c t l y .  T o  

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

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

c a n  b e  u s e d .

T h e  p r o g r a m  m a k e s  p o s s i b l e  t h e  c a l c u l a t i o n  o f  I{x )  
f o r  s y m m e t r i c a l  (y =  0 ) ,  a s y m m e t r i c a l  (y =  — 0 . 2 ) ,  

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

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

s o l v e n t  vs. s o l v e n t ,  s o l u t i o n  vs. s o l v e n t ,  o r  o n e  s o l u t i o n  

vs. a n o t h e r .

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

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

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

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

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

( i n  x) b e t w e e n  c o n s e c u t i v e  m i n i m a  i s  g i v e n  b y  t h e  u s u a l  

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

A  =  Xg/q ( 8 )

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

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

A* =  \g[Ai/h  -  A 2/ h  +  A  1(2/2 +  2/1)2/ 4  —

A 2{yi +  2/ 3)  2/ 4 ] / 2 - 7 r g  ( 9 )

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

s y s t e m  o f  t h e  B e c k m a n - S p i n c o  u l t r a c e n t r i f u g e  w e r e  

u s e d ,  q, h, a n d  g b e i n g  t a k e n  a s  0 . 4 ,  7 . 0 ,  a n d  6 2 . 5  c m ,  

r e s p e c t i v e l y ,  a n d  X a s  5 4 6  m / t .  T h e n  A  =  0 . 0 0 8 5 3 6  

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

d i r e c t i o n  b y  a b o u t  3 . 4  b e c a u s e  o f  t h e  c y l i n d r i c a l  l e n s ,  

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

I t  i s  n o t  a t  p r e s e n t  p o s s i b l e  e x p e r i m e n t a l l y  t o  m e a s u r e  

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

0 . 0 2  o f  a  f r i n g e .  I t  s h o u l d ,  t h e r e f o r e ,  b e  s u f f i c i e n t  t o  

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

m i n i m a  a t  i n t e r v a l s  o f  x o f  0 . 0 0 0 2  c m  i n  g e n e r a l .  T h i s  

e n a b l e s  t h e  m i n i m a  t o  b e  l o c a t e d  w i t h i n  ± 0 . 0 0 0 1  c m .  

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

a r e  s h o w n  i n  F i g u r e s  5  a n d  6  w e r e ,  h o w e v e r ,  c o m p u t e d  

m a i n l y  a t  r a t h e r  w i d e r  i n t e r v a l s  ( 0 . 0 0 0 5  c m  i n  x).
T h e  s i z e  o f  A  i s  g o v e r n e d  b y  t h e  m a g n i t u d e  o f  t h e  

r e f r a c t i v e  i n d e x  g r a d i e n t  “ a c r o s s ”  t h e  R a y l e i g h  d i a 

p h r a g m .  F o r  a  g i v e n  o p t i c a l  s y s t e m ,  w i t h  l i g h t  o f  

f i x e d  w a v e l e n g t h ,  A  i s  p r o p o r t i o n a l  t o  prink. W h e n  

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

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

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

p e r m i s s i b l e  v a l u e  o f  A  o f  6 6  w a s  u s u a l l y  t a k e n ,  w h i c h  i s  

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

g r a d i e n t s  o f  t h e  m e t h o d  o f  Y p h a n t i s . 3 M o r e  f r e 

q u e n t l y  i n  e q u i l i b r i u m  w o r k  A  1 0 .  T h e  s t i p u l a t i o n  

m a d e  e a r l i e r  t h a t  A\/k\ — A 2/k2 n e e d  n o t  h o l d  i n  p r a c 

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

o f  t h e  r a t h e r  a r b i t r a r y  d i f f e r e n c e  o f  r e f r a c t i v e  i n d e x  

b e t w e e n  t h e  c e n t e r s  o f  c h a n n e l s .

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

T a b l e s  I I - I V .  T h e  s p e e d  o f  t h e  u l t r a c e n t r i f u g e  i n  

e q u i l i b r i u m  e x p e r i m e n t s  i s  u s u a l l y  s e l e c t e d  t o  g i v e  k

Table III: Parameters Corresponding to Occupation of One
Channel by Solution, Other by Solvent“

l 0.054 0.054 0.054 0.100 0.100 0.100
m 0.075 0.075 0.150 0.025 0.025 0.025
y 0.0 - 0 .2 - 0 .2 0.0 1 o - 0 .2

“ In all these cases Ai = 60, A2 = 6 X II7o

0.3, and
fa = 3 X 10-6.

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

h a v e  l =  0 . 0 5 4  c m ,  a n d  t h e  R a y l e i g h  d i a p h r a g m s  t o  =  

0 . 0 7 5  o r  0 . 1 5  c m .  O f  c o u r s e ,  t h e  n u m b e r  o f  m i n i m a  i n  

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

o f  l a n d  t o  ( i n  c o n j u n c t i o n  w i t h  q). C a l c u l a t i o n s  h a v e  

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

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

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

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

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

o f  m i n i m a  w i t h i n  ± 0 . 0 0 0 1  c m  i n  x  o f  t h e  v a l u e s  c a l 

c u l a t e d  f r o m  t h e  s i m p l e  e q  8  a n d  9 .  T h e  e x c e p t i o n s  

a r e  s h o w n  i n  T a b l e  V .  E v e n  t h e s e  d e p a r t u r e s  a r e  o n l y  

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

m e a s u r i n g  p o s i t i o n s  o f  f r i n g e  m i n i m a .  I n  p r a c t i c e  

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

(3) D. A. Yphantis, B iochem istry, 3 , 297 (1964).
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Table IV : Parameters Used for Calculating Differential Effects“

■0)--------------------------------------------------------------------------------• ■------------------------------------------- (ii)

Ai 60 60 66 10 10 11 l 0.054 0.054 0.100
.¿4.2 60 60 60 10 10 10 m 0.075 0.054 0.025
ki 0.3 0.3 0.33 0.1 0.1 0.11
h 0.33 0.3 0.3 0.11 0.1 0.1

“ Each column of set (i) was combined in turn with each column of set (ii), giving a total of 18 combinations, all also having y = 0. 
One other combination was used, obtained by taking the first column of each set with y = 0.1.

Table V : Comparison of Positions of Intensity Minima Obtained by Computer and from Simple Formulas“

A t 0.001 60 60 60 60 66
■<4.2 0.001 6 X 10"4 60 60 60 60
kt 1 X IO“6 0.3 0.3 0.3 0.3 0.33
fc2 1 X 10-* 3 X IO“ 8 0.33 0.33 0.33 0.3
l 0.100 0.054 0.054 0.054 0.054 0.054
m 0.025 0.150 0.054 O.O ö̂ 0.075 0.075
V - 0 .2 -0 .2 0.0 0.0 0.1 0.0
X ±0.0213 -0.0043 0.0460 0.0375 -0.0328 0.0302
X* ±0.0215 -0.0041 0.0462 0.0377 -0.0331 0.0304
X ±0.0299 0.0128 0.0546
X* ±0.0301 0.0130 0.0548
X 0.0213
X* 0.0215

“ x and x* are respectively the positions of minima as given by eq 8 and 9 and by computer.

Figure 5. Intensity variation, I(x), as a function of x for 
Ai =  110, A2 = 100, ki =  0.66, fc2 = 0.6, l — 0.054, 
m = 0.075, and y =  0. Arrows indicate positions 
of intensity minima calculated by means of eq 8 and 9.
Lower curve indicates fogging contribution.

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

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

g e n e r a l  f i n d i n g s .

I t  m u s t  b e  c o n c l u d e d  t h a t ,  w i t h  e x i s t i n g  e q u i p m e n t ,  

t h e  “ f o g g i n g ”  e f f e c t s  a n d  a b e r r a t i o n s  c o n s i d e r e d  h e r e ,  

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

Y p h a n t i s , 3 h a v e  a  n e g l i g i b l e  i n f l u e n c e  o n  r e s u l t s .  I n

4 X (cm.)

Figure 6. Intensity variation, / ( x), as a function of 
x for A t = A 2 = 0.001, h  = fe = 1 X IO"6, l = 0.195, 
m = 0.15, and y = —0.2. Arrows indicate positions 
of intensity minima expected from eq 8.

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

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

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

b a s i s  f o r  t h e  c a l c u l a t i o n s  ( s e c t i o n  2 i ) .  A l t h o u g h  n o  

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

o u t ,  i t  s e e m s  o b v i o u s  f r o m  t h e  r e s u l t s  o f  t h e  p r e s e n t  

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

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

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

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

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

l i s h e d  i n  t h i s  w o r k .
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T h e  r e a c t i o n  o f  0 ( 3P )  w i t h  C 2F 4 p r o c e e d s  b y  t h e  r e a c t i o n  s c h e m e

0  +  C 2F 4 C F 20  +  C F o  

0  +  c 2f 4 c 2f 4o *

2 C F 2 C 2F 4 

C F 2 - f -  C 2F 4 — >■ c y c l o - C 3Fr>

C 2F 40 *  +  C 2F 4 C F 20  +  c y c l o - C 3F 6 

C 2F 40 *  C F 20  +  C F 2

w h e r e  C 2F 40 *  i s  a n  e x c i t e d  i n t e r m e d i a t e .  T h e  r a t i o  fc8/ (kn +  h )  i s  0 . 1 5  a t  2 2 °  a n d  d r o p s  

s l i g h t l y  a s  t h e  t e m p e r a t u r e  i s  r a i s e d .  T h e  C F 2 r a d i c a l s  p r o d u c e d  g i v e  t h e  s a m e  v a l u e s  

f o r  fc3/ f c 2l/2  a s  d o  s i n g l e t  C F 2 r a d i c a l s  p r o d u c e d  i n  a n o t h e r  s y s t e m .

Introduction

I n  r e c e n t  r e p o r t s  f r o m  t h i s  l a b o r a t o r y , 1’ 2 3 i t  h a s  b e e n  

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

C 2F 4 y i e l d s  C F 20  a s  t h e  s o l e  o x y g e n - c o n t a i n i n g  p r o d u c t  

i n d e p e n d e n t  o f  c o n d i t i o n s  f o r  t e m p e r a t u r e s  f r o m  2 3  t o  

1 2 5 ° .  H o w e v e r ,  a t  r o o m  t e m p e r a t u r e  t h e  c y c l o - C 3F 6 

f o r m e d  w a s  a b o u t  0 . 1 5  t h a t  o f  t h e  C F 20  f o r  C 2F 4 

p r e s s u r e s  u p  t o  3 0  m m .  T h i s  i n v a r i a n c e  w i t h  p r e s 

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

r e a c t i o n s

0  +  C 2F 4 — >  C F 20  +  C F 2 ( s i n g l e t )  ( 1 )

2 C F 2 — >  C 2F 4 ( 2 )

C F 2 +  C 2F 4 — >  c y c l o - C a F s  ( 3 )

T h e r e f o r e ,  t w o  p o s s i b l e  a l t e r n a t i v e s  w e r e  s u g g e s t e d 1 ,3 

0  +  C 2F 4 — C F 20  +  C F 2 ( t r i p l e t )  ( 4 )  

0  +  C 2F 4 — >  C 2F 40 *  ( 5 )

(1 ) D . Saunders and  J. H eick len , J. A m . Chem. Soc., 87 , 2088 
(1965).

(2 ) D . Saunders and  J. H eick len , J . P h ys. Chem., 70, 1950 (1966).
(3 ) J. H eick len , N . C ohen , and D . Saunders, ib id ., 69 , 1774 (1965).
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w h e r e  t h e  t r i p l e t  C F 2 f r o m  r e a c t i o n  4  w o u l d  d i s a p p e a r  

b y  ( 2 )  o r  ( 3 )  b u t  w i t h  d i f f e r e n t  r a t e  c o n s t a n t s  f r o m  t h e  

s i n g l e t  r e a c t i o n s .  T h e  p r o d u c t  o f  r e a c t i o n  5  i s  a n  

e x c i t e d  C 2F 40  m o l e c u l e  w h i c h  n e v e r  b e c o m e s  s t a b i l i z e d  

( n e i t h e r  t e t r a f l u o r o e t h y l e n e  o x i d e  n o r  C F 3C F O  i s  a  

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

C 2F 40 *  +  C 2F 4 — >  C F 20  +  c y c l o - C 3F 6 ( 6 )

C 2F 40 *  — ►  C F 20  +  C F 2 ( 7 )

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

r e a c t i o n  4 ,  b u t  r e a c t i o n  5  c o u l d  n o t  b e  e l i m i n a t e d  a s  a  

p o s s i b i l i t y .  T h e r e f o r e ,  w e  s t u d i e d  t h e  c y c l o - C 3F e  

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

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

s t u d y  a r e  r e p o r t e d  h e r e .

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

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

o f  a n  e a r l i e r  s t u d y , 4 e x c e p t  t h a t  a n  e x c e s s  o f  N 20  

( M a t h e s o n ,  d e g a s s e d ) ,  u s u a l l y  5 0 0  m m ,  w a s  p r e s e n t  

i n  a l l  r u n s ,  a n d  t h e  C 2F 4 w a s  p r e p a r e d  b y  r e a c t i n g  Z n  

w i t h  l , 2 - C 2F 4B r 2. 2 T h e  a m o u n t  o f  n i t r o g e n  p r o d u c e d  

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

n o n c o n d e n s a b l e  a t  — 1 9 6 ° .

R e s u l t s

T h e  q u a n t u m  y i e l d  o f  c y c l o - C 3F 6 f o r m a t i o n  f r o m  

m e r c u r y - s e n s i t i z e d  p h o t o l y s e s  o f  m i x t u r e s  o f  5 0 0  m m  

N 20  w i t h  s m a l l e r  a m o u n t s  o f  C 2F 4 i s  s h o w n  i n  T a b l e s

I —I I I  a n d  F i g u r e s  1 - 3 .  T h e  q u a n t u m  y i e l d s  4 > ( c y c l o -  

C 3F 6)  a r e  c o m p u t e d  a s  t h e  a m o u n t  o f  c y c l o - C 3F 6 p r o 

d u c e d  d i v i d e d  b y  t h e  N 2 p r o d u c e d .

A t  2 2 ° ,  $ ( c y c l o - C 3F 6)  r i s e s  p r o p o r t i o n a t e l y  ( s l o p e  =

1 . 0  o n  l o g - l o g  p l o t  o f  F i g u r e  1 )  w i t h  C 2F 4 p r e s s u r e  f o r  

C 2F 4 p r e s s u r e s  u p  t o  0 . 6  m m .  F o r  C 2F 4 p r e s s u r e s  b e 

t w e e n  0 . 6  a n d  3 0  m m ,  $ ( c y c l o - C 3F 6)  i s  c o n s t a n t  a t  

a b o u t  0 . 1 5 ,  b u t  a t  h i g h e r  p r e s s u r e s  4 > ( c y c l o - C 3F 6)  

r i s e s .  T h e  d a t a  f o r  r e f  1  a r e  i n c l u d e d  i n  F i g u r e  1 ;  

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

A  v a r i a t i o n  o f  t h e  a b s o r b e d  i n t e n s i t y  b y  a  f a c t o r  o f  5 0  

h a d  n o  e f f e c t  f o r  C 2F 4 p r e s s u r e s  b e l o w  3 0  m m .  P o s s i b l e  

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

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

a t  t h e  h i g h e r  i n t e n s i t i e s .

A t  9 5 °  a n d  C 2F 4 p r e s s u r e s  b e t w e e n  1 a n d  4  m m ,  

$ ( c y c l o - C 3F 6)  i s  a b o u t  0 . 1 1  i r r e s p e c t i v e  o f  i n t e n s i t y ,  

a s  s h o w n  i n  F i g u r e  2 .  A t  h i g h e r  C 2F 4 p r e s s u r e s ,  $ -  

( c y c l o - C s F e )  r i s e s  t o w a r d  u n i t y  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  s t e e p e r  t h e  r i s e ,  t h e  l o w e r  t h e  i n t e n s i t y .

A t  1 5 0 ° ,  t h e r e  i s  n o  i n t e n s i t y - i n d e p e n d e n t ,  p r e s s u r e -  

i n d e p e n d e n t  r e g i o n .  $ ( c y c l o - C 3F 6)  i s  i n c r e a s e d  b y  

r a i s i n g  t h e  C 2F 4 p r e s s u r e  o r  l o w e r i n g  t h e  i n t e n s i t y .  

T h e  l i m i t i n g  h i g h - p r e s s u r e ,  l o w - i n t e n s i t y  l i m i t  f o r

o  ® «

0 I0 ~ 4 < I0‘ 9 Einstein /  min-cc i
© I0 ~ 0.7 x I0'9 Einstein / min-cc)
9 I0 ~ 0.2 x I0'9 Einstein/min-cc-----------

_ • I0 -  0.03 x10" 9 Einstein /  min-cc------------ _

v .u i----------------------------------------------------------------------------------------------------------
1,0 10 100 

(C2 F4 ), mm

Figure 2. Plot of #>(cyclo-C3F6) vs. (C2F4) at 95°.

Figure 3. Plot of 4>(cyclo-C3F6) vs. (C 2F 4 ) at 150°.

(4) N . Cohen and J. Heicklen, J . Chem. P h ys., 43, 871 (1965).
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1 . 3 5 8 5 ,  3 7 0 3  c m - 1 , 2 7 2 8  c m - 1 , 1 . 3 5 8 g .  T h i s  c l o s e l y  

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

e x p e c t e d  f o r  i d e n t i c a l  O H  a n d  O D  s t r u c t u r e s  a n d ,  w i t h  

t h e  o b s e r v a t i o n  t h a t  t h e  g r o w t h  o f  a  b a n d  i n  t h e  O D  

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

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

s o r p t i o n s  w e r e  b r o u g h t  a b o u t  b y  s u r f a c e  O H  g r o u p s ,  

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

a t o m  o f  a n  O H  g r o u p  b y  a  d e u t e r i u m  a t o m .

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

f e r e n t  r a t e s  o n  h e a t i n g  in  vacuo, s h o w n ,  f o r  e x a m p l e ,  

b y  t h e  s e q u e n c e  A ,  B ,  C ,  D  o f  F i g u r e  2 .  T h e  e x 

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

F o r  e x a m p l e ,  t h e  r a t i o  o f  p e a k  h e i g h t s  o f  t h e  s h a r p  

O D  b a n d s  a t  2 7 6 0  a n d  2 7 2 8  c m - 1  c h a n g e d  f r o m  a b o u t  

0 . 6  a f t e r  2 . 5  h r  a t  5 0 0 °  t o  a b o u t  1 . 1  a f t e r  1 0  m i n  a t  

6 0 0 ° ,  a n d  t o  a b o u t  1 . 7  a f t e r  7 5  m i n  a t  6 0 0 ° .  T h e s e  

d i f f e r e n c e s  i n d i c a t e  t h a t  a  d i s t i n c t  s u r f a c e  O H  s p e c i e s  

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

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

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

h i g h  s t a g e s  o f  d e g a s s i n g .  F o r  t h e  d a t a  o f  F i g u r e  4 ,  

f o r  e x a m p l e ,  t h e  f r e e  O H  b a n d  m o v e d  f r o m  a n  i n i t i a l  

v a l u e  o f  3 7 4 3  c m - 1  o n  t h e  d e u t e r i u m - f r e e  s u r f a c e  

t o  a  f i n a l  v a l u e  o f  3 7 4 8  c m - 1  f o r  t h e  r e s i d u a l  O H  g r o u p s .  

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

O D  s u r f a c e  c o n c e n t r a t i o n s .

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

p o r o u s  g l a s s  w i t h  D 20 ,  a l t h o u g h  d e u t e r a t i o n  o f  t h e  

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

F o r  e x a m p l e ,  a  s a m p l e  w a s  e x p o s e d  t o  D 20  v a p o r  a t  

2  c m  p r e s s u r e  a t  1 0 0 °  f o r  4  h r  a n d  w a s  t h e n  d e g a s s e d  

a t  4 0 0 °  f o r  4  h r .  U p o n  r e p e t i t i o n  o f  t h i s  c y c l e  f o r  f i v e  

o r  s i x  t i m e s  a b o u t  9 0 %  o f  t h e  s u r f a c e  O H  s p e c i e s  c o u l d  

b e  c o n v e r t e d  t o  t h e  c o r r e s p o n d i n g  O D  s p e c i e s .

H F  Treatment. A  p o r o u s  g l a s s  s p e c i m e n  w a s  d e 

g a s s e d  a t  7 5 0 °  f o r  1 6  h r ,  w a s  t h e n  e x p o s e d  t o  H F  a t  

1 c m  p r e s s u r e  f o r  1 h r ,  a n d  t h e n  w a s  d e g a s s e d  a t  5 0 0 °  

f o r  4  h r .  T h i s  s u c c e s s i v e  H F  t r e a t m e n t  a n d  d e g a s s i n g  

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

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

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

s h a r p  3 7 4 8 -  a n d  3 7 0 3 - c m _ 1  b a n d s  t o  b e  c a u s e d  b y  

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

t h e  S i - O H  v i b r a t i o n  c a n  b e  s e e n  a s  t h e  r e m o v a l  o f  

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

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

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

t u r e s  v a r y i n g  f r o m  3 0  t o  3 0 0 ° .  S u c h  e x p e r i m e n t s ,  

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

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

t i o n  o f  v o l a t i l e  B F 3 c o u l d  n o t  h a v e  o c c u r r e d  t o  a n  

a p p r e c i a b l e  e x t e n t .

Figure 5. HF treatment: A, after 20 hr degassing at 750°;
B, after 1 hr contact with 1 cm of HF at room temperature;
C, after 0.5 hr degassing at 500°; D, after 4 hr 
degassing at 500°; E, after HF treatment as in 
B followed by 3 hr degassing at 500°.

H N O i Leaching. A  p o r o u s  g l a s s  s p e c i m e n  w a s  

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

L i t t l e ,  K l a u s e r ,  a n d  A m b e r g . 19 T h e y  h a d  s h o w n  t h e  

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

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

R 20 3 c h a n g e d  f r o m  0 . 8 9  t o  0 . 3 6 % .  T h e  s p e c t r a  o f  t h e  

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

g a s s i n g ,  w e r e  s i m i l a r  i n  t h e  O H  r e g i o n  a n d  a l s o  i n  t h e  

2 7 0 0 - c m - 1  r e g i o n  w h e r e  b a n d s  a t t r i b u t e d  t o  t h e  b o r i c  

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

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

t h e  p o s s i b i l i t y  t h a t  t h e  3 7 0 3 - c m “ 1 b a n d  w a s  c a u s e d  

b y  a n  O H  a s s o c i a t e d  w i t h  R 20 3.

Boric Acid Impregnation. C a b - O - S i l 20 s i l i c a  w a s  i m 

p r e g n a t e d  w i t h  b o r i c  a c i d  t o  r e s u l t  i n  a  S i 0 2- 2 %  

B 20 3 s a m p l e  a p p r o x i m a t i n g  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  p o r o u s  V y c o r .

A  s l u r r y  m a d e  f r o m  C a b - O - S i l  a n d  t h e  r e q u i r e d  

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

d r i e d  a t  1 3 5 °  f o r  2  h r .  S e l f - s u p p o r t i n g  1 - i n .  d i a m e t e r  

w a f e r s  o f  a b o u t  0 . 1  g  o f  t h e  p u r e  a n d  t h e  i m p r e g n a t e d  

C a b - O - S i l  w e r e  p r e p a r e d  b y  p r e s s i n g  a t  3 0  t o n s / i n . 2. 

S p e c t r a  w e r e  r e c o r d e d  a t  d i f f e r e n t  s t a g e s  o f  d e g a s s i n g ,

(19) L . H . L ittle , H . E . K lauser, and C . H . A m b erg , Can. J . Chem ., 
39, 42  (1961).
(20) C a b o t  C o ., B oston , M ass.
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Table III: Mercury-Sensitized Photolysis of N2O-C2F4 Mixtures at 150°; N20  ~  503 mm

(C 2F 4), R(Ns) X  10®, (C 2F 4), B (N 2) X  10®,
mm moles/min ec $(cyclo-CaFe) mm moles/min cc 4>(cyclo-CaF!)

h r̂ 2  X 10_J einstein/min cc 7a ~  0.5 X 10-9 einstein/min CC

0.39 1.44 0.053 1.1 0.65 0.093
0.66 1.6 0.073 1.65 0.38 0.21
1.0 2.6 0.095 2.9 0.80 0.25
2.53 1.73 0.16 8.6 0.73 0.53
5.5 1.92 0.25 31 0.75 0.94
8.7 1.7 0.30 101 0.68 1.5
9.2 1.92 0.37
9.5 1.76 0.29 7a ~  0.2 X 10-9 einstein/min cc

10.5 5.8 0.72 0.71 0.21 0.20
18.5 1.8 0.27 0.84 0.139 0.27
18.5 2.1 0.33 0.95 0.21 0.20
28 1.12 0.85 1.18 0.175 0.58
30 2.9 0.77 1.6 0.22 0.34
33 2.4 0.87 2.85 0.160 0.50
40 4.2 0.59 3.5 0.23 0.46
40 3.8 0.77 9.8 0.147 0.75
40 0.93 10.3 0.25 0.67
52 1.12 0.81 30 0.28 1.18
61 1.0 1.08 30 0.172 0.50
80 3.2 0.82 31 0.150 0.88
80 3.2 0.42 98 0.21 1.6
90 1.2 1.15 100 0.174 1.27

100 4.0 0.87 100 0.096 1.15
100 4.8 0.69 100 0.067 0.96
100 2.3 1.15 150 0.22 1.5
100 3.2 1.0 7a ~  0.03 X 10-9 einstein/min cc104 1.68 1.4
125 1.87 1.35 1.0 0.027 0.53

3.0 0.037 0.77
9.35 0.036 1.15

31 0.033 1.66
99 0.035 1.8

D iscussion

I n  t h i s  s y s t e m ,  t h e  i n i t i a l  p h o t o l y t i c  a c t  i s  e x c i t a t i o n  

o f  t h e  m e r c u r y  v a p o r

H g  +  hv H g *  ( 8 )

T h e  e x c i t e d  m e r c u r y  a t o m  m i g h t  r e a c t  w i t h  e i t h e r  N 20  

o r  C 2F 4

H g *  +  N 20  — >  H g  +  N 2 +  0 ( 3P )  ( 9 )

H g *  +  C 2F 4 — >  H g  +  2 C F 2 ( s i n g l e t )  ( 1 0 )

R e a c t i o n  9  i s  a  w e l l - k n o w n  m e t h o d  f o r  p r o d u c i n g  o x y 

g e n  a t o m s  a n d  i s  t h e  o n l y  r e a c t i o n  b y  w h i c h  N 20  

q u e n c h e s  H g * . 5 R e a c t i o n  1 0  i s  a l m o s t  t h e  o n l y  r e s u l t  

o f  q u e n c h i n g  H g *  b y  C 2F 4.6,7 A  s m a l l  f r a c t i o n  o f  t h e  

q u e n c h i n g  l e a d s  t o  e x c i t e d  C 2F 4 m o l e c u l e s  w h i c h  c a n  

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

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

T h e  r e l a t i v e  r a t e  c o n s t a n t s  kg/kw h a v e  b e e n  m e a s u r e d  

t o  b e  a b o u t  3 . 0  a t  r o o m  t e m p e r a t u r e . 1 7’ 8 W e  m e a s u r e d

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

i n s e n s i t i v e  t o  t e m p e r a t u r e . 9 I n  t h e  e x p e r i m e n t s  r e 

p o r t e d  i n  t h i s  p a p e r ,  t h e  r a t i o  ( N 20 ) / ( C 2F 4)  w a s  a l w a y s  

g r e a t e r  t h a n  3 . 0 .  T h u s  a t  l e a s t  9 0 %  o f  t h e  q u e n c h i n g  

o f  t h e  m e r c u r y  w a s  b y  r e a c t i o n  9 .

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

w i t h  C 2F 4 t o  y i e l d  u l t i m a t e l y  o n e  m o l e c u l e  o f  C F 20  

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

a c t i o n s  a r e  ( 1 ) ,  ( 4 ) ,  a n d  ( 5 ) .  A t  p r e s e n t  w e  a r e  u n a b l e  

t o  d i s t i n g u i s h  b e t w e e n  ( 1 )  a n d  ( 4 ) ,  s o  w e  c o m b i n e  

t h e m  i n t o  a  c o m p o s i t e  r e a c t i o n  ( 1 1 ) .

(5 ) R . J. C v e ta n o v ic , Advan. Photochem ., 1, 115 (1963).
(6 ) B . A tk in son , J. Chem. Soc., 2684 (1952).
(7 ) J. H eick len , V . K n igh t, and S. A . G reene, J. Chem. P hys., 42 , 
221 (1965).
(8 ) A . J. Y a rw o o d , O . P . Strausz, and H . E . G unning, ibid., 41 , 1705 
(1964).
(9 ) U npublished  w ork  o f th is lab ora tory .
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0  +  C 2F 4 — >  C F 20  +  C F 2 ( 1 1 )

w h e r e  t h e  m u l t i p l i c i t y  o f  t h e  C F 2 i s  u n s p e c i f i e d .

I f  C F 2 r a d i c a l s  w e r e  t h e  o n l y  p r e c u r s o r s  t o  c y c l o -  

C 3F 6 f o r m a t i o n  (i.e., r e a c t i o n  5  i s  u n i m p o r t a n t )  a n d  

t h e  o n l y  r e a c t i o n s  o f  C F 2 a r e  ( 2 )  a n d  ( 3 ) ,  t h e n  a p p l i c a r -  

t i o n  o f  a  s t a t i o n a r y - s t a t e  t r e a t m e n t  t o  0  a t o m s  a n d  t o  

C F 2 r a d i c a l s  a s  d e t e r m i n e d  b y  r e a c t i o n s  9 ,  2 ,  3 ,  a n d  1 1  

g i v e s  t w o  l i m i t i n g  e x p r e s s i o n s  f o r  $ ( c y c l o - C 3F 6) ,  

d e p e n d i n g  o n  t h e  r e l a t i v e  r a t e s  o f  r e a c t i o n s  2  a n d  3

$ ( c y c l o - C 3F 6)  =  1 (R 2 <  Rz) ( 1 2 )

$ ( c y c l o - C 3F 6)  =  A ( C 2F 4)  (R 3 <  R 2) ( 1 3 )

T h u s ,  4 > ( c y c l o - C 3F 6)  w o u l d  d e p e n d  o n  t h e  i n t e n s i t y  

a n d  t h e  C 2F 4 p r e s s u r e  (7 ? 2 >  Rz) o r  i t  w o u l d  b e  i n d e 

p e n d e n t  o f  b o t h  v a r i a b l e s  (R 3 >  R/) ; i t  c o u l d  n o t  d e 

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

T h e  d a t a  a t  2 2 °  a n d  C 2F 4 p r e s s u r e s  l e s s  t h a n  0 . 6  m m  

s h o w  t h a t  $ ( c y c l o - C 3F 6)  i n c r e a s e s  w i t h  C 2F 4 p r e s s u r e  

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

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

i t  i s  r e a c t i o n  5 .  C o n v e r s e l y ,  i f  r e a c t i o n  5  w e r e  t h e  

o n l y  r e s u l t  o f  o x y g e n  a t o m - C 2F 4 e n c o u n t e r s ,  t h e n

$ ( c y c l o - C 3F 6)  =  1 (R 2 <  Rz) ( 1 4 )

4 » ( c y c l o - C 3F 6)  =  fc3( C 2F 4)
{ “¿ IM

fcr Vi

: [ f c 6 (C 2F 4)  +  hj +

fc6( C 2F 4)  

fc6( C 2F 4)  - ( -
(Rz < R 2) ( 1 5 )

b u t  a t  a l l  p r e s s u r e s  o f  C 2F 4 g r e a t e r  t h a n  1 m m ,  fc6-  

( C 2F 4)  >  a s  w i l l  b e  s h o w n .  T h e r e f o r e ,  t h e  l a s t  

e q u a t i o n  r e d u c e s  t o

$ ( c y c l o - C 3F 6)  ^  1 ( 1 6 )

T h a t  i s ,  < f > ( c y c l o - C 3F 6)  w o u l d  b e  u n i t y  u n d e r  a l l  c o n 

d i t i o n s  e x c e p t  a t  t h e  v e r y  l o w e s t  C 2F 4 p r e s s u r e s .  T h e  

r e s u l t s  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 u s ,  r e 

a c t i o n  1 1  m u s t  p a r t i c i p a t e .  H e n c e f o r t h ,  d i s c u s s i o n  

i s  b a s e d  o n  t h e  m e c h a n i s m  c o n s i s t i n g  o f  r e a c t i o n s  2 ,  

3 ,  5 - 9 ,  a n d  1 1 .

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

( C F 2) ,  ( 0 ) ,  a n d  ( C 2F 40 * ) ,  r e c o g n i z i n g  t h a t  r e a c t i o n  

7  i s  a n  u n i m p o r t a n t  s o u r c e  o f  C F 2 r a d i c a l s ,  w e  o b t a i n

$ ( c y c l o - C 3F 6)  =  1 . 0  (R? <  Rz) (17)

< f > ( c y c l o - C 3F 6)  =
fc3( C 2F 4) ki:

I  V1 a

kJc6(CzFi)
2k2(kn +  k/)_

Vi
+

( f c n  +  kz) [fc3( C 2F 4)  +  ki] (Rz <  Rz) ( 1 8 )

A n  i m p o r t a n t  p r e d i c t i o n  o f  t h e  m e c h a n i s m  i s  t h a t  i n  

t h e  h i g h  C 2F 4 p r e s s u r e ,  l o w - i n t e n s i t y  l i m i t ,  < t > ( c y c l o -  

C 3F 6)  =  1 . 0  a s  l o n g  a s  r e a c t i o n  1 0  i s  n e g l i g i b l e .  S i n c e  

w e  h a v e  d e f i n e d  $ ( c y c l o - C 3F 6)  a s  ( c y c l o - C 3F 6) / ( N 2) ,  

t h e n  t h e  a c t u a l  l i m i t  f o r  $ ( c y c l o - C 3F 6)  c a l l e d  $ „ •  

( c y c l o - C 3F 6) ,  i s

$ . ( c y c l o - C 3F 6)  =  1 . 0  +  2  y  ( 1 9 )
/C9 V -^ 2̂ )

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

r i g h t  s i d e  o f  ( 1 9 )  c a n  a p p r o a c h  0 . 2 0 .  A t  2 2  a n d  9 5 ° ,  

$ c o ( c y c l o - C 3F 6)  i s  a b o u t  u n i t y ,  w h e r e a s  a t  1 5 0 °  i t  i s  

a b o u t  1 . 5  c o m p a r e d  t o  t h e  t h e o r e t i c a l  l i m i t  o f  1 . 2 .  

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

l y t i c a l  p r o c e d u r e .

E q u a t i o n  1 8  w i l l  h o l d  r e a s o n a b l y  w e l l  f o r  < i > ( c y c l o -  

C 3F 6)  <  0 . 5  a n d  w i l l  b e c o m e  m o r e  a n d  m o r e  e x a c t  

a s  4 > ( c y c l o - C 3F 6)  d e c r e a s e s .

L e t  u s  f i r s t  e x a m i n e  t h e  r e s u l t s  a t  2 2 ° .  F o r  C 2F 4 

p r e s s u r e s  l e s s  t h a n  3 0  m m ,  $ ( c y c l o - C 3F 6)  i s  i n d e p e n d e n t  

o f  i n t e n s i t y .  C o n s e q u e n t l y ,  t h e  f i r s t  t e r m  o n  t h e  r i g h t  

s i d e  o f  ( 1 8 )  m u s t  b e  u n i m p o r t a n t .  A t  v e r y  l o w  p r e s 

s u r e s ,  h  i>> fc6( C 2F 4)  a n d  ( 1 8 )  r e d u c e s  t o

< h ( c y c l o - C 3F 6)
k M C tF Ù

ki(kn +  ki)
( 2 0 )

I n  a c c o r d a n c e  w i t h  ( 2 0 ) ,  F i g u r e  1 s h o w s  t h a t  $ ( c y c l o -  

C 3F 6)  i s  p r o p o r t i o n a l  t o  ( C 2F 4)  a t  l o w  C 2F 4 p r e s s u r e s  

a n d  i s  i n d e p e n d e n t  o f  7 a . F r o m  t h e  i n t e r c e p t  o f  t h e  

l o g - l o g  p l o t ,  kski/k7(ku +  kz) i s  e s t i m a t e d  t o  b e  0 . 2 4  

m m - 1 . A s  t h e  C 2F 4 p r e s s u r e  i s  r a i s e d ,  fc6( C 2F 4)  A >  

k-j, a n d  ( 1 8 )  b e c o m e s

$ ( c y c l o - C 3F 6)  -  — ( 2 1 )  
f c n —  h

A g a i n ,  F i g u r e  1  s h o w s  a  l a r g e  r e g i o n  w h e r e  4 > ( c y c l o -  

C 3F 6)  i s  i n d e p e n d e n t  o f  ( C 2F 4)  a n d  / a . T h e  r a t i o  

h/(kn  +  ki) i s  0 . 1 5 .  F i n a l l y ,  a t  h i g h e r  p r e s s u r e s  

e q  1 8  c a n  b e  r e a r r a n g e d  t o  y i e l d

Vi $ ( c y c l o - C 3F 6)  —
ki

kn +  ki_

f c a (C 2F 4)
kr - l V i

_2kz(kn +  k¡)_
( 2 2 )

U s i n g  t h e  v a l u e  o f  0 . 1 5  f o r  kz/(kn +  h),  w e  c a n  c o m p u t e  

t h e  l e f t  s i d e  o f  ( 2 2 )  [ 7 a =  7 2 ( N 2) ] ,  a n d  i n  F i g u r e  4  i t  i s  

p l o t t e d  vs. ( C 2F 4) .  T h e  d a t a  a r e  l i m i t e d  ( o n l y  v a l u e s  

f o r  4 > ( c y c l o - C 3F 6)  b e t w e e n  0 . 2  a n d  0 . 5  a r e  u s e d )  a n d  

a r e  s c a t t e r e d .  N e v e r t h e l e s s ,  w e  f o r c e  t h e  b e s t  s t r a i g h t  

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

t e r c e p t  e s t i m a t e  kz/k/h t o  b e  1 . 0  X  1 0 ~ 2 ( l . / m o l e
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Figure 4. Plot of / a' / ![4>(cyclo-C3F6) — 0.15] vs. (C2F4) 
at 22° for values of <f>(cyclo-C3F6) <  0.5.

Figure 6. Plot of / a'/,![|i’(cyclo-C3F6) — 0.10] vs. (C2F4) 
at 150° for values of 4>(cyclo-C3F6) <  0.5.

Figure 5. Plot of 7a1/,![4>(cyclo-C3Fe) — 0.11] vs. (C2F4) 
at 95° for values of 4>(cyclo-C3F6) <  0.5.

s e c ) 1 /! . T h i s  e s t i m a t e  i s  p r o b a b l y  g o o d  t o  a b o u t  a  

f a c t o r  o f  2 .

A t  9 5 °  t h e  s a m e  a n a l y s i s  c a n  b e  m a d e  a s  a t  2 2 ° .  

T h e  v e r y  l o w - p r e s s u r e  r e g i o n  w a s  n o t  r e a c h e d ,  a n d  /c6/c6/  

h,(kn +  h )  c a n n o t  b e  e s t i m a t e d .  T h e  f l a t  r e g i o n  i n  

F i g u r e  2  i s  b e l o w  4  m m  a n d  y i e l d s  a  v a l u e  o f  a b o u t  0 . 1 1  

f o r  ks/(kn +  kt). T h e  l e f t  s i d e  o f  ( 2 2 )  i s  p l o t t e d  

vs. ( C 2F 4)  i n  F i g u r e  5 ,  a n d  a g a i n  t h e  b e s t  s t r a i g h t  l i n e  

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

T h e  e s t i m a t e  o f  k3/ki '/' a t  9 5 °  i s  3 . 1  X  1 0 ~ 2 ( l . / m o l e  

s e c )  A

A t  1 5 0 ° ,  F i g u r e  3  s h o w s  t h a t  t h e r e  i s  n o  i n t e n s i t y -  

i n d e p e n d e n t  r e g i o n .  C o n s e q u e n t l y ,  t h e  f i r s t  t e r m  o n  

t h e  r i g h t  s i d e  o f  ( 1 8 )  m u s t  a l w a y s  b e  i m p o r t a n t .  

H o w e v e r ,  t h e r e  i s  n o  r e g i o n  w h e r e  't , ( c y c l o - C 3F 6)  i s  

p r o p o r t i o n a l  t o  ( C 2F 4) ,  s o  t h e  s e c o n d  t e r m  o n  t h e  r i g h t  

s i d e  o f  ( 1 8 )  m u s t  a l s o  p l a y  a  r o l e .  I n  f a c t ,  k6/(kn

+  fc5)  m u s t  b e  a b o u t  0 . 1 0 .  I f  i t  w e r e  m u c h  s m a l l e r ,  

t h e n  t h e r e  w o u l d  b e  a  l i n e a r  r e g i o n  f o r  $ ( c y c l o - C 3F 6)  ~  

0 . 3 ;  b u t  i f  i t  w e r e  m u c h  l a r g e r ,  t h e n  t h e r e  w o u l d  b e  a  

l i n e a r  r e g i o n  f o r  < i > ( c y c l o - C 3F f,)  <  0 . 1 0 .  I f  w e  u s e  a  

v a l u e  o f  a b o u t  0 . 1 0  f o r  k5/ ( kn +  h ),  t h e n  k5kt/h,(kn +  
fc6)  m u s t  b e  s i m i l a r  t o  t h a t  a t  r o o m  t e m p e r a t u r e  a n d  

ks/kil/l c a n  b e  e s t i m a t e d  f r o m  t h e  a p p r o p r i a t e  p l o t ,  

F i g u r e  6 ,  b a s e d  o n  e q  2 2 .  T h e  e s t i m a t e  i s  0 . 1 3  ( l . / m o l e  

s e c ) 1 /! .

T a b l e  I V  s u m m a r i z e s  t h e  r a t e  c o n s t a n t  d a t a .  R e 

a c t i o n s  5  a n d  1 1  a r e  t h e  c o m p e t i n g  r e a c t i o n s  f o r  t h e  

h i g h l y  e x o t h e r m i c  O  +  C 2F 4 r e a c t i o n .  T h e  c h e m i c a l  

e n e r g y  g r e a t l y  e x c e e d s  a n y  t h e r m a l  e n e r g y ,  a n d  t h e  

a c t i v a t i o n  e n e r g y  i s  o n l y  a b o u t  0 . 6  k c a l / m o l e ; 2 t h u s  

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

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

t h a t  r e a c t i o n  1 1  i s  f a v o r e d  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 s  t h e  C 2 F 4 O *  w o u l d  b e  m o r e  u n s t a b l e .  O u r  r e s u l t s  

a g r e e  w i t h  e x p e c t a t i o n .  R e a c t i o n s  6  a n d  7  a r e  h i g h l y  

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

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

t h i s  h y p o t h e s i s .  T h e  r a t i o  k«/hj i s  a b o u t  2 . 0  m m - 1 , 

s o  r e a c t i o n  7  i s  u n i m p o r t a n t  f o r  C 2F 4 p r e s s u r e s  i n  e x 

c e s s  o f  1 m m .  R e a c t i o n  3  m i g h t  w e l l  h a v e  a n  a c t i 

v a t i o n  e n e r g y ,  a n d  t h u s  k3/k.j 1 /! c o u l d  b e  m a r k e d l y  

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

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

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

C F 2 r a d i c a l s .  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  r e s u l t s  

a r e  i d e n t i c a l .

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

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

C 2F 40 * .  T h e r m o c h e m i c a l  c o n s i d e r a t i o n s  i n d i c a t e  t h a t  

C 2F 40 *  h a s  a t  l e a s t  7 0  k c a l / m o l e  e x c e s s  e n e r g y  o v e r  

t h e  g r o u n d  s t a t e .  I f  a l l  t h i s  e n e r g y  a p p e a r e d  a s  v i -
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Table TV : Rate Constant Data

Temp,
°C

hi/
(fcii 4- ks)

jfcefce/ 
[Ä7 (A11 +  

&•)], 
m m -1

IO3 X  Zcs/fca1/ 2 (l./m ole 
sec) V  2

This work Ref 4

22 0 .1 5 0 .2 4 1 0 . 0 4 .3
95 ~ 0 . 1 1 31 40

150 ~ 0 . 1 0 a 130 130

“ Similar to value at 22°.

b r a t i o n a l  e n e r g y ,  C 2F 40 *  w o u l d  n e v e r  b e  s t a b i l i z e d  

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

C o n s e q u e n t l y ,  C 2F 40 *  m u s t  b e  a n  e x c i t e d  e l e c t r o n i c  

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

s p i n  c o n s e r v a t i o n  r u l e s .

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

o f  t h e  C F 2 r a d i c a l s  f o r m e d  i n  r e a c t i o n  1 1 .  O r i g i n a l l y ,  

t h e  s u g g e s t i o n  t h a t  t h e  C F 2 r a d i c a l s  i n  t h i s  s y s t e m  w e r e  

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

C 2F 4 a n d  0 2. H o w e v e r ,  t h e  r e s u l t s  o f  t h i s  s t u d y  h a v e  

s h o w n  t h a t  t h e i r  r e a c t i v i t y  t o w a r d  C 2F 4 i s  i d e n t i c a l  

w i t h  t h a t  f o r  s i n g l e t  C F 2 r a d i c a l s .  T h u s  i f  t h e y  a r e  

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

w i t h  0 2. T h e  a p p r o p r i a t e  e x p e r i m e n t s  a r e  b e i n g  c o n 

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

s u b j e c t  o f  a  f u t u r e  r e p o r t .
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M e t h y l  i o d i d e  w a s  p h o t o l y z e d  i n  t h e  p r e s e n c e  o f  N O  a t  r o o m  t e m p e r a t u r e .  I o d i n e  i s  b o t h  

a  p r i m a r y  a n d  s e c o n d a r y  p r o d u c t .  N i t r o s o m e t h a n e  i s  a  p r i m a r y  p r o d u c t ,  w h i l e  ( C H 3N O ) 2, 

N 0 2, C H 3O N O ,  N 2, a n d  N 20  a r e  s e c o n d a r y  p r o d u c t s ,  a n d  C H 30 N 0 2, C H 20 ,  a n d  H N 0 2 
a r e  t e r t i a r y  p r o d u c t s .  T h e  c o m p l e t e  r e a c t i o n  s e q u e n c e  i s  g i v e n .  M e t h y l  i o d i d e  e n t e r s  

t h e  c h a i n  s t e p  t o  g i v e  C H 30  r a d i c a l s .  T h e  i m p o r t a n t  s t e p s  i n  r e m o v i n g  C H 3N O  a r e  

2 C H 3N O  —  ( C H 3N O )2 a n d  C H 3N O  +  N O  - >  C H 30  +  N 20 .  T h e  r a t e  c o n s t a n t s  f o r  

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

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

I . Introduction

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

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

r e a s o n a b l y  w e l l  k n o w n .1-6 T h e  a d d u c t  h a s  b e e n  o b 

s e r v e d  b y  t h e  u s e  o f  i n f r a r e d  a n a l y s i s 7 a s  w e l l  a s  m a s s  

s p e c t r a l  a n a l y s i s .8
N i t r o s o m e t h a n e  c a n  b e  r e m o v e d  i n  a  n u m b e r  o f  r e 

a c t i o n s .  I f  t h e  N O  p r e s s u r e  i s  s u f f i c i e n t l y  l o w  t h a t  

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

m e t h y l  r a d i c a l s  c a n  r e a c t  w i t h  C H 3N O .  S u c h  a  r e 

a c t i o n  w a s  p r o p o s e d  b y  H o a r e 6 t o  a c c o u n t  f o r  t h e  f a c t

(1 ) R . W . D u rh am  and E . W , R . Steacie, J. Chem. P h ys ., 20 , 582 
(1952).
(2 ) F . P . L ossing , K . V . In go ld , and A . W . T ick n er, D iscussions  
F araday Soc., 14, 34 (1953).
(3 ) W . A . B ryce  and  K . V . In gold , J. Chem. P h ys., 23 , 1968 (1955).
(4 ) M . I . C hristie, P roc. R oy. Soc. (L o n d o n ), A 249 , 248 (1958).
(5 ) W . C . S lepp y  and  J. G . C a lvert, J . A m . Chem. Soc., 8 1 , 769 
(1959).
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t h a t  u p  t o  t h r e e  m e t h y l  r a d i c a l s  c a n  b e  r e m o v e d  p e r  

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

w a s  c o n f i r m e d  b y  t h e  e x p e r i m e n t  o f  M a s c h k e ,  S h a p i r o ,  

a n d  L a m p e , 6 7 8 w h o  a c t u a l l y  o b s e r v e d  C D 3N O  a n d  ( C D 3) 2-  

N O C D s  i n  a  m a s s  s p e c t r o m e t e r .

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

r a d i c a l  i s  c o m p l e t e l y  s c a v e n g e d ,  t h e n  C H 3N O  m u s t  b e  

r e m o v e d  b y  d i f f e r e n t  r o u t e s .  A t  t e m p e r a t u r e s  a b o v e  

2 0 0 ° ,  C H 3N O  c a n  i s o m e r i z e ,  a n d  t h e  i s o m e r  c a n  d e 

c o m p o s e  b o t h  h o m o g e n e o u s l y  a n d  h e t e r o g e n e o u s l y . 9' 10 11 

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

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

w i t h  a n  a c t i v a t i o n  e n e r g y  o f  a b o u t  4 0  k c a l / m o l e . 11,12 

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

t e m p e r a t u r e s .  A t  r o o m  t e m p e r a t u r e ,  n i t r o s o a l k a n e s  

a r e  q u i t e  s t a b l e , 7’ 12’ 13 b u t  c a n  d i s a p p e a r  s l o w l y  b y  

p o l y m e r i z a t i o n .  T h o m p s o n  a n d  L i n n e t t 14 f o u n d  a  

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

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

p o l y m e r  o f  C H 3N O .  C a l v e r t ,  T h o m a s ,  a n d  H a n s t 7 

m e a s u r e d  t h e  d i m e r i z a t i o n  r a t e  c o n s t a n t  f o r  C H 3N O  

t o  b e  8 7  l . / m o l e  s e c  a t  r o o m  t e m p e r a t u r e .  C h r i s t i e ,  

F r o s t ,  a n d  V o i s e y 16 r e p o r t  t h e  d i m e r i z a t i o n  c o n s t a n t  

t o  b e  0 . 6 3  X  1 0 6 e x p (  — 4 6 0 0 / 7 2 T )  l . / m o l e  s e c ,  w h i c h  

g i v e s  2 5 1 . / m o l e  s e c  a t  r o o m  t e m p e r a t u r e  i n  a p p r o x i m a t e  

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

I n  t h e  p r e s e n c e  o f  a  g r e a t  e x c e s s  o f  N O ,  B r o w n 16 

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

N O  t o  N 2 a n d  N 0 2. H e  p r o p o s e d  t h e  r e a c t i o n  s e 

q u e n c e

N = 0  N — O

/  /
R N O  +  2 N O  — >  R — N  — ►  R — N

\  \
O — N = 0  O — N - O

N

S
R  +  N 2 +  sym-N 0 3 ■*—  R — N  O

\  /
0 — N

\
0

T h e  a l k y l  r a d i c a l s  t h e n  r e a c t  w i t h  n i t r i c  o x i d e  t o  r e 

g e n e r a t e  t h e  n i t r o s o a l k a n e ,  a n d  t h e  N 0 3 r e a c t s  w i t h  

N O  t o  p r o d u c e  N 0 2. A  n u m b e r  o f  r e c e n t  r e p o r t s  s h o w  

t h a t  IV 2 a n d  N 0 2 c a n  b e  f o r m e d  i n  v e r y  g r e a t  

y i e l d s . 12,16’ 17“ 20 21 C h r i s t i e  a n d  h e r  c o - w o r k e r s 12’ 16,19 

s h o w  t h a t  t h e  a b o v e  r e a c t i o n  i s  f i r s t  o r d e r  i n  R N O  a n d  

s e c o n d  o r d e r  i n  N O .  I n  r e f  1 5 ,  t h e  r a t e  c o n s t a n t  i s  

r e p o r t e d  t o  b e  2 . 6  e x p  ( + 1 8 0 0 / 1 ?  T )  l . 2/ m o l e 2 s e c .  W i t h

C F s X O ,  t h e  s a m e  r e a c t i o n  o c c u r s ;  i t  i o o  i s  f o u n d  t o  b e  

f i r s t  o r d e r  i n  C F 3N O  a n d  s e c o n d  o r d e r  i n  N O . 21

H o w e v e r ,  C h r i s t i e 12 a n d  C h r i s t i e ,  G i l b e r t ,  a n d  

V o i s e y 19 f o u n d  t h a t  w h e n  a  g r e a t  e x c e s s  o f  N O  ( 1 0 0 -  

6 0 0  m m )  w a s  a d d e d  t o  C H 3N O ,  t h e  a m o u n t  o f  N 0 2 

p r o d u c e d  w a s  p r o p o r t i o n a l  t o  t h e  first power o f  N O ,  

e v e n  t h o u g h  a l l  o f  t h e  C H 3N O  w a s  c o n s u m e d .  F u r 

t h e r m o r e ,  C h r _ s t i e ,  F r o s t ,  a n d  V o i s e y 18 f o u n d  t h a t  C H 3-  

N O  c a n  b e  c o n s u m e d  i n  a  r e a c t i o n  first order i n  C H 3N O .  

T h e y  r e p o r t  a  r a t e  c o n s t a n t  o f  2 . 4 5  e x p (  —  7700/RT) 
s e c - 1  a n d  a t t r i b u t e  t h i s  r e a c t i o n  t o  i s o m e r i z a t i o n  o n  

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

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

o f  t h e  r e a c t i o n  a t  r o o m  t e m p e r a t u r e . 18 F i n a l l y ,  i n  

s t u d i e s  i n  t h i s  l a b o r a t o r y , 20 N 20  w a s  f o u n d  t o  b e  a n  

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

c o u l d  o n l y  b e  i n t e r p r e t e d  i f  a l l  t h e  C H 3N O  w a s  c o n 

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

C H 3N O  +  N O  — >  H 3C — N = 0  — >  C H 30  +  N 20

0 = N

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

w o r k e r s  i m p l y  s u c h  a  r e a c t i o n .  C o n s e q u e n t l y ,  w e  

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

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

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

A. Materials. M a t h e s o n  C o .  r e s e a r c h  g r a d e  N 2, 

0 2, N O ,  a n d  N 20  w e r e  u s e d ,  t h e  N 2 a n d  0 2 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 .  B o t h  t h e  N O  a n d  N 20  w e r e

(6 ) D . E . H oare, Can. J . Chem., 40 , 2012 (1962).

(7 ) J. G . C a lvert, S. J. T h om as, and P . L . H anst, J. A m . Chem. Soc., 
82 , 1 (1960).
(8 ) A . M aschk e, B . S. Shapiro, and  F . W . L am pe, ibid., 85 , 1876
(1 9 6 3 ) .
(9 ) G . L . P ra tt and J. H . P urnell, Trans. Faraday Soc., 60 , 371
(1 9 6 4 ) .
(10) L . B a tt and B . G . G ow en lock , ibid., 56, 682 (1960).
(11) B . G . G ow en lock , L . B att, and J. T ro tm a n , S pecia l P u blica tion  
N o . 10, T h e  C hem ical S ociety , L on d on , 1957, p  75.
(12) M . I . C hristie, P roc. R oy. Soc. (L o n d o n ), A 249 , 258 (1958).
(13) F . W . D a lb y , Can. J. P h ys., 36 , 1336 (1958).
(14) H . W . T h om p son  and J. W . L in n ett, Trans. F araday Soc., 33, 
874 (1937).
(15) M . I. C hristie, J. S. F rost, and  M . A . V o isey , ibid., 61, 674
(1 9 6 5 ) .
(16) J. F . B row n  Jr., J. A m . Chem. Soc., 79, 2480 (1957).
(17) E . G . B urrell, Jr., J. P hys. Chem., 66 , 401 (1962).
(18) O. P . Strausz and  H . E . G unning, Can. J . Chem., 41 , 1207
(1 9 6 3 ) .
(19) M . I. C hristie, C . G ilbert, and M . A . V o isey , J. Chem. Soc., 3147
(1 9 6 4 ) .
(20) J. H eick len , A erospace  C orp ., R e p o rt  N o . T D R -4 6 9 (5 2 5 0 -4 0 )-9  
(M a rch  15, 1965).
(21) J. H eicklen , J. P h ys. Chem., 70 , 112 (1966).
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3090 T i m o t h y  J o h n s t o n  a n d  J u l i a n  H e i c k l e n

d e g a s s e d  a t  — 1 9 6 °  b e f o r e  u s e .  I n  a d d i t i o n ,  t h e  N O  

w a s  d i s t i l l e d  p r e v i o u s l y  f r o m  a  b a t h  a t  — 1 8 6 °  t o  r e 

m o v e  a n y  N D 2 a n d  N 20  i m p u r i t i e s .  E a s t m a n  O r g a n i c  

C h e m i c a l  C H 3I  a n d  P e n i n s u l a r  C h e m R e s e a r c h  C o .  

C F 3I  w e r e  u s e d  a f t e r  d e g a s s i n g  a t  — 1 9 6 ° .

B. Procedure. C H 3I  a n d  N O  w e r e  m i x e d  i n  a  

P y r e x  T - s h a p e d  c e l l .  T h e  c r o s s  o f  t h e  T  w a s  5  c m  i n  

d i a m e t e r  a n d  1 0  c m  l o n g ,  h a d  N a C l  w i n d o w s  a t  e a c h  

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

m a n  I R - 4  i n f r a r e d  s p e c t r o m e t e r .  T h e  s t e m  o f  t h e  T  

w a s  a l s o  5  c m  i n  d i a m e t e r  a n d  1 0  c m  l o n g .  A t  t h e  e n d  

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

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

c a m e  f r o m  a  H a n o v i a  U - s h a p e d ,  T y p e  S H ,  m e d i u m -  

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

0 - 5 3  f i l t e r  ( t o  r e m o v e  r a d i a t i o n  b e l o w  2 8 0 0  A )  a n d  a p 

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

e n t e r i n g  t h e  c e l l .

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

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

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

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

—  2 1 2 °  i n t o  a  c a l i b r a t e d  v o l u m e ,  a n d  t h e  p r e s s u r e  w a s  

m e a s u r e d  a f t e r  e q u i l i b r i u m  w a s  a t t a i n e d .  A t  — 2 1 2 ° ,  

t h e  o n l y  n o n c o n d e n s i b l e  g a s  i s  N 2 ; t h u s ,  t h i s  m e a s u r e 

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

N 2 a n d  N O  t h e n  w e r e  r e m o v e d  a t  — 1 8 6 ° ,  t h e  p r o d u c t s  

w e r e  w a r m e d  t o  — 1 6 0 ° ,  a n d  t h e  N 20  w a s  c o l l e c t e d  f o r  

c h r o m a t o g r a p h i c  a n a l y s i s .

C. Actinometry. T o  d e t e r m i n e  t h e  i n c i d e n t  i n 

t e n s i t y ,  m i x t u r e s  o f  3 0 0  m m  o f  C F 3I  a n d  3 0 0  m m  o f  

0 2 w e r e  p h o t o l y z e d ,  a n d  t h e  C F 20  w a s  m o n i t o r e d  b y  

i n f r a r e d  a n a l y s i s .  U n d e r  t h e s e  c o n d i t i o n s ,  a l l  r a d i a 

t i o n  b e t w e e n  2 8 0 0  a n d  3 2 0 0  A  e n t e r i n g  t h e  c e l l  i s  a b 

s o r b e d ,  a n d  t h e  q u a n t u m  y i e l d  o f  C F 20  f o r m a t i o n  i s  

u n i t y . 21 T h e  a b s o r b e d  i n t e n s i t y  f o r  a n y  C H 3I - N O  

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

f i c i e n t s  o f  C H 3I  a t  v a r i o u s  w a v e l e n g t h s ,  t h e  t r a n s m i s 

s i o n  c h a r a c t e r i s t i c s  o f  t h e  C o r n i n g  0 - 5 3  f i l t e r ,  a n d  t h e  

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

C a r y  M o d e l  1 5  u l t r a v i o l e t  s p e c t r o p h o t o m e t e r ;  t h e  

t r a n s m i s s i o n  c h a r a c t e r i s t i c s  o f  t h e  C o r n i n g  f i l t e r s  a r e  

w e l l  k n o w n ,  a n d  t h e  r e l a t i v e  l a m p  i n t e n s i t i e s  h a d  

b e e n  f o u n d  p r e v i o u s l y . 22

D. Calibrations. F o r  N 2 a n d  N 20  w e  m a d e  d i r e c t  

c a l i b r a t i o n s .  F o r  N 0 2, m e a s u r e d  a m o u n t s  o f  0 2 w e r e  

m i x e d  w i t h  C H 3I  a n d  N O  t o  c o r r e s p o n d  t o  a c t u a l  r u n s .  

T h e  0 2 c o m p l e t e l y  c o n v e r t e d  t o  N 0 2. D e t a i l e d  c a l i 

b r a t i o n  c u r v e s  f o r  t h e  6 . 1 6 - / t  b a n d  w e r e  m a d e  f o r  e v e r y  

c o n d i t i o n  b e c a u s e  o f  t h e  c o m p l e x i t y  o f  t h e  N 0 2 s y s t e m .  

I n  t h e  f i r s t  p l a c e ,  N 0 2 d i m e r i z e s  t o  f o r m  a  s y s t e m  i n  

e q u i l i b r i u m  w i t h  N 20 4 ; s e c o n d l y ,  N 0 2 r e a c t s  w i t h  N O

t o  f o r m  a  s y s t e m  i n  e q u i l i b r i u m  w i t h  N 20 3 ; a n d  t h i r d l y ,  

t h e  N 0 2- N 20 4 e q u i l i b r i u m  i s  n o n i d e a l .  T h e  e x t i n c 

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

s y s t e m ,  e v e n  i f  a n  i n e r t  g a s  ( a r g o n )  i s  u s e d .  H o w e v e r ,  

o n c e  t h e  c a l i b r a t i o n s  w e r e  m a d e ,  N 0 2 c o u l d  b e  m o n i 

t o r e d  r e l i a b l y .  O u r  r e p o r t e d  v a l u e s  f o r  N 0 2 c o r r e 

s p o n d  t o  t o t a l  N 0 2, i.e., ( N 0 2)  +  2 ( N 20 4)  +  ( N 20 3) .  

F o r  C H 3O N O  a n d  C H 30 N 0 2, w e  d i d  n o t  m a k e  c a l i 

b r a t i o n 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  u s e d  w e r e  e x 

t r a c t e d ,  r e s p e c t i v e l y ,  f r o m  T a r t e 23 a n d  f r o m  B r a n d  a n d  

C a w t h o n . 24 T h e  i n f r a r e d  p e a k s  u s e d  f o r  t h e  p r o d u c t  

i d e n t i f i c a t i o n  a n d  a n a l y s i s  o f  N 0 2, C H 3O N O ,  C H 3-  

O N 0 2, C H 20 ,  a n d  H N 0 2 w e r e ,  r e s p e c t i v e l y ,  a t  6 . 1 6 ,  

5 . 8 8 , 23 9 . 8 5 , 24 5 . 7 5 , 25 a n d  1 2 . 6 5  M. 26

III . R esults

T h e  i n f r a r e d  p r o d u c t  b a n d s  w e r e  f o u n d  f o r  N 0 2 

( i n c l u d i n g  N 20 4 a n d  N 20 3) ,  C H 3O N O ,  C H 30 N 0 2, 

C H 20 ,  a n d  H N 0 2. T h e  i n f r a r e d  b a n d  r e p o r t e d  f o r  

C H 3N 0 7 l i e s  u n d e r  t h e  l a r g e  N 0 2 b a n d  a t  6 . 1 6  y;  t h u s  

n o  a n a l y s i s  c o u l d  b e  m a d e  f o r  C H 3N O .  T h e  d i m e r  o f  

C H 3N O  g o e s  t o  t h e  w a l l  a n d  p o l y m e r i z e s , 7 s o  n o n e  o f  

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

n i t r o g e n  h a v e  n o  i n f r a r e d  s p e c t r a ,  a n d  t h a t  f o r  N 20  

i s  e x t r e m e l y  w e a k .  N o  a n a l y s i s  w a s  m a d e  f o r  i o d i n e ,  

b u t  N 2 a n d  N 20  w e r e  m e a s u r e d  a f t e r  t h e  r e a c t i o n  w a s  

c o m p l e t e d .  I t  i s  p o s s i b l e  t h a t  H N 0 3 w a s  a l s o  f o r m e d  

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

t o  t h a t  f o r  H N 0 2, a n d  a n a l y s i s  w o u l d  b e  d i f f i c u l t .

W e  c a r e f u l l y  l o o k e d  f o r  t h e  C H 3N 0 2 b a n d s  a t  6 . 3 5  

a n d  7 . 2  y , 27 b u t  d i d  n o t  s e e  t h e m .  C o n s e q u e n t l y ,  

i f  C H 3N 0 2 i s  f o r m e d ,  i t  c a n n o t  b e  a n  i m p o r t a n t  p r o d u c t .  

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

f o l l o w e d  s p e c t r o m e t r i c a l l y  a r e  N 0 2, C H 3O N O ,  a n d  

C H 30 N 0 2. F o r  a  t y p i c a l  r u n ,  t h e  r e s u l t s  a r e  p l o t t e d  

i n  F i g u r e  1 .  I t  s h o u l d  b e  u n d e r s t o o d  t h a t  N 0 2 r e f e r s  

t o  t o t a l  N 0 2 i n c l u d i n g  N 20 4 a n d  N 20 3.

T h e  C H 20  a n d  H N 0 2 b a n d s  w e r e  q u i t e  s m a l l .  I n  

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

o n l y  f i n a l  v a l u e s  w e r e  f o u n d ;  i n  a  f e w  c a s e s  C H 20  

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

T h e  c u r v e s  i n  F i g u r e  1 s h o w  t h a t  t h e  N 0 2, C H 3O N O ,  

a n d  C H 30 N 0 2 a l l  h a v e  i n d u c t i o n  p e r i o d s ;  t h o s e  f o r  

C H 3O N O  a n d  N 0 2 a r e  s i m i l a r ,  b u t  t h e  o n e  f o r  C H 3-

(22) D . D u tto n 'a n d  J. P . H eick len , unpublished  w ork  a t  th e  U n i
vers ity  o f  R och ester, 1956.
(23) P . T a rte , J. Chem. P hys., 20 , 1570 (1952).
(24 ) J. C . D . B rand  and T . M . C aw th on , J . A m . Chem . Soc., 77 , 
319 (1955).
(25) R . H . P ierson , E . N . F letcher, and  E . St. C . G an tz , A n a l. Chem., 
28 , 1218 (1 956).

(26 ) L . H . Jones, R . M . B adger, and  G . E . M o o re , J . Chem. P h ys ., 
19, 1599 (1951).
(27 ) D . C . Sm ith , C . P an , and  J. R . N ielsen, ibid., 18, 706 (1950).
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Figure 1. Plot of product formation vs. time for (CH3I) = 
31.8 mm, (NO) = 318 mm, and 7a = 4.1 ^/min.

0 N 0 2 i s  c o n s i d e r a b l y  l o n g e r .  T h e s e  e f f e c t s  w e r e  

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

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

t i m e .  T h e  l i n e a r  p o r t i o n  o f  t h e  N 0 2 c u r v e  h a s  b e e n  

e x t r a p o l a t e d  t o  z e r o  a n d  a n  i n d u c t i o n  t i m e  r 0 h a s  b e e n  

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

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

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

s t a b l e  i n  t h e  d a r k .

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

a r i s e  f r o m  t w o  c a u s e s .  F i r s t ,  t h e r e  i s  a  l a g  d u e  t o  d i f -  

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

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

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

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

f u s i o n a l  m i x i n g  t i m e  t o  b e  a p p r o x i m a t e l y  1 s e c / m m  o f  

g a s .  T h u s ,  a t  h i g h  t o t a l  p r e s s u r e s ,  m o s t  o f  t h e  l a g  

t i m e  i s  d u e  t o  d i f f u s i o n a l  m i x i n g .  S e c o n d ,  o n e  o f  

t h e  p r i m a r y  p r o d u c t s  o f  t h e  r e a c t i o n  C H 3N O  i s  u n 

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

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

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

B a s e d  u p o n  o u r  t i m e - h i s t o r y  d a t a  a n d  i n f o r m a t i o n  

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

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

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

w e l l  e s t a b l i s h e d  t h a t  t h e  p r i m a r y  p r o d u c t s  a r e  I 2 a n d

C H 3N O .  T h a t  I 2 i s  a l s o  f o r m e d  a s  a  s e c o n d a r y  p r o d 

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

r e s u l t s  r e q u i r e  t h a t  C H 3I  b e  d e c o m p o s e d  i n  a  c h a i n  

s t e p ,  a n d  t h u s  p a r t  o f  t h e  I 2 f o r m e d  w o u l d  b e  s e c o n d a r y .  

O u r  r e s u l t s  c l e a r l y  s h o w  t h a t  N 0 2 a n d  C H 3O N O  a r e  

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

s o c i a t e d  w i t h  N 0 2 p r o d u c t i o n ,  i t  t o o  m u s t  b e  s e c o n d 

a r y .  T h e  d i m e r  o f  C H 3N O  i s ,  o f  c o u r s e ,  s e c o n d a r y .  

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

N 20  t o  b e  s e c o n d a r y .  F o r  t h e  r u n s  i n  w h i c h  C H 20  

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

p e r i o d s  s i m i l a r  t o  C H 30 N 0 2 ; t h u s ,  b o t h  C H 30 N 0 2 

a n d  C H 20  a r e  t e r t i a r y  p r o d u c t s .  N i t r o u s  a c i d  c a n  b e  

f o r m e d  o n l y  f r o m  N 0 2, s o  i t  t o o  m u s t  b e  a  t e r t i a r y  

p r o d u c t .

Table I : Products of the Reaction

P r o d u c t C la s s ifica t io n C o m m e n ts

i 2 Primary and 
secondary

Not monitored

CH3NO Primary Not monitored
(CH3NO)2 Secondary Not monitored
n o 2 Secondary Monitored continually 

during exposure
CH3ONO Secondary Monitored continually 

during exposure
N, Secondary Final amount measured
N20 Secondary Final amount measured
c h 3o n o 2 Tertiary Monitored continually 

during exposure
c h 2o Tertiary Monitored continually 

during exposure
h n o 2 Tertiary Final amount measured

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

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

i s  n o t  c a u s e d  m a i n l y  b y  d i f f u s i o n a l  m i x i n g ,  t h e  N 0 2 

c o n c e n t r a t i o n  w a s  p l o t t e d  vs. e x p o s u r e  t i m e  o n  a  l o g -  

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

s l o p e  2 .  F r o m  t h e  i n t e r c e p t s  o f  t h e  p l o t s ,  v a l u e s  o f  

( N 0 2) / ( 2 w e r e  f o u n d ,  a n d  t h e y  a r e  l i s t e d  i n  T a b l e  I I ;  

t h e y  r i s e  w i t h  t h e  a b s o r b e d  i n t e n s i t y  a n d  t h e  N O  

p r e s s u r e .

Q u a n t u m  y i e l d s  o f  N 0 2 a n d  C H 3O N O  f o r m a t i o n  

w e r e  f o u n d  f r o m  t h e  l i n e a r  p o r t i o n  o f  t h e  p r o d u c t  vs. 
t i m e  c u r v e s .  T h e  v a l u e s  f o r  C H 3O N O  c o u l d  b e  o b 

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

o f  a n  N 20 3 b a n d  a t  t h e  5 .8 8 -y u  b a n d  o f  C H 3O N O .  

W e  h a v e  r e p o r t e d  o n l y  $ ( C H 3O N O )  f o r  t h o s e  c a s e s  

w h e r e  t h e  N 2D 3 c o r r e c t i o n  b a s e d  o n  i t s  b a n d  a t  7 . 6 5  m 

w a s  l e s s  t h a n  a b o u t  3 0 % .  B o t h  $ ( N 0 2)  a n d  < f> (C H 3-  

O N O )  r i s e  w i t h  ( N O ) / / / 7'  t o  m a x i m u m  v a l u e s  f a r
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w a t e r  a g r e e  c l o s e l y  w i t h  o u r  e x p e r i m e n t a l  d a t a  ( s e e  

F i g u r e  2 ) .

F o r  3  N  H C 1  a n d  1 N  L i C l ,  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  ( “ I n t e r n a t i o n a l  C r i t i c a l  T a b l e s , ”  V o l .  I l l )  i s  s u c h  

t h a t  t h e i r  u s e  i n s t e a d  o f  p u r e  w a t e r  v i s c o s i t y  i n  S t o k e s ’  

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

t r a n s p o r t  n u m b e r s . 20

I f  w e  a p p l y  S t o k e s ’  e q u a t i o n  t o  c o n c e n t r a t e d  s o l u 

t i o n s ,  h o w e v e r ,  s o m e  q u e s t i o n s  a r i s e .  T h e  F u o s s -  

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

u n d e r l y i n g  S t o k e s ’  e q u a t i o n  i s  k n o w n  t o  f a i l  e v e n  a t  

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

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

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

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

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

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

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 .

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

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

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

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

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

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

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

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

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

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

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

h a n d  s i d e  o f  e q  9  w i l l  v a r y  b y  t h e  s a m e  f a c t o r  ( c / .  r e f  

1 8 ) .  T h i s  m a y  b e  t h e  r e a s o n  w h y  a  c l o s e  f i t  i s  o b t a i n e d  

w h e n  t h e  v i s c o s i t y  o f  p u r e  w a t e r  i s  u s e d  i n  B 2, t h e  l i m i t 

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  ( X + °  a n d  A 0)  b e i n g  d e t e r 

m i n e d  a t  i n f i n i t e  d i l u t i o n .

A t  t h e  h i g h e r  c o n c e n t r a t i o n s ,  t h e  q u e s t i o n  b e c o m e s  

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

w i t h  S t o k e s ’  e q u a t i o n  a r e  i n  f a c t  H i t t o r f  t r a n s p o r t  

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

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

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

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

t h e i r  “ s u r r o u n d i n g s ”  a n d  i t  i s  n o t  c e r t a i n  t h a t  w a t e r  i s  

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

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

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

R e c e n t l y ,  F u o s s  a n d  O n s a g e r 21 p u b l i s h e d  a  r e v i s e d  

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

o f  s y m m e t r i c a l  e l e c t r o l y t e s .  W i t h  t h e  a i d  o f  t h e i r  e q  

6 1 ,  w e  m o d i f i e d  S t o k e s ’  e q u a t i o n  f o r  t h e  t r a n s p o r t  

n u m b e r  o f  1 : 1  e l e c t r o l y t e s  a c c o r d i n g l y .

w h e r e  S  =  B 2\/c  {  1 -  {nab/4 )  F (b ) }  i n  w h i c h  b — 
e2/atkT, e i s  t h e  p r o t o n i c  c h a r g e ,  a n d  e i s  t h e  d i e l e c t r i c  

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

r e t a r d a t i o n  o f  t h e  i o n s .

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

b e r s  c a l c u l a t e d  w i t h  e q  1 0  f o r  N a C l  s o l u t i o n s  a t  2 5 °  

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

a t  c o n c e n t r a t i o n s  h i g h e r  t h a n  0 . 1 1  m ( T a b l e  I I I ) .  B e 

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

b e r s  s t a r t  t o  i n c r e a s e  v e r y  s h a r p l y .

Table III: Comparison of Calculated and Observed
Transport Numbers of NaCl Solutions at 25°

m, S,
c, m oles/kg mho cm 2/ ------- f+ ------

moles/1. of HzO Ka equiv Eq 10 Obsd° Eq 9

0.01 0 . 0 1 0.171 5.14 0.3918 0.3918 0.3918
0.1095 0 . 1 1 0 0.566 10 0.387 0.385 0.385
0.434 0.440 1.13 0 0.396 0.378 0.378
1.00 1.02 1.71 -3 1 0.417 0.375 0.374
5.416 6.144 3.98 -354 0.473 0.363 0.366

“ For m = 0.01,, ref 9; above 0.01 to, this work (eq 3).

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

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

d i a m e t e r  ( a  =  5 . 2  A )  a s  b e f o r e . 22 H o w e v e r ,  w h e n  

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

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

l a t e d  w i t h  e q  1 0  i s  n o t  c h a n g e d .

T a b l e  I I I  s h o w s  t h a t  a t  c o n c e n t r a t i o n s  a b o v e  0 . 1 1  m 
t h e  e l e c t r o p h o r e t i c  r e t a r d a t i o n  a s  r e p r e s e n t e d  b y  S  d e 

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

a t  0 . 4 4 0  m. S i n c e  t h e  l a t t e r  r e p r e s e n t s  a  p h y s i c a l  i m 

p o s s i b i l i t y ,  e q  1 0  d o e s  n o t  a p p l y  a t  c o n c e n t r a t i o n s  a b o v e  

0 . 4 4 0  m. T h i s  i s  b e c a u s e  F u o s s  a n d  O n s a g e r  c o n s i d e r e d  

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

p a r t i c u l a r ,  i n  t h e i r  a p p r o x i m a t i o n  o f  t h e  D e b y e -  

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

e * “ / ( l  +  xa)  w a s  o m i t t e d .  T h i s  r e n d e r s  t h e i r  f i n a l

(20) KC1 w as om itted  from  th is com parison . T h e  agreem ent b e 
tw een  observed  and  ca lcu lated  transport nu m bers in K C 1 solu tions 
can n ot p rov id e  ev iden ce  for  the correctness o f  the  e le ctrop h ore tic  
retardation  term . T h is  is because X°k  is ab ou t equ al t o  V 2A°k c i 
and, as can  be seen in eq  9, fir is then  a b ou t 0.5, p ra ctica lly  in d e 
p endent o f  concen tra tion  and o f the  m agnitude o f the e le ctrop h ore tic  
retardation .
(21) R . M . F uoss and  L . O nsager, J. P hys. Chem., 67 , 628 (1963).
(22) F or  these values b =  1.3S; the correspond ing va lu e o f  F (6 ) 
is 2 .57. T h is  va lu e  w as obta in ed  b y  graph ical ex trap o la tion  ov er  a 
v e ry  short range o f T a b le  I  o f re f 21.
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r e s u l t s  a p p l i c a b l e  t o  v e r y  d i l u t e  s o l u t i o n s  o n l y .  I n  

T a b l e  I I I  i t  c a n  b e  s e e n  t h a t  a t  N a C I  c o n c e n t r a t i o n  o f  

0 . 1 1  m, w h e r e  %a — 0 . 5 6 6 ,  t h e  c o m p a r i s o n  b e t w e e n  o b 

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

1 0  i s  a l r e a d y  l e s s  s a t i s f a c t o r y .

I n  t h e  t w o  o t h e r  c a s e s  w h e r e  S t o k e s ’ o r i g i n a l  e q  9  

h a s  b e e n  v e r i f i e d  a t  h i g h  c o n c e n t r a t i o n s  ( 3  N  H C 1  a n d  

1 N  L i  C l ) ,  S  i s  n e g a t i v e  a n d  e q  1 0  a g a i n  d o e s  n o t  a p p l y .

I t  t h u s  a p p e a r s  t h a t  t h e  o l d e r  F u o s s - O n s a g e r  t h e o r y  

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

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

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

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

t o  f u l l  a d v a n t a g e  i f  t h e  r e s t r i c t i o n  x a  «  1 c a n  b e  r e 

m o v e d .
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T h e  c o u p l i n g  c o n s t a n t  . /b- f a n d  t h e  c h e m i c a l  s h i f t  5f o f  t h e  B F 4 _  i o n  h a v e  b e e n  m e a s u r 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 n d  s o l v e n t  c o m p o s i t i o n  i n  w a t e r - a c e t o n e ,  w a t e r - d i o x a n e ,  

a n d  w a t e r - D M S O  m i x t u r e s .  T h e  c o u p l i n g  c o n s t a n t  a n d  c h e m i c a l  s h i f t  a t  i n f i n i t e  d i l u t i o n  

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

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

t h e  h y d r o g e n  b o n d i n g  o f  w a t e r  t o  t h e  B F 4 ~  a n i o n .  N o  i n n e r - s p h e r e  i o n - p a i r  c o m p l e x  i s  

i n d i c a t e d .  I n  D M S O - w a t e r  m i x t u r e s  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  a n d  c h e m i c a l  

s h i f t  c h a n g e s  a r e  u n i q u e .  A  p r e f e r e n t i a l  s o l v a t i o n  o f  t h e  B F 4_  i o n  b y  t h e  p r o t o l y s i s  p r o d 

u c t  o f  D M S O  i n  w a t e r  i s  s u g g e s t e d .  T h e  c h e m i c a l - s h i f t  c h a n g e s  e x c e p t  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 s  a r e  p r o p o r t i o n a l  t o  t h e  c o u p l i n g - c o n s t a n t  c h a n g e s ,  s u g g e s t i n g  t h a t  v a r i a t i o n s  

h a v e  a  c o m m o n  o r i g i n .

Introduction

T h e  n B - 19F  c o u p l i n g  c o n s t a n t  i n  s o d i u m  t e t r a f l u o r o 

b o r a t e  w a s  f i r s t  r e p o r t e d  b y  R e e v e s  a n d  c o - w o r k e r s 2 

t o  b e  4 . 8  c p s .  L a t e r  s t u d i e s  s h o w e d  t h a t  t h i s  c o u p l i n g  

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

a n d  t h e  c a t i o n . 3 * T h e  v a l u e  o f  t h e  c o u p l i n g  c o n s t a n t  

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

s e r i e s  B e F 42 - 4  a n d  C F 4, 6 a n d  i t  d o e s  n o t  f o l l o w  t h e  

c o r r e l a t i o n  s u g g e s t e d  b y  R e e v e s . 6 K u h l m a n n  a n d

G r a n t 3 i n t e r p r e t e d  t h e s e  c h a n g e s  i n  J  i n  t e r m s  o f  i o n -  

p a i r  f o r m a t i o n  b e t w e e n  N a +  a n d  B F 4~  i o n s  a n d  c o n -

(1 ) T h is  research w as su pp orted  b y  the  N ational R esearch  C oun cil 
o f  C anada and the P etroleum  R esearch  F u n d  o f  th e  A m erican  C hem i
cal S ociety .
(2) R . D . C ham bers, H . C . C lark, L . W . R eeves, and C . J. W illis, 
Can. J . Chem., 39 , 258 (1961).
(3 ) K . K u h lm ann  and D . M . G rant, J. P hys. Chem., 68 , 3208
(1964).
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F r o s t ,  a n d  V o i s e y 15 f o r  t h e  r a t e  c o n s t a n t  f o r  t h e  f i r s t -  

o r d e r  a p p e a r a n c e  o f  C H 3N O ,  b e c a u s e  t h e y  d i d  n o t  r e 

p o r t  N O  p r e s s u r e .  H o w e v e r ,  i f  w e  u s e  t h e i r  f i g u r e s  

f o r  a c t i v a t i o n  e n e r g y ,  w e  f i n d  kd =  8 3 0 0  e x p (  — 7 7 0 0 /  

R T )  l . / m o l e  s e c .

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

i s  m u c h  m o r e  i m p o r t a n t  t h a n  f ,  t h e n  $ ( C H 3O N O )  

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

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

p a r e d  t o  f ,  t h e n  w e  f i n d

$ ( N 2)  +  $ ( N 20 )  =  $ ( C H 3O N O )  ( 4 )

F o r  t h e  f e w  r u n s  w h e r e  w e  h a v e  d a t a ,  t h e  r a t i o  [ 4 > ( N 2)  

+  $ ( N 20 ) ] / $ ( C H 30 N 0 )  i s  t a b u l a t e d  i n  T a b l e  I I .  

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

t h a n  u n i t y .  W e  d o  n o t  u n d e r s t a n d  t h i s  d i s c r e p a n c y .  

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

f o r  C H 3O N O .  T h e  e x t i n c t i o n  c o e f f i c i e n t  i s  c r u d e  a n d  

w a s  t a k e n  f r o m  d a t a 23 w h e r e  y i e l d i n g  e x t i n c t i o n  

c o e f f i c i e n t s  w a s  n o t  t h e  i n t e n t .

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

m e c h a n i s m .  I f  R { g )  7 2 ( h ) ,  w e  f i n d

m  _  fth (NO) 
(  2 )  ( 2 f c g) 1/2 7 a ‘ A

k d ( N O )$ ( N 2)  _

( N O )  ~  ( 2 f c g) l/2  7 a‘ A

I f  7 2 ( g )  <<C 7 2 ( h ) ,  w e  f i n d

F(N 20) =  1.0

(5)

( 6 )

(7)

=  h  (o\
( N O )  kh W

w h e r e  7 2 ( g )  a n d  7 2 ( h )  a r e  t h e  r a t e s  o f  r e a c t i o n s  g  a n d  

h ,  r e s p e c t i v e l y .  T h e  v a l u e s  o f  4 > (N 20 )  a n d  $ ( N 2) /  

( N O )  a r e  p l o t t e d  vs. ( N O ) / 7 a ‘ A  o n  l o g - l o g  p l o t s  i n  

F i g u r e  4 .  B o t h  p l o t s  a r e  l i n e a r  w i t h  a  s l o p e  o f  1 f o r  

l o w  v a l u e s  o f  ( N O ) / 7 a ' A . i.e., 7 2 ( g )  »  7 2 ( h ) ,  a n d  c o n 

s t a n t  f o r  l a r g e  v a l u e s  o f  ( N O ) / 7 aV2, i.e., 7 2 ( g )  7 2 ( h ) .

F r o m  t h e  i n t e r c e p t s  o f  t h e  l i n e a r  p o r t i o n s ,  k h / k j 2 
a n d  kd/ k j 2 w e r e  f o u n d  t o  b e ,  r e s p e c t i v e l y ,  4 . 6  X  

1 0 - 3  l . ‘ / y m o l e ' A  s e c 1 /! a n d  5 . 5  l / A / m o l e 3A s e c ' A . 

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

f c d / f c h  a s  f o u n d  f r o m  F i g u r e  3 .  T h e  h i g h  v a l u e  l i m i t  

f o r  4 > (N 20 )  i s  1 . 0 ,  i n  a g r e e m e n t  w i t h  e q  7 ,  w h e r e a s  t h e  

h i g h  v a l u e  l i m i t  f o r  $ ( N 2) / ( N O )  g i v e s  a  v a l u e  o f  kd/ 
fch i n  a g r e e m e n t  w i t h  t h a t  f r o m  F i g u r e  3 .  F r o m  t h e  

v a l u e s  o f  kA a n d  k i / k j 2, o u r  r e s u l t s  g i v e  ke =  7 1  1 . /  

m o l e  s e c ,  i n  g o o d  a g r e e m e n t  w i t h  t h e  v a l u e  o f  8 7  

l . / m o l e  s e c  f o u n d  b y  C a l v e r t ,  T h o m a s ,  a n d  H a n s t , 7 

b u t  s o m e w h a t  h i g h e r  t h a n  t h e  v a l u e  o f  2 5  l . / m o l e  

s e c  f o u n d  b y  C h r i s t i e ,  F r o s t ,  a n d  V o i s e y . 16

A s  t h e  N 0 2 b u i l d s  u p ,  t e r t i a r y  r e a c t i o n s  b e c o m e  i m 

p o r t a n t .  N i t r o g e n  d i o x i d e  i s  e x t r e m e l y  r e a c t i v e  a n d  

m i g h t  c o m p e t e  w i t h  N O  f o r  e i t h e r  C H 3 o r  C H 30 .  

G r a y 30 s h o w e d  t h a t  t h e r e  a r e  t h r e e  p o s s i b l e  r e a c t i o n s  

o f  N 0 2 w i t h  m e t h y l  r a d i c a l s

C H 3 +  N 0 2 — >  C H 3N 0 2

C H 3 +  N 0 2 — »■  C H 3O N O

C H 3 +  N 0 2 — >  C H 30  +  N O

Figure 4. Log-log plots of 4>(N20 ) and 4>(N2)/(NO) 
vs. (N O )///7’.

(30 ) P . G ra y , Trans. Faraday Soc., 51 , 1367 (1955).
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Table III : Rate Constants at 25°

Rate
constant Value Units Source Comments

kf/JCe ~10 None Eq 1, Table II
kd 8.2 X 10-6 mm-2 min-1 Eq 2, Figure 2

47 l.8/ mole2 sec Eq 2, Figure 2
55 l.2/mole2 sec Ref 15 kd = 2.6 exp( +  1800/i2T)M ~2 sec"1

kd/kh 0.15 mm-1 Eq 3, Figure 3; eq
2800 l./mole 5 and 6; Figure

4; eq 8, Figure 4
kh 5.5 X 10~6 mm-1 min-1 kd and kd/kh kh = 8.3 X 103 exp( — 7700/RT)

0.017 l./mole sec M ~l sec-1 using A , of ref 15
kh/ksl/t 2.6 X 10-“ mm“ 1/ 2 min-1/ 2 Eq 5, Figure 4

kd/kg'h
4.6 X 10~3 1.'- 2/molel/'ä seW2 Eq 5, Figure 4
1.7 X 10- E mm-S/ 2 min-1/ 2 Eq 6, Figure 4
5.5 l.’À/mole*/2 sec1/ 2 Eq 6, Figure 4

kg 0.23 mm-1 min-1 kd and kd/kg/ 2
71 l./mole sec kd and kd/kg / !
87 l./mole sec Ref 7
25 l./mole sec Ref 15 kg — 0.63 X 106 exp(-4600/RT)

M -1sec-1
kj/ki ~ 0 .7 None Eq 11, Figure 5

0.55 None Ref 31

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

i n h i b i t  N 0 2 f o r m a t i o n ,  a n d  r e d u c e  t h e  q u a n t u m  y i e l d s .  

C h r i s t i e ,  G i l b e r t ,  a n d  V o i s e y 19 m e a s u r e d  t h e  c o m p e t i 

t i o n  b e t w e e n  N O  a n d  N 0 2 f o r  C H 3 r a d i c a l s .  T h e y  

c o n c l u d e d  t h a t  N 0 2 i s  l e s s  t h a n  1 2  t i m e s  a s  e f f e c t i v e  a s  

N O .  A t  9 0 ° ,  P h i l l i p s  a n d  S h a w 31 f o u n d  t h a t  t h e  r a t e  

c o n s t a n t  f o r  C H 3N 0 2 f o r m a t i o n  w a s  1 . 7  t i m e s  h i ,  t h a t  

t h e  r a t e  c o n s t a n t  f o r  t h e  f o r m a t i o n  o f  C H 30  +  N O  

w a s  3 . 3  t i m e s  h i ,  a n d  t h a t  C H 3O N O  f o r m a t i o n  w a s  u n 

i m p o r t a n t .  T h e  o x y g e n - a t o m  t r a n s f e r  s t e p  m i g h t  

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

a t  r o o m  t e m p e r a t u r e .  W e  b e l i e v e  t h e  C H 3- N 0 2 r e 

a c t i o n  t o  b e  u n i m p o r t a n t  i n  o u r  s y s t e m .  W e  m o n i 

t o r e d  N 0 2 f o r m a t i o n  c o n t i n u a l l y  d u r i n g  e v e r y  r u n .  

W h i l e  t h e r e  w a s  s o m e  d r o p  i n  N 0 2 p r o d u c t i o n ,  i t  w a s  

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

o f  N 0 2 w i t h  C H 30 .  U n d e r  o u r  c o n d i t i o n s ,  e v e n  

a t  t h e  e n d  o f  a  r u n ,  t h e  ( N 0 ) / ( N 0 2)  r a t i o  a l w a y s  e x 

c e e d e d  2 0 .  H o w e v e r ,  t h e  c h a i n  l e n g t h s  o f t e n  r e a c h e d  

5 0  o r  1 0 0 .  T h u s  o u r  r e s u l t s  s u g g e s t  t h a t  N 0 2 i s  l e s s  

t h a n  t h r e e  t i m e s  a s  e f f e c t i v e  a s  N O  i n  r e m o v i n g  C H 3 

r a d i c a l s .

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

N 0 2 w i t h  C H 30  w e r e  o b s e r v e d .  T h e  i n d i c a t e d  r e a c 

t i o n s  a r e

C H 80  +  N 0 2 C H 30 N 0 2 ( j )

C H 30  +  N 0 2 C H 20  +  H N 0 2 ( k )

W e  o n l y  o b s e r v e d  C H 30 N 0 2 w h e n  1 2 ( e )  «  1 2 ( f ) .  

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

Figure 5. Log-log plot of (CH80 N 0 2)/(i — t o ) 2 

vs. (NO)8/,.

t r u e  t h a t  1 2 ( h )  <<C 1 2 ( g ) .  T h e n  t h e  m e c h a n i s m  p r e d i c t s  

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

( n o * ) =  u m y ( ~ y r(t -  to )  ( 9 )

R ( C H 30 N 0 2)  =  fcJ( N 0 2) /* - ( ; N ° ) ( ^ ) / !  ( 1 0 )

S u b s t i t u t i n g  ( 9 )  i n t o  ( 1 0 )  a n d  i n t e g r a t i n g  g i v e s

(31) L . P hillips and  R . Shaw , T e n th  S ym p osium  (In ternation al) 
on  C om b u stion , C am bridge, E ngland, A u g  1964, p  453.
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( C H 30 N 0 2)

( i  -  r „ ) 2

A
4fci * - ( N O ) » / a

/cg
( 1 1 )

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

t h e i r  v a l u e s .

F i g u r e  5  i s  a  l o g - l o g  p l o t  o f  ( C H 30 N 0 2) / ( i  —  r 0) 1 2 vs. 
( N O ) 3/ a . T h e  d a t a  a r e  s c a t t e r e d ,  b u t  a  t r e n d  i s  c l e a r .  

T h e  b e s t  s t r a i g h t  l i n e  o f  s l o p e  1 h a s  b e e n  d r a w n  t h r o u g h  

t h e  d a t a  p o i n t s .  F r o m  t h e  i n t e r c e p t ,  a n  a p p r o x i m a t e  

v a l u e  o f  a b o u t  0 . 7  i s  o b t a i n e d  f o r  k j k i  i n  g o o d  a g r e e 

m e n t  w i t h  t h e  v a l u e  o f  0 . 5 5  r e p o r t e d  b y  P h i l l i p s  a n d  

S h a w . 31

R e a c t i o n  k  i s  t h e  o n l y  s t e p  p r o d u c i n g  H N 0 2 a n d  

C H 20 .  T h u s ,  t h e y  s h o u l d  b e  e q u a l .  W e  h a v e  n o  

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

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

V . Sum m ary

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

C H 3I - N O  s y s t e m  i s  g i v e n  b y  r e a c t i o n s  a  t o  k .  R a t e  

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

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

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

s t u d i e d  b y  t h e  d i f f u s i o n  f l a m e  t e c h n i q u e  a t  t e m p e r a t u r e s  n e a r  5 7 0 ° K .  S p e c i f i c  r a t e  c o n 

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

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

t i o n  e n e r g i e s  o f  4 . 2 ,  7 . 0 ,  a n d  5 . 3  k c a l / m o l e  f o r  e t h y l ,  p r o p y l ,  a n d  i s o p r o p y l  a l c o h o l s ,  r e s p e c 

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

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

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

Introduction

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

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

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

H a r t e l  a n d  P o l a n y i . 2 I n  1 9 3 7 ,  H e l l e r 3 m a d e  a  c r i t i c a l  

i n v e s t i g a t i o n  o f  t h e  m e t h o d ,  e x a m i n i n g  i n  d e t a i l  t h e  

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

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

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

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

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

o v i c  a n d  L e R o y 4 5 a n d  S m i t h . 6 T h e y  o b t a i n e d  s o l u 

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

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

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

R a b i n o v i t c h 6 m a d e  a  c r i t i c a l  a n a l y s i s  o f  t h e  d i f f u s i o n

(1) A bstracted  in  part from  the P h .D . D issertation  o f E . M . N em eth , 
L o y o la  U niversity , C hicago, 111.

(2) H . v . H artel and M . P olanyi, Z . P h ysik . Chern., B l l ,  97 (1930).
(3) W . H eller, Trans. Faraday Soc., 33 , 1556 (1937).
(4) R . J. C v eta n ov ic  and D . J. L e R o y , Can. J . Chern., 29 , 597 
(1 951); R . J. C veta n ov ic, ibid., 34 , 54 (1956).
(5) F . T . Sm ith , J . Chem. P hys., 22 , 1605 (1954).

(6) J. F . R eed  and B . S. R a b in ov itch , J. P h ys . Chem., 59 , 261 
(1955).
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Figure 3. Graph showing dependence of 19F chemical shift and 
nB -19F coupling constants of NaBF4 in different solvents.

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

c o u p l i n g s  o f  c e n t r a l  a t o m  t o  f l u o r i n e  i n  P F 6~ ,  S i F 62 _ , 

a n d  A s F s -  i o n s  ( a l t h o u g h  a  d e t a i l e d  s t u d y  h a s  n o t  y e t  

b e e n  m a d e  f o r  c o u p l i n g s  i n  S i F « 2 -  a n d  A s F 6 ~  i o n )  m a y  

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

[ X - F  • • • H - 0  ] w h e n  X  i s  e l e c t r o n e g a t i v e .  T h e  s t r o n g 

e s t  h y d r o g e n  b o n d  o c c u r s  w h e n  t h e  X - F  b o n d  i s  c o m 

p l e t e l y  i o n i c ,  i.e., t h e  F _  i o n .

F o r  a  g o o d  p o r t i o n  o f  t h e  c o n c e n t r a t i o n  r a n g e  

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

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

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

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

s o l u t i o n  a n d  D M S O - w a t e r  m i x t u r e s  ( F i g u r e  3 ) .

T h e  c h e m i c a l  s h i f t  i s  a  s e n s i t i v e  f u n c t i o n  o f  s o l v e n t  

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

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

c h e m i c a l  s h i f t  i s  n o t  t h e  s a m e  f o r  t h e  B F 4-  i o n  i n  w a t e r  

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

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

m e n t  o f  t h e  B F 4~  i o n .  T h i s  e f f e c t  d o e s  n o t  s e e m  t o

Figure 4. (a) Dependence of nB -19F coupling 
constant in NaBF4 on solvent composition.
(b) Dependence of 19F chemical shift 
in NaBF4 on solvent composition.

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

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

o f  t h e  i n f i n i t e  d i l u t i o n  s h i f t  t o  d e p e n d  o n  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 e d i u m .  T h e  o r d e r  o f  <5* i s  d i o x a n e -  

H 20  >  H 20  ~  a c e t o n e - H 20  >  D M S 0 - H 20  f r o m  h i g h  

f i e l d  t o  l o w  f i e l d .

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

c l e a r l y  s e e n  i n  F i g u r e  4 .  W e  h a v e  m a i n t a i n e d  t h e  c o n 

c e n t r a t i o n  o f  B F 4_  i o n  i n  m o l e s / 1 0 0 0  g  o f  s o l v e n t  c o n 

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

A s  t h e  o r g a n i c  s o l v e n t  c o m p o n e n t  i n c r e a s e s  i n  c o n c e n 

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

o b s e r v e d .  D M S O  c a u s e s  a  l a r g e  l o w - f i e l d  s h i f t  a n d  

J b - f  a l s o  d e c r e a s e s  o n  a d d i n g  D M S O .  T h e  b e h a v i o r  

i n  D M S O - w a t e r  m i x t u r e  i s  u n i q u e  a n d  c a n n o t  b e  e x 

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

a t  t h e  B F 4_  i o n .  W e  s u g g e s t  a s  b e f o r e  t h e  s p e c i f i c  

s o l v a t i o n  o f  t h e  p r o t o l y s i s  p r o d u c t  o f  D M S O 2 7 -3 0  

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

s t o r e d  i n  a  2 -1 .  b u l b .

Apparatus and Procedure. T h e  k i n e t i c  d a t a  w e r e  

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

a n d  R a b i n o v i t c h . 7 H y d r o g e n  o r  n i t r o g e n  c a r r i e r  g a s  

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

n o z z l e  o f  0 . 8 7 - m m  r a d i u s  i n t o  t h e  r e a c t i o n  z o n e .  T h e  

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

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

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

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

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

t h e  “ I n t e r n a t i o n a l  C r i t i c a l  T a b l e s ” 16 f o r  n i t r o g e n  a n d  

f r o m  L a n d o l t - B o r n s t e i n 17 f o r  h y d r o g e n .  A l c o h o l  v a 

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

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

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

t e r m i n e d  a n d  a r e  r e p o r t e d  e l s e w h e r e . 18

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

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

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

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

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

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

S i t t i g . 19 T h e  c o e f f i c i e n t  o f  d i f f u s i o n  o f  s o d i u m  i n t o  t h e  

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

p u r e  c a r r i e r  g a s .  T h e  v a l u e s  u s e d  w e r e  3 . 1 4  c m 2/ s e c  

f o r  h y d r o g e n 11 a n d  0 . 9 1  c m 2/ s e c  f o r  n i t r o g e n 11’ 20 a t  1 

a t m  a n d  6 5 5 ° K  a n d  w e r e  e x t r a p o l a t e d  t o  e x p e r i m e n t a l  

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

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

l u t e  t e m p e r a t u r e .

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

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

r a n g e  o f  1 t o  1 . 5  c m .  A  f l a m e  w a s  c o n s i d e r e d  t o  h a v e  

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

f o r  a  p e r i o d  o f  m o r e  t h a n  2 0  m i n .  D u r i n g  t h e  r u n ,  t h e  

r o o m  w a s  c o m p l e t e l y  d a r k e n e d  a n d  t h e  o p e r a t o r  s t a y e d  

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

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

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

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

d r i c a l  P y r e x  v e s s e l  a b o u t  2 5  c m  l o n g  a n d  3 . 5  c m  i n  

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

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

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

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

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

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

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

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

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

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

Analysis of Product. S p e c i a l  p r o d u c t  r u n s  i n  t h e  f l o w  

r e a c t o r  o f  1 5  t o  2 0  h r  d u r a t i o n  w e r e  m a d e  t o  o b t a i n  

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

g a s  w a s  p u m p e d  o f f ,  t h e  p r o d u c t s  w a r m e d  t o  r o o m  

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

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

f r a c t i o n .  T h e  i n f r a r e d  s p e c t r a  w re r e  r u n  o n  a  P e r k i n -  

E l m e r  M o d e l  2 1  i n f r a r e d  s p e c t r o p h o t o m e t e r .  M a s s  

s p e c t r a  w e r e  o b t a i n e d  o n  a  C o n s o l i d a t e d  M o d e l  2 1 -  

1 0 3 c  t h r o u g h  t h e  c o u r t e s y  o f  M r .  S e y m o u r  M e y e r s o n  

o f  A m e r i c a n  O i l  C o . ,  W h i t i n g ,  I n d . ,  a n d  o n  a  C o n s o l i 

d a t e d  M o d e l  2 1 - 1 3 0  t h r o u g h  t h e  c o u r t e s y  o f  M r .  R .  M .  

S h e r r i l  o f  N o r t h w e s t e r n  U n i v e r s i t y .

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

w e r e  m a d e  b o t h  i n  t h e  k i n e t i c  a n d  s t a t i c  r e a c t o r s .  T h e  

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

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

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

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

( d e u t e r i u m )  c o m p o u n d s ,  m a d e  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  s p e c t r a  i n a c c u r a t e .  W e  m a y  s u m m a r i z e  t h e  g a s e 

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

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

F r o m  t h e  H / D  r a t i o s ,  l i t t l e  o f  t h e  d e u t e r i u m  e n d e d  u p  i n  

H D ,  a n d  e v e n  l e s s  i n  D 2. E t h y l e n e  i s  f o u n d  a s  t h e  

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

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

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

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

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

t e r a t e d  m e t h a n e ,  w e r e  d e t e c t e d .

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

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

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

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

w e r e  f o u n d ,  n o r  w e r e  a n y  e t h e r s  o r  p e r o x i d e s  f o u n d .

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

e x a m i n e d  i n  t h e  s a m e  d e t a i l .  H o w e v e r ,  t h e  m a j o r  

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

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

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

h y d r o g e n  g a v e  a  p r o p o r t i o n  o f  N a : C : H  o f  3 . 0 6 : 1 . 0 0 :

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

t u r e  o f  N a O H ,  N a 2C 0 3, a n d  N a H C 0 3.

(16) “ International C ritica l T a b les ,”  V ol. V , M cG ra w -H ill B o o k  
C o., In c ., N ew  Y o rk , N . Y ., 1929, p  2.
(17) L andolt-B orn stein , “ Zahlenw erts and F u n k tion en ,”  B an d  I, 
Springer-V erlag, Berlin , 1950, p 369.
(18) E . M . N em eth  and J. F . R eed , J. Chem. Eng. D ata, 9 , 501 
(1964).
(19) M . Sittig , “ Sodium , Its  M anu facture , Properties and U ses,”  
R einh old  P ublish ing C orp ., N ew  Y o rk , N . Y ., 1965.
(20) R . J. C v eta n ov ic  and D . J. L e R o y , J. Chem. P k y s ., 20, 1016 
(1952).

The Journal o f  P hysical Chem istry



R e a c t i o n  o f  S o d iu m  a n d  A l c o h o l  V a p o r s 3099

R e s u l t s

Calculation of the Specific Rate Constants. H a r t e l  a n d  

P o l a n y i 2 f o u n d  t h e  s o l u t i o n  t o  t h e  d i f f e r e n t i a l  e q u a t i o n  

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

o f  s o d i u m  t o  b e

p =  A /r  e x p (—Cr) ( 1 )

I n  o r d e r  t o  o b t a i n  t h e  r a t e  c o n s t a n t ,  p o f  e q  1 m u s t  b e  

s u b s t i t u t e d  i n t o  e q  4 .  T h e  r a d i a l  c o o r d i n a t e ,  r ,  a n d  t h e  

l i n e  o f  s i g h t ,  2 s ,  a r e  r e l a t e d  b y  r 2 =  R 2 +  s 2, w h e r e  R  i s  

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

L  =
e x p  ( — Cr) 

( r 2 -  Æ 2) 17®
d r  =  2  A I ( 6 )

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

f r o m  t h e  n o z z l e ,  a n d  C  i s  d e f i n e d  b y

C 2 =  kp'/D  ( 2 )

w h e r e  p ' i s  t h e  p a r t i a l  p r e s s u r e  o f  a l c o h o l  i n  t h e  r e a c t i o n  

z o n e  ( a s s u m e d  c o n s t a n t ) ,  D  i s  t h e  d i f f u s i o n  c o e f f i c i e n t  

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

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

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

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

s o d i u m  a t  a  d i s t a n c e  r 0, e q u a l  t o  t h e  n o z z l e  r a d i u s ,  a n d  

t h e  p r e s s u r e  a t  t h e  f l a m e  e d g e ,  R, i s  p\, t h e  l o w e s t  

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

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

C  =  I n  (p*r0/p iR )/(R  -  r „ )  ( 3 )

A  n e w l y  a p p l i e d  b o u n d a r y  c o n d i t i o n  o f  t h e  “ i n t e g r a t e d  

i n t e n s i t y  m o d e l ”  w a s  d i s c u s s e d  b y  R e e d  a n d  R a b i n o -  

v i t c h 7 a n d  u s e d  b y  t h e m  t o  c a l c u l a t e  a  r a t e  c o n s t a n t  d e s 

i g n a t e d  fc<3). S i n c e  t h i s  t r e a t m e n t  w a s  e x t e n d e d  a s  

p a r t  o f  t h e  p r e s e n t  w o r k ,  t h e  m o d e l  w i l l  b e  r e e x a m i n e d .

W h a t  t h e  e y e  s e e s  a s  a  f l a m e  e d g e  a t  t h e  l i m i t  o f  

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

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

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

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

f i n e d  b y

L =  f (p/R T)ds  ( 4 )
J  s

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

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

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

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

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

s t i t u t i n g  t h e  e x p r e s s i o n  f o r  p t h u s  o b t a i n e d  i n t o  e q  4  

y i e l d s

L  =  2 A ' ( 1  +  I n  Ro/r0) ( 5 )

w h e r e  R 0 i s  t h e  r a d i u s  o f  t h e  r e a c t i o n  a n d  A '  i s  d e t e r 

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

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

i n g  v i s i b l e  p r e s s u r e  o f  s o d i u m ,  v a l u e s  o f  L  w e r e  1 2 . 8 9  X  

1 0 ~ 14 a n d ,  w i t h  i m p r o v e d  b a c k g r o u n d  c o n d i t i o n s ,  5 . 9 8  

X  1 0 - 1 4  a n d  6 . 4 8  X  1 0 - 1 4  m o l e / c m 2, n u m e r i c a l l y  i n  

c l o s e  a g r e e m e n t  w i t h  v a l u e s  o b t a i n e d  p r e v i o u s l y . 7’ 14

E q u a t i o n  6  i s  n o t  a n a l y t i c a l l y  i n t e g r a b l e .  R e e d  a n d  

R a b i n o v i t c h 7 i n t e g r a t e d  ( 6 )  g r a p h i c a l l y  a n d  p l o t t e d  t h e  

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

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

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

I n t r o d u c i n g  a  r e d u c e d  v a r i a b l e ,  x  =  r/R  a n d  d e f i n i n g  

(3 =  R 0/R, t h e  i n t e g r a l  b e c o m e s

I  =
r?  e x p  {—CRx)J, (7)

F o r  t h e  c a s e  o f  a  l a r g e  r e a c t o r , 21 R 0 i s  v e r y  l a r g e  a n d  (J 

— od . E q u a t i o n  7  t h e n  h a s  t h e  s o l u t i o n

I  =  Ko{CR)  =  tt/ 2  iH ^ { iC R )  ( 8 )

w h e r e  K 0{CR)  i s  a  z e r o - o r d e r  B e s s e l  f u n c t i o n  o f  t h e  

t h i r d  t y p e  w i t h  t a b u l a t e d  v a l u e s  b y  W a t s o n , 22 a n d  

iH 0(1 )( iC R )  i s  a  H a n k e l  f u n c t i o n . 23

I n  t h e  p r e s e n t  w o r k ,  i t  w a s  f e l t  t h a t  t h e  a p p r o x i m a 

t i o n  o f  /3 =  co w a s  n o t  a  g o o d  o n e  a n d  a  b e t t e r  a p 

p r o x i m a t i o n  w a s  s o u g h t .  E q u a t i o n  7  m a y  b e  w r i t t e n

I  =
e x p  ( — CRx)

I --------------------r r u d a ;
J  i  ( z 2 -  1 )  A

T ”  e x p ( —  Cr)
J r, ( r 2 -  Æ 2) ‘ A

(9)

T h e  f i r s t  t e r m  o n  t h e  r i g h t - h a n d  s i d e  o f  ( 9 )  h a s  t h e  s o l u 

t i o n  ( 8 ) .  F o r  t h e  s e c o n d  t e r m ,  w e  l e t  ( r 2 —  R 2) 1̂  =  r 
s i n  6  a n d  t h e  f o l l o w i n g  i n e q u a l i t i e s  h o l d ,  s i n c e  t h e  

m a x i m u m  v a l u e  o f  s i n  6  =  1

rJ  cup
e x p  ( — Cr)

Vw
d ( C V )  < X

e x p (  —  Cr) 
cr,s Cr  s i n  6

d  ( C r )  =

X
e x p (  —  Cs) s i n  6

Cs
d  ( O s )  <

XCRW*-!)1/*
e x p  (—Cs)

c i
d  (Cs) ( 1 0 )

T h e  e x t r e m e  t e r m s  o f  ( 1 0 )  a r e  e x p o n e n t i a l  i n t e g r a l s  

w i t h  v a l u e s  t a b u l a t e d  i n  J a h n k e  a n d  E m d e ,  h e n c e

(21) D . G arvin , P . P . G w yn n , and J. W . M osk ow itz , Can. J . Chem., 
38 , 1795 (1960),
(22) G . N . W atson , “ A  T reatise  on  th e  T h e o ry  o f  Bessel F u n ction s ,”  
2nd ed, T h e  M a cM illa n  C o ., N ew  Y o rk , N . Y .,  1944.
(23) E . Jahnke and F . E m de, “ T ab les  o f F un ctions w ith  Form ulae 
and C urves,”  4th  ed, D o v e r  P ublications, In c ., N ew  Y o rk , N . Y ., 
1945.

V olum e 70 , N um ber 10 October 1966



3100 E. M. N e m e t h  a n d  J. F. R e e d

Table I : Calculated Rate Constants and Activation Energies

Reactant
No. of 

runs T, °K
k X 10", 

cm 3/m ole  sec Z k/Z kcal/m ole

Ethyl alcohol 9 572 60.4 ±  13.5 2464 1/40.8 4.2 ±  0.3
n-Propyl alcohol 9 576 6.2 ± 1 .0 2796 1/450.2 7.0 ±  0.2
Isopropyl alcohol 9 568 25.0 ±  9.0 2843 1/113.8 5.3 ±  0.5

— E i( - C R ß )  <
f ,

e x p (-C r )
dr <

m (r2 -  R 2)v
—E i [ —C R(ß 2 D1/!] (ID

T h e  t r u e  v a l u e  o f  t h e  i n t e g r a l  f r o m  R 0 t o  i n f i n i t y  i s  

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

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

a n  u p p e r  l i m i t .  S i n c e  s  =  r w h e n  s  »  R 0, t h i s  a p p r o x i 

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

t h i s  t r e a t m e n t .

A  i s  g i v e n  b y 6

. p%r02 exp(CV0) . ,
A  ‘  4 R T D (l  +  C r ) .  ‘  '

A v e r y  g o o d  a p p r o x i m a t i o n  i s  e x p ( O 0) / ( l  +  Cr0) =  1 .  

F o r  C  =  4  c m - 1 , l a r g e r  t h a n  a n y  v a l u e  a p p l i c a b l e  t o  t h i s  

w o r k ,  a n d  w i t h  r0 =  0 . 0 8  c m ,  e x p ( C V 0) / ( l  +  Cr0) =
1 . 0 0 4 .  W i t h  t h i s  a p p r o x i m a t i o n ,  w e  d e f i n e

_  y * v t ,n 2 
~  ARTD

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

H e l l e r 3 a s  m o d i f i e d  b y  R e e d  a n d  R a b i n o v i t c h 6 w o u l d  i n 

c r e a s e  k b y  l e s s  t h a n  9 % ,  w h i c h  i s  l e s s  t h a n  t h e  u n c e r 

t a i n t y  i n  k. T h e  c o r r e c t i o n ,  d u e  t o  C v e t a n o v i c  a n d  

L e R o y , 4 b a s e d  o n  a  t w o - p o i n t  b o u n d a r y  m o d e l  m a y  b e  

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

r a t e  c o n s t a n t  b y  a l m o s t  3 0 %  f o r  t h e  s y s t e m s  s t u d i e d  i n  

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

e n e r g i e s  o f  a b o u t  0 . 2  k c a l / m o l e  f o r  t h e  e t h a n o l  a n d  0 . 3  

k c a l / m o l e  f o r  t h e  p r o p a n o l s .

D i s c u s s i o n

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

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

a c e t a l d e h y d e ,  m e t h a n e ,  a n d  e t h y l e n e .  T h e r e  a r e  

m i n o r  a m o u n t s  o f  o t h e r  p r o d u c t s  w h o s e  i d e n t i t y  i s  d i f 

f i c u l t  t o  e s t a b l i s h  u n i q u e l y  f r o m  t h e  m a s s  s p e c t r a .  W e  

f i r s t  s t a t e  a  m e c h a n i s m  c o n s i s t e n t  w i t h  t h e  p r o d u c t  

a n a l y s i s  a n d  w i t h  t h e r m o c h e m i s t r y .

T h e  p r i m a r y  r e a c t i o n  o f  s o d i u m  w i t h  e t h a n o l  i s  t h e  

d i s p l a c e m e n t  o f  h y d r o g e n  a t o m

w h i c h  i s  a  c a l c u l a b l e  q u a n t i t y .  T h u s ,  t w o  c a s e s  e x i s t .

L / A '  <  iH0n)(iCR) +  ( 2 / tt)Ei(-CR(3) ( 1 3 a )  

L / A '  >  iHo(l)(iCR)  +  {2 /-K )E i{-C R (fi2 -  1 ) V :)

( 1 3 b )

T h e  r i g h t - h a n d  s i d e s  o f  ( 1 3 a )  a n d  ( 1 3 b )  a r e  g r a p h e d  vs. 
C R  f o r  c o n s t a n t  v a l u e s  o f  ¡3 a n d  u s i n g  t h e  v a l u e s  o f  C  
t h u s  o b t a i n e d ,  fcm ax a n d  fcm in  w e r e  c a l c u l a t e d .  T h e  

v a l u e  o f  k u s e d  w a s  t h e  a v e r a g e  o f  t h e  t w o . 24 25

V a l u e s  o f  k w i t h  g r e a t e r  t h a n  t w i c e  t h e  a v e r a g e  d e v i a 

t i o n  w e r e  n o t  u s e d .  I n  T a b l e  I ,  t h e  a v e r a g e  v a l u e  o f  k 
i s  g i v e n  w i t h  t h e  a v e r a g e  d e v i a t i o n  a n d  t h e  r e a c t i o n  

t e m p e r a t u r e .  Z,  t h e  c o l l i s i o n  n u m b e r  w a s  c a l c u l a t e d  

f r o m  k i n e t i c  t h e o r y .  T h e  c o l l i s i o n  d i a m e t e r  w a s  t a k e n  

a s  2 . 5 0  A  f o r  s o d i u m ,  t a k e n  f r o m  L a n d o l t - B o m s t e i n 16 

f o r  e t h a n o l ,  a n d  c a l c u l a t e d  f r o m  v i s c o s i t y  d a t a  o f  

N e m e t h  a n d  R e e d 18 f o r  t h e  p r o p a n o l s .  T a b l e  I  a l s o  

g i v e s  k/Z, t h e  c o l l i s i o n  y i e l d ,  a n d  t h e  c a l c u l a t e d  a c t i v a 

t i o n  e n e r g y ,  A aat, a s s u m i n g  a  s t e r i c  f a c t o r  o f  u n i t y .

T h e  i n t e g r a t e d  i n t e n s i t y  m o d e l  d o e s  n o t  a c c o u n t  f o r  

t h e  d e p l e t i o n  o f  a t m o s p h e r e  r e a c t a n t  i n  t h e  f l a m e  a n d  i t  

w o u l d  b e  d i f f i c u l t  t o  i n c o r p o r a t e  t h e  c o r r e c t i o n  i n t e 

N a  +  C 2H 6O H  C 2H 6O N a  +  H  ( a )

O t h e r  c o n c e i v a b l e  p r i m a r y  r e a c t i o n s  m i g h t  i n c l u d e  t h e  

a b s t r a c t i o n  o f  O H - f o r m i n g  e t h y l  r a d i c a l  o r  t h e  a b 

s t r a c t i o n  o f  h y d r o g e n  a t o m  f o r m i n g  s o d i u m  h y d r i d e  

a n d  e t h o x y  r a d i c a l .  F o r  t h o s e  p r o c e s s e s ,  w e  e s t i m a t e  

e n d o t h e r m i c i t i e s  o f  4 4  t o  5 3  k c a l ,  r e s p e c t i v e l y ,  a n d  

t h e r e f o r e  c o n s i d e r  t h e m  u n l i k e l y .  F u r t h e r ,  t o  e s 

t a b l i s h  t h a t  e t h y l  r a d i c a l s  a r e  n o t  p r o d u c e d ,  w e  s t u d i e d  

t h e  p r o d u c t s  o f  t h e  r e a c t i o n  o f  s o d i u m  w i t h  e t h y l  

b r o m i d e ,  a  p r o c e s s  k n o w n  t o  p r o d u c e  e t h y l  r a d i c a l . 26 

W e  f o u n d  o n l y  t h e  e x p e c t e d  p r o d u c t s  e t h y l e n e  a n d  

e t h a n e  i n  r a t i o  2 : 3  a n d  b u t a n e ,  t h e  l a t t e r  t w o  b e i n g  a b 

s e n t  f r o m  t h e  p r o d u c t s  o f  t h e  r e a c t i o n  o f  s o d i u m  a n d  

e t h a n o l .

A  p r i m a r y  r e a c t i o n  o f  s o d i u m  d i m e r s  w i t h  a l c o h o l ,  

a l t h o u g h  e n e r g e t i c a l l y  f a v o r a b l e ,  w a s  c o n s i d e r e d  u n 

l i k e l y .  D i m e r s  a r e  a  s m a l l  f r a c t i o n  o f  t h e  s o d i u m

(24) A  later com p u ter  result program m ed for  the  I B M  7090 sh ow ed  
th at C R  ca lcu lated  as the m ean o f th e  u p p er and  low er b ou n d s 
d evia ted  b y  less than  2 %  from  the value ob ta in ed  from  a g raph  
m ade from  the com p uter calculations.
(25) A . O , A llen  and C . E . H . B aw n, Trans. F araday S oc., 34 , 463
(1938).
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v a p o r .  O b s e r v a t i o n  o f  t h e  f i n i t e  f l u o r e s c e n c e  f l a m e  i s  

d u e  t o  d i s a p p e a r a n c e  o f  m o n o m e r  a n d  i f  t h e  p r i m a r y  

p r o c e s s  i n v o l v e s  d i m e r s ,  t h e  d i m e r s  m u s t  d i m i n i s h  t h e  

m o n o m e r  c o n c e n t r a t i o n  b y  d i m e r i z a t i o n .  T o  s u s t a i n  

t h e  r a t e ,  t h e  p r o c e s s  w o u l d  e s s e n t i a l l y  b e c o m e  t h i r d  

o r d e r ,  a n d  w e  c o n s i d e r e d  t h i s  u n l i k e l y  a t  t h e s e  l o w  p r e s 

s u r e s .

A t  t h e  t e m p e r a t u r e  a t  w h i c h  t h e s e  s t u d i e s  w e r e  c o n 

d u c t e d ,  t h e  s o d i u m  e t h y l a t e  s h o u l d  d e c o m p o s e .  W e  

s t u d i e d  t h i s  p r o c e s s  s e p a r a t e l y  a n d  i d e n t i f i e d  t h e  p r o d 

u c t s  a s  c o m m o n  t o  t h o s e  o f  t h e  r e a c t i o n  o f  s o d i u m  w i t h  

e t h a n o l ,  n o t a b l y  h y d r o g e n  a n d  e t h y l e n e ,  a n d  i n  a g r e e 

m e n t  w i t h  t h e  r e s u l t s  r e p o r t e d  b y  H u r d .26
B a r n a r d  a n d  H u g h e s 27 s t u d i e d  t h e  p y r o l y s i s  o f  e t h a 

n o l  a n d  c o n c l u d e d  t h e  c h a i n - c a r r y i n g  p r o c e s s  w a s  t h e  

a b s t r a c t i o n  o f  h y d r o g e n  b y  h y d r o g e n  a t o m  l e a v i n g  

h y d r o x y  e t h y l  r a d i c a l  w h i c h  f u r t h e r  d e c o m p o s e d  i n t o  

a c e t a l d e h y d e  a n d  h y d r o g e n  a t o m  o r  a  p o l y m e r i c  s u b 

s t a n c e .  B a r n a r d 28 f o u n d  t h a t  i n  t h e  p y r o l y s e s  o f  t h e  

p r o p a n o l s ,  h y d r o g e n  a t o m  a b s t r a c t i o n  o f  a n  a l k y l  h y 

d r o g e n  f r o m  t h e  a l c o h o l  w a s  t h e  c h a i n - c a r r y i n g  s t e p .  

H y d r o g e n  a t o m  f r o m  t h e  p r i m a r y  p r o c e s s  ( a )  w o u l d  

t h e r e f o r e  b e  e x p e c t e d  t o  r e a c t  f u r t h e r  b y  a b s t r a c t i n g  

h y d r o g e n  f r o m  e t h a n o l  s t a r t i n g  a  c h a i n .

H  +  C 2H 6O H  — >  C 2H 4O H  +  H 2 ( b )

C 2H 4O H  — >  C 2H 3O H  +  H  ( c )

C 2H 3O H  — ► C H 3C H O  — ^  C H 4 +  C O  ( d )

2 H  +  M  — >  H 2 +  M  ( e )

T h e  p o s t u l a t e d  m e c h a n i s m  i s  i n  a c c o r d  w i t h  t h e  

n a t u r e  o f  t h e  p r o d u c t s  f o u n d .  F u r t h e r ,  t h a t  t h e  h y 

d r o x y l  h y d r o g e n  r e m a i n s  e s s e n t i a l l y  i n t a c t  i n  t h e  r a d i c a l  

C 2H 4O H  i s  b o r n e  o u t  b y  o u r  s t u d y  o f  t h e  r e a c t i o n  o f  

s o d i u m  w i t h  C 2H 6O D ,  t h e  p r o d u c t s  o f  w h i c h  i n d i c a t e  

t h a t  t h e  d e u t e r i u m  i s  f o u n d  n o t  i n  e l e m e n t a r y  h y d r o g e n  

b u t  r a t h e r  i n  t h e  a c e t a l d e h y d e  a n d  m e t h a n e .

T h e  r a d i c a l  d e s i g n a t e d  C 2H 4O H  m i g h t  b e  e i t h e r  

• C H 2C H 2O H  o r  C H 3C H O H ,  t h e  l a t t e r  h a v i n g  a  h e a t  

o f  f o r m a t i o n  o f  — 1 6  k c a l / m o l e .29 I f  i n d e e d  t h i s  i s  t h e  

r a d i c a l  p r o d u c e d ,  a s  s e e m s  l i k e l y  f r o m  o t h e r  p r o p e r t i e s ,30 
t h e  t h e r m o c h e m i s t r y  o f  a l l  t h e s e  r a d i c a l  r e a c t i o n s  c a n  

b e  e v a l u a t e d  f r o m  k n o w n  h e a t s  o f  f o r m a t i o n .31

H  +  C 2H 5O H  — >  C H 3C H O H  +  H 2 +  1 2  k c a l  ( b ' )

C H 3C H O H  • — *■  C H 3C H O  +  H  -  2 8 . 5  k c a l  ( o ' )

C H 3C H O  — >  C H 4 +  C O  +  4 . 6  k c a l  ( d ' )

2 H  +  M  — >  H 2 +  M  +  1 0 4  k c a l  ( e ' )

T h e  h e a t s  o f  t h e s e  r e a c t i o n s  a r e  c o n s i s t e n t  w i t h  r a d i c a l  

r e a c t i o n s  e s t a b l i s h i n g  a  c h a i n  p r o c e s s .  T h e  c h a i n  

l e n g t h  c a n n o t  b e  v e r y  l o n g  s i n c e  t h e  r a t i o  o f  a l c o h o l  t o

s o d i u m  f l o w  r a t e s  w a s  n o t  v e r y  g r e a t  a n d  a  s i g n i f i c a n t  

a m o u n t  o f  a l c o h o l  i s  f o u n d  u n r e a c t e d  w i t h  t h e  p r o d u c t s .  

T h i s  m i g h t  i n d i c a t e  t h a t  t h e  c h a i n  t e r m i n a t i o n  o c c u r s  

b e t w e e n  H -  a n d  C H 3C H O H .  A l t h o u g h  s o m e  o f  t h e  

a c e t a l d e h y d e  f o r m e d  f r o m  t h e  d e c o m p o s i t i o n  o f  t h e  

h y d r o x y  e t h y l  r a d i c a l  i n  s t e p  d  w o u l d  b e  s w e p t  o u t  o f  

t h e  r e a c t o r ,  e x p l a i n i n g  i t s  p r e s e n c e  i n  t h e  p r o d u c t s  

f o u n d  i n  t h e  c o l d  t r a p ,  a n  a p p r e c i a b l e  f r a c t i o n  o f  i t  

w o u l d  b e  e x p e c t e d  t o  u n d e r g o  d e c o m p o s i t i o n  i t s e l f .  

T h e  d e c o m p o s i t i o n  o f  a c e t a l d e h y d e  h a s  b e e n  s t u d i e d  

b o t h  b y  i t s e l f  a n d  i n  t h e  p r e s e n c e  o f  h y d r o g e n 32 a n d  

h y d r o g e n  a t o m s ,33 a n d  t h e  f i n a l  p r o d u c t s  o f  i t s  u n i -  

m o l e c u l a r  d e c o m p o s i t i o n  a n d  o f  i t s  r e a c t i o n  w i t h  h y d r o 

g e n  a t o m s  a r e  m e t h a n e ,  c a r b o n  m o n o x i d e ,  a n d  s m a l l  

a m o u n t s  o f  h y d r o g e n ,  a l s o  i n  a c c o r d  w i t h  o u r  p r o d u c t s .

T h e  c a l c u l a t e d  s p e c i f i c  r a t e  c o n s t a n t s  m i g h t  b e  i n  

e r r o r  d u e  t o  d e p l e t i o n  o f  a l c o h o l  f r o m  a  v a l u e  a s s u m e d  

c o n s t a n t  i n  t h e  f l a m e .  C o r r e c t i n g  t h e  r a t e  c o n s t a n t  b y  

t h e  m e t h o d  o f  C v e t a n o v i c  a n d  L e R o y ,7 u s i n g  a n  i n t e 

g r a t e d  i n t e n s i t y  f o r  a  b o u n d a r y  c o n d i t i o n ,  w a s  n o t  p r a c 

t i c a l .  M a k i n g  t h e  c o r r e c t i o n  u s i n g  t w o - p o i n t  b o u n d 

a r y  c o n d i t i o n s  i n d i c a t e s  t h e  r a t e  c o n s t a n t  s h o u l d  b e  i n 

c r e a s e d  b y  a b o u t  3 0 %  w i t h  a  c o n s e q u e n t  l o w e r i n g  o f  t h e  

a c t i v a t i o n  e n e r g y  b y  0 . 3  k c a l / m o l e .

F o r  t h e  r e a c t i o n  o f  s o d i u m  w i t h  p r o p a n o l s ,  a n a l y s i s  

o f  t h e  p r o d u c t s  w a s  n o t  a s  t h o r o u g h ,  b u t  f r o m  t h e i r  

n a t u r e ,  w e  a s s u m e  a  s i m i l a r  m e c h a n i s m  a n d  c a l c u l a t e  

a n  a c t i v a t i o n  e n e r g y  i n  t h e  s a m e  w a y  a s  f o r  e t h a n o l .

I t  c a n  b e  s e e n  f r o m  T a b l e  I  t h a t  t h e  r e a c t i v i t y  

t o w a r d  s o d i u m  i s  g r e a t e s t  f o r  e t h a n o l  a n d  t h a t  o f  i s o 

p r o p y l  a l c o h o l  i s  g r e a t e r  t h a n  t h a t  o f  n - p r o p y l  a l c o h o l ,  

p a r a l l e l i n g  t h e  v a l u e s  o f  Z ) ( R - O H ) .  T h e  a c t i v a t i o n  

e n e r g i e s  a r e  a p p r o x i m a t e l y  5 %  o f  t h e  d i s s o c i a t i o n  

e n e r g y  o f  t h e  b o n d  b r o k e n  a s  o n e  m i g h t  e x p e c t  f r o m  

H i r s c h f e l d e r ’ s  r u l e .34 T h e s e  r e a c t i o n s  a r e  n o t  a b 

s t r a c t i o n  p r o c e s s e s  a s  a r e  t h e  b u l k  o f  s o d i u m  d i f f u s i o n  

f l a m e  r e a c t i o n s ;  r a t h e r  t h e y  a r e  d i s p l a c e m e n t  r e a c t i o n s .

B y  s e t t i n g  t h e  a c t i v a t i o n  e n e r g y  o f  t h e  p r i m a r y  r e a c -

(26) C . D . H urd , “ P yrolysis o f C arbon  C o m p ou n d s,”  C hem ical 
C ata log  C o ., In c ., N ew  Y o rk , N . Y „  1929, p  192.
(27) J. A . B arnard  and H . W . D . H ughes, Trans. Faraday Soc., 56, 
55 (1960).
(28) J. A . B arnard  and H . W . D . H ughes, ibid., 56 , 64 (1960); 
J. A . B arnard, ibid., 56, 72 (1960).
(29) F . H . F ield  and J. L . Franklin , “ E lectron  Im p a ct  P h en om en a,”  
A ca d em ic  Press, In c ., N ew  Y ork , N . Y ., 1957, p 137.
(30) W . H . U rry, F . W . S tacey , E . S. H uyser, and O . O . Juveland, 
J. A m . Chem. Soc., 76 , 450 (1954).
(31) R . R . B ernecker and  F . A . L on g , J. P h ys. Chem., 65 , 1565 
(1961).
(32) C . J. M . F letcher and C . N . H inshelw ood , Trans. Faraday Soc., 
30 , 614 (1934).
(33) W . B . T rest, B . deB . D arw en t, and E . W . R . Steacie, J . Chem. 
P hys., 16, 353 (1948).
(34) J. H irschfelder, ibid., 9 , 645 (1941).
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Table II : Thermochemical Data, Kcal/Mole

H N a

Afff(R) 52.0 26.0
A-fff(RO) 9.0 13
ARf(ROH) -5 7 .8 -5 5 .4
ARf(RONa) -5 5 .4 (-5 1 )
D(RO-H) 119 120
D(RO-OH) 119 90
D(RO-Na) 90 (90)
D(R-ONa) 120 (90)
D(OR) 

This work.

102 (72)

■R-
CaHs CHjCHîCHî (CH,)îCH

25.4 22.1 16.8
- 8 .5 -1 2 .9 -1 8 .0

-5 6 .2 -6 2 .3 -6 5 .6
$ -7 8 .0 “ $ -8 1 .3 “ $ -8 6 .3 “

99.7 101.4 99.6
90.6 93.4 91.4

3:95.5“ ^94.4“ 3:94.3“
^116.4“ 3:116.3“ 3:116.1“

92.9 94.0 93.8

t i o n  e q u a l  t o  t h e  h e a t  o f  r e a c t i o n  a s  a n  u p p e r  l i m i t ,  w e  

m a y  e s t i m a t e  s o m e  t h e r m o c h e m i c a l  d a t a  f o r  g a s e o u s  

s o d i u m  c o m p o u n d s  w h i c h  a r e  o t h e r w i s e  s c a r c e  a n d  d i f 

f i c u l t  t o  o b t a i n .  C o m p a r a b l e  d a t a  f o r  h y d r o g e n  a n d  

s o d i u m  a n a l o g s  a r e  a l s o  g i v e n  i n  T a b l e  I I .  U n l e s s  

o t h e r w i s e  n o t e d ,  d a t a  a r e  t a k e n  f r o m  t h e  c o m p i l a t i o n  o f  

B e r n e c k e r  a n d  L o n g 31 o r  R o s s i n i . 35 36

T h a t  t h e  v a l u e  o f  t h e  b o n d  d i s s o c i a t i o n  e n e r g y  D ( R O -  

N a )  i s  l i k e l y  c l o s e  t o  t h e  v a l u e  i n  t h e  t a b l e ,  w h i c h  i s  a  

l o w e r  l i m i t ,  m a y  b e  i n f e r r e d  f r o m  t h e  c o r r e s p o n d i n g  

v a l u e  o f  D ( H O - N a )  f o r  w h i c h  t w o  d i f f e r e n t  a r g u m e n t s  

a r e  a v a i l a b l e .  U s i n g  A R rf ° ( N a O H , c )  =  1 0 2 . 0  k c a l /  

m o l e , 36 a n d  t h e  v a l u e  o f  t h e  h e a t  o f  s u b l i m a t i o n  t o  t h e  

m o n o m e r ,  4 6 . 8  ±  3  k c a l / m o l e , 36 g i v e s  ATIf ° ( N a O H , g )  

=  — 5 5 . 4  ±  3  k c a l / m o l e  a n d  c o n s e q u e n t l y ,  w i t h  

A R f ° ( N a )  =  2 6 . 0  k c a l / m o l e  a n d  A H f ° ( O H )  =  9 . 0  

k c a l / m o l e ,  D ( H O - N a )  =  9 0  ±  3  k c a l / m o l e .  B a w n  

a n d  E v a n s 12 a r g u e d  t o  a  l o w e r  l i m i t  o f  D ( N a - O )  = 7 2  

k c a l / m o l e  f r o m  t h e  a s s u m e d  t h e r m o n e u t r a l i t y  o f  t h e  

r e a c t i o n  N a  +  N 0 2 —  N a O  +  N O  w h i c h  w o u l d  m a k e  

A / / f ° ( N a O )  =  1 3  k c a l / m o l e  a n d  h e n c e ,  D ( N a O - H )  =  

1 2 0  k c a l / m o l e .  C o n v e r s e l y ,  i f  D ( N a O - H )  i s  t h e  s a m e  

a s  D ( H O - H ) ,  a n d  D ( O H )  =  1 0 2 ,  t h e n  D ( N a - O H )  =  

8 9  i n  a g r e e m e n t  w i t h  t h e  s t r o n g e r  e x p e r i m e n t a l  r e s u l t s  

o f  S c h o o n m a k e r  a n d  P o r t e r .

I t  i s  t o  b e  n o t e d  t h a t  D ( R O - H )  a p p e a r s  t o  b e  t h e  

s a m e  w h e t h e r  R  i s  N a  o r  H .  I f  t h i s  i s  a l s o  t r u e  f o r  

I ) ( R O - N a ) , t h e n  A H ° ( N a 20 , g )  =  — 5 1  k c a l / m o l e .  

A n  e s s e n t i a l l y  e q u i v a l e n t  a s s u m p t i o n  i s  t h a t  t h e  s e c o n d  

b o n d  i n  N a 20  i s  w e a k e r  t h a n  t h e  f i r s t  b y  t h e  s a m e  

a m o u n t  a s  i t  i s  i n  H 20 .

A  s u r p r i s i n g  r e s u l t  i s  t h e  v a l u e  o f  D ( R - O N a ) ,  w h e r e  

R  i s  a l k y l ,  b o t h  w i t h  r e g a r d  t o  i t s  c o n s t a n c y  a n d  m a g 

n i t u d e ,  w h i c h  i s  a l s o  a  l o w e r  l i m i t .  H o w e v e r ,  w e  n o t e  

t h a t  H ( R - O N a )  i s  c o n s i s t e n t l y  g r e a t e r  t h a n  D ( R - O )  

b y  a b o u t  2 0  k c a l  w h e t h e r  R  i s  a l k y l ,  H ,  o r  N a .

W e  a l s o  a t t e m p t e d  t h e  s t u d y  o f  t h e  r e a c t i o n  o f  

s o d i u m  v a p o r  w i t h  m e t h a n o l  a n d  t h e  b u t a n o l s .  I n  t h e  

c a s e  o f  t h e  f o r m e r ,  r e a c t i v i t y  w a s  s u c h  t h a t  t h e  p a r t i a l  

p r e s s u r e  o f  t h e  a l c o h o l  n e e d e d  w a s  t o o  l a r g e  f o r  a p p l i 

c a t i o n  o f  a  s i m p l e  e q u a t i o n  o f  c o n t i n u i t y .  W e  e s t i m a t e  

a n  a c t i v a t i o n  e n e r g y  i n  e x c e s s  o f  1 1  k c a l / m o l e .  I n  t h e  

c a s e  o f  t h e  b u t a n o l s ,  r e a c t i v i t y  w a s  l o w ,  f l a m e s  u n s t e a d y  

d u e  t o  i n s u f f i c i e n t  p a r t i a l  p r e s s u r e s  u n d e r  o u r  e x p e r i 

m e n t a l  c o n d i t i o n s .

(35) F . D . R ossin i, et dl., N ational B ureau o f S tandards C ircu lar 
500, U . S. G overn m en t P rin ting  Office, W ash in gton , D . C ., 1952.
(36) R . C . S choonm aker and R . F . P orter, ■/, Chem. P h ys ., 28 , 454 
(1958).
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P o t e n t i a l  o f  t h e  R u(II )-R u(III) C o u p l e 3103

T h e  P o t e n t i a l  o f  t h e  R u t h e n i u m ( I I ) - R u t h e n i u m ( I I I )  C o u p l e 1

by R . R . B uckley2 and E . E . M ercer

Departm ent o f  Chem istry, U niversity o f  South Carolina , Columbia, South Carolina 29208  
(.Received M arch 1̂ , 1966 )

T h e  p o t e n t i a l  o f  t h e  R u ( I I ) - R u ( I I I )  c o u p l e  h a s  b e e n  d e t e r m i n e d  b y  d i r e c t  m e a s u r e m e n t  

u s i n g  a  g l a s s  e l e c t r o d e  a s  a  r e f e r e n c e .  T h e  p o t e n t i a l  o f  t h e  c e l l  w a s  m e a s u r e d  a t  s e v e r a l  

t e m p e r a t u r e s  a n d  a t  s e v e r a l  i o n i c  s t r e n g t h s  a t  2 5 ° .  F r o m  t h e s e  d a t a  E °  =  — 0 . 2 4 8 7  v ,  

A G° =  5 . 7 4  k c a l / m o l e ,  A H °  =  — 1 0 . 1  k c a l / m o l e ,  a n d  A ,S 0 =  5 3  e u  a t  2 5 °  f o r  t h e  c e l l  

r e a c t i o n ,  R u 2 +  +  H+ =  R u 3 +  +  V2H2. A p p r o x i m a t e  v a l u e s  f o r  t h e  R u ( I I ) - R u ( I I I )  

c o u p l e  i n v o l v i n g  t h e  c h l o r i d e  c o m p l e x e s  a r e  a l s o  p r e s e n t e d .

T h e  c h e m i s t r y  o f  r u t h e n i u m  i n  a q u e o u s  s o l u t i o n  i s  

v e r y  c o m p l i c a t e d  b e c a u s e  o f  t h e  l a r g e  n u m b e r  o f  o x i d a 

t i o n  s t a t e s ,  c o m p l e x e s ,  a n d  p o l y m e r i c  s p e c i e s .  A  l a c k  

o f  k n o w l e d g e  o f  t h e  t h e r m o d y n a m i c s  o f  r e a c t i o n s  h a s  

r e s u l t e d  f r o m  t h i s  c o m p l e x i t y .  W i t h  t h e  i s o l a t i o n  o f  

t h e  m o n o m e r i c  a q u o  c o m p l e x  o f  r u t h e n i u m ( I I ) , 3 t h e  

p o s s i b i l i t y  o f  m e a s u r i n g  t h e  R u ( I I ) - R u ( I I I )  p o t e n t i a l  

w a s  a v a i l a b l e  i n  a  s o l u t i o n  w h e r e  t h e  s p e c i e s  o f  b o t h  

o x i d a t i o n  s t a t e s  o f  t h e  m e t a l  w e r e  w e l l  c h a r a c t e r i z e d .  

A  n u m b e r  o f  v a l u e s  f o r  t h i s  c o u p l e  c a n  b e  f o u n d  o r  

c a l c u l a t e d  f r o m  d a t a  p r e s e n t e d  i n  t h e  l i t e r a t u r e .  H o w 

e v e r ,  i n  a l l  o f  t h e s e  c a s e s  t h e  a c t u a l  s p e c i e s  p r e s e n t  i n  

s o l u t i o n  w e r e  n o t  k n o w n  w i t h  c e r t a i n t y  o r  t h e  m e a s u r e 

m e n t s  w e r e  o f  v e r y  l o w  p r e c i s i o n ,  a n d  i n v o l v e d  a  n u m 

b e r  o f  a p p r o x i m a t i o n s .

B a c k h o u s e  a n d  D w y e r 4 5 m e a s u r e d  t h e  p o t e n t i a l  o f  

t h e  R u ( I I ) - R u ( I I I )  c o u p l e  i n  1 . 5  t o  6 . 8  M  h y d r o 

c h l o r i c  a c i d .  N o  a t t e m p t  t o  m a i n t a i n  c o n s t a n t  i o n i c  

s t r e n g t h  w a s  m a d e ,  n o r  w e r e  t h e  c o m p l e x e s  p r e s e n t  

k n o w n  w i t h  a n y  c e r t a i n t y .  T h e  E °  w h i c h  t h e y  c a l 

c u l a t e d  w a s  0 . 0 8 4  v . 6 F r o m  p o l a r o g r a p h i c  s t u d i e s  

o f  t h e  r e d u c t i o n  o f  R u ( I V )  m a d e  b y  A t w o o d 6 a n  a p 

p r o x i m a t e  v a l u e  f o r  t h e  R u ( I I ) - R u ( I I I )  c o u p l e  c a n  b e  

c a l c u l a t e d  t o  b e  0 . 0 6  v  i n  p e r c h l o r i c  a c i d  m e d i u m .  

H e r e  a l s o  t h e  s p e c i e s  p r e s e n t  i n  s o l u t i o n  w e r e  u n k n o w n ,  

b u t  t h e r e  w a s  a  h y d r o g e n  i o n  d e p e n d e n c e  o f  t h e  p o t e n 

t i a l  w h i c h  i n d i c a t e d  t h a t  h y d r o l y t i c  i o n s  w e r e  i n v o l v e d  

i n  t h e  e l e c t r o d e  r e a c t i o n .  E n d i c o t t  a n d  T a u b e 7 h a v e  

r e c e n t l y  r e p o r t e d  v a l u e s  o f  t h e  p o t e n t i a l  f o r  t h e  c o u p l e  

R u ( N H 3) 62 + - R u ( N H 3) 63 +  a s  — 0 . 2 4  v .  T h i s  m e a s u r e 

m e n t  d i d  i n v o l v e  t h e  e s t i m a t i o n  o f  r a t h e r  l a r g e  j u n c 

t i o n  p o t e n t i a l s .  S i n c e  t h e r e  i s  a  g r e a t  d e a l  o f  u n c e r 

t a i n t y  i n  t h e  p o t e n t i a l  o f  t h i s  c o u p l e ,  w e  h a v e  u n d e r 

t a k e n  i t s  m e a s u r e m e n t  i n  p - t o l u e n e s u l f o n i c  a c i d  s o l u 

t i o n s .  M o s t  o t h e r  n o n c o m p l e x i n g  a n i o n s  h a v e  b e e n  

f o u n d  t o  r e a c t  w i t h  t h e  u n c o m p l e x e d  r u t h e n i u m ( I I ) .  

A l l  m e a s u r e m e n t s  w e r e  m a d e  u s i n g  a  g l a s s  e l e c t r o d e  a s  

a  r e f e r e n c e  t c  e l i m i n a t e  t h e  n e e d  o f  c o r r e c t i n g  f o r  l i q u i d  

j u n c t i o n  p o t e n t i a l s .

Experim ental Section

Solutions. T h e  s o l u t i o n s  u s e d  i n  t h e  m e a s u r e m e n t s  

w e r e  p r e p a r e d  f r o m  p - t o l u e n e s u l f o n i c  a c i d  w h i c h  h a d  

b e e n  r e c r y s t a l l i z e d  f r o m  a n h y d r o u s  e t h e r .  T h e  r u -  

t h e n i u m ( I I )  s o l u t i o n s  w e r e  p r e p a r e d  a s  r e p o r t e d  p r e 

v i o u s l y . 3 T h e  r u t h e n i u m  ( I I I )  s o l u t i o n s  w e r e  m a d e  

e i t h e r  b y  a i r  o x i d a t i o n  o f  t h e  r u t h e n i u m ( I I )  s o l u t i o n s  

o r  b y  e l e c t r o l y t i c  o x i d a t i o n  o f  t h e  s a m e  s o l u t i o n s  a t  a  

c o n t r o l l e d  p o t e n t i a l  o f  0 . 1 0  v  vs. a  s a t u r a t e d  c a l o m e l  

e l e c t r o d e .  A l l  s o l u t i o n s  w e r e  m a d e  u s i n g  n o r m a l  

d i s t i l l e d  w a t e r  e x c e p t  i n  t h e  d i l u t i o n  s t u d i e s ,  w h e r e  i t  

w a s  n e c e s s a r y  t o  u s e  d e i o n i z e d  w a t e r .  A l l  s o l u t i o n s

(1) P resented  in  prelim inary  form  at the  S ou th ea st-S ou th w est 
R eg ion a l M eetin g  o f the A m erican  C hem ical S ociety , M em phis, 
T en n ., D e c  1965.
(2 ) P resented  in  partia l fu lfillm ent o f the  requirem ents o f  the  P h .D . 
degree, U niversity  o f South  C arolina, 1965. R ecip ien t o f  the  D u p on t 
T each in g  F ellow ship  for  the year 1963-1964 .
(3 ) E . E . M ercer  and  R . R . B u ck ley , Inorg . Chem., 4 , 1692 (1965).
(4) J. R . B ackhouse and F . P . D w yer, P roc. R oy . Soc., N . S. W ., 83, 
138, 146 (1949).
(5 ) A ll p otentia ls reported  here fo llow  the con ven tion s g iven  in 
“ O xidation  P oten tia ls ,”  b y  W . M . L atim er, P ren tice-H all, In c ., 
E n g lew ood  C liffs, N . J., 1952. A ll ha lf-reactions are w ritten  as 
ox idations, and coup les w ith  redu cin g  agents stronger than hydrogen  
have a p os itive  sign.
(6) D . K . A tw o o d , P h .D . T hesis, P urdue U n iversity , L a fa yette , 
In d ., 1960.
(7) J. F . E n d ico tt  and  H . T a u b e , Inorg . Chem., 4 , 437 (1965).
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w e r e  f r e e d  f r o m  d i s s o l v e d  o x y g e n  b y  p u r g i n g  t h e m  w i t h  

p u r i f i e d  n i t r o g e n  w h i c h  h a d  b e e n  s a t u r a t e d  w i t h  w a t e r  

v a p o r  b y  b u b b l i n g  i t  t h r o u g h  a  s o l u t i o n  o f  p - t o l u e n e -  

s u l f o n i c  a c i d .  R u t h e n i u m  a n a l y s e s  w e r e  p e r f o r m e d  a s  

r e p o r t e d  p r e v i o u s l y . 3

Apparatus. T h e  c o n t r o l l e d - p o t e n t i a l  c o u l o m e t e r  

u s e d  i n  a l l  e x p e r i m e n t s  w a s  d e s i g n e d  b y  P r o p s t . 8 T h e  

o p e r a t i o n  o f  t h e  c o u l o m e t e r  r e q u i r e d  t h e  u s e  o f  t h r e e  

e l e c t r o d e s ,  a  w o r k i n g  e l e c t r o d e ,  a  r e f e r e n c e  e l e c t r o d e ,  

a n d  a n  i s o l a t e d  e l e c t r o d e .  A n  e l e c t r o d e  m a d e  f r o m  a  

p i e c e  o f  0 . 0 5 - c m  g o l d  f o i l  1 c m  s q u a r e  w a s  u s e d  a s  t h e  

w o r k i n g  e l e c t r o d e .  B o t h  t h e  i s o l a t e d  a n d  r e f e r e n c e  

e l e c t r o d e s  w e r e  c o n n e c t e d  t o  t h e  s o l u t i o n  t h r o u g h  

s i l i c i c  a c i d  b r i d g e s ,  w h i c h  w e r e  m a d e  b y  a d d i t i o n  o f  

c o n c e n t r a t e d  s u l f u r i c  a c i d  t o  a  s a t u r a t e d  s o l u t i o n  o f  

s o d i u m  s i l i c a t e ,  f o l l o w e d  b y  - w a s h i n g  w i t h  d i s t i l l e d  

w a t e r  t o  r e m o v e  f r e e  e l e c t r o l y t e .  A  s a t u r a t e d  c a l o m e l  

e l e c t r o d e  s e r v e d  a s  t h e  r e f e r e n c e ,  a n d  t h e  i s o l a t e d  

e l e c t r o d e  w a s  a  s p i r a l  o f  p l a t i n u m  w i r e  i m m e r s e d  i n  

0 . 0 1  F  p - t o l u e n e s u l f o n i c  a c i d .  D u r i n g  a n  e l e c t r o l y s i s ,  

c u r r e n t  f l o w e d  o n l y  b e t w e e n  t h e  i s o l a t e d  a n d  w o r k i n g  

e l e c t r o d e s .

F o r  t h e  m e a s u r e m e n t  o f  t h e  c e l l  p o t e n t i a l ,  t h e  g o l d  

f o i l  e l e c t r o d e  w a s  u s e d  a s  t h e  i n d i c a t i n g  e l e c t r o d e ,  a n d  

a  B e c k m a n  G P  T y p e  4 1 2 5 2  g l a s s  e l e c t r o d e  s e r v e d  a s  a  

r e f e r e n c e .  T h e  s i l v e r - s i l v e r  c h l o r i d e  e l e c t r o d e s  u s e d  

t o  d e t e r m i n e  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  g l a s s  e l e c 

t r o d e  w e r e  p r e p a r e d  b y  a  m o d i f i c a t i o n  o f  t h e  m e t h o d  o f  

S h e d l o v s k y  a n d  M a c l n n e s . 9 S p i r a l s  o f  2 2 - g a u g e  

p l a t i n u m  w i r e  s e a l e d  i n t o  t h e  e n d  o f  6 - m m  g l a s s  t u b i n g  

w e r e  s i l v e r - p l a t e d  f r o m  a  c y a n i d e  b a t h  a t  a  c u r r e n t  o f  

2  m a  f o r  1 5  h r .  T h e  e l e c t r o d e s  w e r e  r i n s e d  w i t h  d i s 

t i l l e d  w a t e r ,  t h e n  a n o d i z e d  i n  0 . 1  F  h y d r o c h l o r i c  a c i d  

f o r  1 t o  2  h r  a t  a  c u r r e n t  o f  1 m a .  S e v e r a l  s u c h  e l e c 

t r o d e s  w e r e  c o n n e c t e d  t o g e t h e r  a f t e r  p r e p a r a t i o n  a n d  

a l l o w e d  t o  s t a n d  i n  0 . 1  F  h y d r o c h l o r i c  a c i d  f o r  1 w e e k .  

E l e c t r o d e s  p r e p a r e d  i n  t h i s  m a n n e r  w e r e  r e p r o d u c i b l e  

t o  b e t t e r  t h a n  0 . 2  m v .

C e l l  p o t e n t i a l s  w e r e  m e a s u r e d  t o  0 . 1  m v  u s i n g  a  

B e c k m a n  R e s e a r c h  M o d e l  p H  M e t e r .  S o l u t i o n s  w e r e  

c o n t a i n e d  i n  a  j a c k e t e d  2 . 5  X  8 - c m  c y l i n d r i c a l  P y r e x  

c o n t a i n e r  w i t h  a  T e f l o n  c a p .  F i v e  o p e n i n g s  i n  t h e  c a p  

s u p p o r t e d  t h e  g o l d ,  i s o l a t e d ,  c a l o m e l ,  a n d  g l a s s  e l e c 

t r o d e s ,  a n d  a  g a s  i n l e t  t u b e .  T h e  t e m p e r a t u r e  o f  t h i s  

v e s s e l  w a s  c o n t r o l l e d  b y  c i r c u l a t i o n  o f  w a t e r  t h e r m o -  

s t a t e d  t o  ± 0 . 0 1 °  t h r o u g h  t h e  o u t e r  j a c k e t .  N i t r o g e n  

w a s  b u b b l e d  t h r o u g h  t h e  s o l u t i o n  c o n t i n u o u s l y  d u r i n g  

a l l  e x p e r i m e n t s .  I t  w a s  v e r i f i e d  t h a t  t h e r e  w a s  n o  

d e t e c t a b l e  d i f f e r e n c e  i n  p o t e n t i a l  r e c o r d e d  i n  t h e  p r e s 

e n c e  o r  a b s e n c e  o f  t h e  g a s  p u r g e .  A l l  p o l a r o g r a m s  

w e r e  r e c o r d e d  o n  a  S a r g e n t  M o d e l  X V  P o l a r o g r a p h .

Procedure. 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  g l a s s

e l e c t r o d e  w a s  d e t e r m i n e d  i n  e i t h e r  0 . 1  o r  0 . 0 1  m h y 

d r o c h l o r i c  a c i d  b y  m e a s u r i n g  t h e  p o t e n t i a l  o f  t h e  c e l l

A g ,  A g C l | H C l ( m ) | g l a s s  ( 1 )

F r o m  t h e  N e r n s t  e q u a t i o n ,  t h e n

2iR T
E°3iass =  —A'ceii +  F °Ag/Agci — ~  In  ttHCl (2)r

V a l u e s  f o r  E °  A g/A gc i  a n d  a Hc i  w e r e  t a k e n  f r o m  t h e  

r e p o r t  b y  Z i e l e n . 10 T h e  s t a n d a r d  p o t e n t i a l s  o f  t h e  

s i l v e r - s i l v e r  c h l o r i d e  e l e c t r o d e  a t  o t h e r  t e m p e r a 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 e  d a t a  p r e s e n t e d  b y  H a r n e d  

a n d  O w e n . 11 I n  e a c h  e x p e r i m e n t  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  g l a s s  e l e c t r o d e  w a s  d e t e r m i n e d  b e f o r e  a n d  

a f t e r  t h e  m e a s u r e m e n t s  o f  t h e  c e l l  p o t e n t i a l s .  I n  a l l  

c a s e s  t h e s e  t w o  r e a d i n g s  a g r e e d  w i t h i n  0 . 1  m v .

T h e  e x p e r i m e n t s  i n  w h i c h  t h e  r a t i o  o f  R u ( I I I )  t o  

R u ( I I )  w a s  v a r i e d  w e r e  c o n d u c t e d  i n  t h e  f o l l o w i n g  

m a n n e r .  T e n  m i l l i l i t e r s  o f  0 . 1  F  p - t o l u e n e s u l f o n i c  

a c i d  w a s  p l a c e d  i n  t h e  c e l l ,  a n d  a l l  o f  t h e  e l e c t r o d e s  

a n d  t h e  g a s  b u b b l e r  w e r e  i n s e r t e d .  T h e  s o l u t i o n  w a s  

p u r g e d  f o r  3 0  m i n  w i t h  i n e r t  g a s  a n d  w a s  p r e r e d u c e d  

a t  — 0 . 5  v  vs. s e e .  F i v e  h u n d r e d  /¿I  o f  t h e  s t o c k  r u 

t h e n i u m  ( I I )  s o l u t i o n  i n  p - t o l u e n e s n l f o n i c  a c i d  w a s  

a d d e d  w i t h  a  p i p e t .  T h e  s o l u t i o n  w a s  a g a i n  r e d u c e d  

e l e c t r o l y t i c a l l y  a t  —  0 . 4  v  vs. s e e  t o  t h e  l i m i t i n g  c u r r e n t .  

T h e  p o l a r i t y  o f  t h e  e l e c t r o l y s i s  w a s  t h e n  r e v e r s e d ,  a n d  

m e a s u r e d  f r a c t i o n s  o f  t h e  r u t h e n i u m  w e r e  o x i d i z e d  t o  

t h e  + 3  o x i d a t i o n  s t a t e  a t  a  p o t e n t i a l  o f  0 . 1  v .  T h e  

e l e c t r o l y s i s  w a s  i n t e r r u p t e d  a t  i n t e r v a l s  o f  1 0 %  o f  t h e  

t o t a l  r u t h e n i u m  p r e s e n t  t o  o b t a i n  p o t e n t i a l  m e a s u r e 

m e n t s .  S t a b l e  r e a d i n g s  o f  t h e  c e l l  p o t e n t i a l  w e r e  o b 

t a i n e d  w i t h i n  3  t o  5  m i n  a f t e r  d i s c o n t i n u a t i o n  o f  t h e  

e l e c t r o l y s i s .

I n  t h e  d i l u t i o n  e x p e r i m e n t s ,  2 0 0  ¡A o f  a  s t o c k  r u t h e -  

n i u m ( I I )  s o l u t i o n  w a s  a d d e d  t o  2  m l  o f  d e a e r a t e d ,  p r e 

r e d u c e d  0 . 1  F  p - t o l u e n e s u l f o n i c  a c i d .  T h e  R u ( I I I )  

t o  R u ( I I )  r a t i o  w a s  a d j u s t e d  t o  u n i t y  b y  e l e c t r o l y t i c  

o x i d a t i o n .  T h e  s a m p l e  w a s  d i l u t e d  i n  i n c r e m e n t s  b y  

a d d i t i o n  o f  2  m l  o f  d e a e r a t e d ,  d e i o n i z e d  d i s t i l l e d  

w a t e r ,  o r  0 . 1  F  s o d i u m  p - t o l u e n e s u l f o n a t e .  T h e  p o t e n 

t i a l  o f  t h e  c e l l  w a s  d e t e r m i n e d  a f t e r  e a c h  d i l u t i o n .

R e s u l t s

Z i e l e n 10 h a s  s h o w n  t h a t  a  g l a s s  e l e c t r o d e  m a y  b e  u s e d  

a s  a  r e f e r e n c e  e l e c t r o d e  i n  m o s t  s o l u t i o n s  i f  a  c o r r e c t i o n

(8) R . E . P ropst, U . S. A E C  R ep ort, D P -79 8  (1963).
(9) T . S hed lovsk y  and D . A . M a cln n es , J. A m . Chem. Soc., 58 , 1970 
(1936).
(10) A . J. Zielen, J. P hys. Chem., 67, 1474 (1963).
(11) H . S. H arned  and B . B . O wen, “ T h e  P hysica l C h em istry  o f 
E lectro ly te  S o lu tion s,”  2nd ed , R e in h old  P ublish ing  C orp ., N ew  
Y o rk , N . Y „  1950.
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is made fo r a slow d r if t  of the potentia l w ith  time. In  
most cases th is d r if t  is very small, and was below the 
l im it  of detection in our experiments in  p-toluenesul- 
fonic acid. The duration of most of these experiments 
did not exceed 3 hr. The glass electrode offers a con
venient means of e lim inating liqu id  junction  potentials 
in  the determ ination of the emf of cells. Since the 
glass electrode responds in  a manner identical w ith  a 
hydrogen electrode, the potentia l of the cell

A u |R u 2 +(mi), R u 8 +(m2), H + (m 3)|glass (3) 

is given by the equation

R T
E cell =  E  Ru — E ° glass — In [aRu(III)/fflRu(II)iiH ]

r

(4)

The concentration dependence of the cell potentia l was 
tested at constant ionic strength fo r changes in  [Ru- 
( I I I ) ] ,  [R u ( II ) ] ,  and [H + ]. Some typ ica l data are 
presented in  Table I .  The slopes of the plots of E ceu +  
E ° glass vs. log [R u 3 + ] / [R u 2+][H  + ] a t a ll temperatures 
used were in agreement w ith  th a t given by the Nernst 
equation w ith in  experimental error. The form al 
potentials obtained a t an ionic strength of approxi
m ately 0 . 1  are summarized as a function of tempera
ture in  Table I I .

Table I : Some C e ll P o te n tia ls  M easu re d  a t  
H =  0.103 ±  0.002, T  =  25.40°

[Ru3+] X 
103

0 .2 45
0 .4 9 0
0 .7 36
0 .9 81
3 .0 7
2 .0 8  
1 .2 6  
0 .8 0

[Ru2+] X 
103

0 .9 81
0 .7 36
0 .4 9 0
0 .2 4 5
3 .0 7
2 .0 8  
1 .2 6  
0 .8 0

[H +] X 
102

9 .5 6
9 .5 3
9 .5 1
9 .4 8
4 .8 1
3 .2 6
1 .9 8
1 .2 5

— (Reell + 
E°gloss), V

0 .2 584
0 .2 818
0 .3 047
0 .3 308
0 .3 129
0 .3 217
0 .3 349
0 .3 489

- E °  f,
V

0 .2 337
0 .2 318
0 .2 338
0 .2 346
0 .2 349
0 .2 337
0.2341
0 .2 360

Table II : T h e  F o rm a l P o te n tia l fo r  th e  H a lf-R e a c tio n ,  
R u 2 + =  R u 3+ +  e _ , a t  C o n s ta n t Io n ic  S tre n g th ,
M =  0.103 ±  0.002

T,
No. of 

measure - E ° t ,
°C ments V

2 5 .4 0 15 0 .2 3 4 2  ±  0 .0008 '
2 5 .0 0 7 0 .2341  ±  0 .0 005
1 9 .40 7 0 .2 4 6 4  ±  0 .0 005
1 5 .00 7 0 .2 5 7 8  ±  0 .0 007

“  T h e  l im its  o f th e  u n c e r ta in ty  are 9 5 %  confidence leve l.

Large a c tiv ity  coefficient effects were expected to 
occur in  th is cell since the reaction involved h igh ly 
charged ions. In  an attem pt to obta in a value of E °  
a t in fin ite  d ilu tion , the cell potentia l was determined 
a t several d ifferent ionic strengths, a t 25°, and a fixed 
ratio  of ru th e n iu m (III)  to ru th en ium (II) of un ity . 
In  a ll of these measurements, however, the concentra
tion  of the acid was greater than 10- 2  M  to avoid the 
necessity of corrections fo r the hydrolysis of the metal 
cations. The form al potentials a t each ionic strength 
were calculated from  the experimental data, and are 
related to the standard oxidation potentia l by the ex
pression

E ° i  =  ¿?°Rt  — 0.05916 log { 7 ru(i i i ) / 7 ru(i i )7 h } (5)

The values of the 7 ’s were calculated from  the equation

log 7  =
-0 .5085z2v M 

1  +  0.3281a°VM
(6)

where z  is the charge of the ion, a °  is the effective d i
ameter of the hydrated ion in  angstroms, and ^  is the 
ionic strength. The values of a °  used fo r each ion were 
estimated from  sim ilar ions given by K ie lland . 1 2  For 
R u 3+ and H +  a °  was assumed to be 9, while a value of 
5 was used fo r R u2+. The standard oxidation potentia l 
of the electrode at each ionic strength is shown in 
Figure 1, and is independent of ionic strength well 
w ith in  experimental error. The extrapolated value of 
E °  RU was —0.2487 v.

From  the potentia l and the therm al coefficient of 
the cell, the fo llow ing values fo r the reaction

R u 2+ +  H +  =  R u 3+ +  y 2H 2 (7)

have been calculated a t 25°: AG °  =  5.74 ±  0.03 kca l/

F ig u re  1. T h e  s ta n d a rd  o x id a tio n  p o te n tia l as a fu n c tio n  o f 
io n ic  s tre n g th  a t  25°. E ° Ru was ca lcu la ted  us ing  eq 5 
and  6 in  th e  te x t.

(12) J. K ie lland , J. Am. Chem. Soc., 59, 1675 (1937).
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Table II : Torsion-Langmuir Sublimation Pressure 
for Barium Fluoride“

/  A F ° t  -  A H ° m \
T, \ T /  A H °298,

• K P ,  atm cal/deg kcal/mole

1445 1 .1 1  X  10~6 4 0 .0 5 90 .61
1470 1 .7 9  X  10~6 3 9 .9 0 9 0 .5 9
1492 2 .6 7  X  10~6 3 9 . 7 5 9 0 .5 2
1318 9 .7 2  X  10~7 4 0 .6 3 8 9 .9 0
1394 3 .6 5  X  IO "6 4 0 .31 9 0 .8 8
1425 7 .1 6  X  IO“ 6 4 0 .1 6 9 0 .7 8
1395 4 .1 1  X  IO“ « 4 0 .31 9 0 .61
1390 3 .3 3  X  1 0 -« 4 0 .3 4 9 0 .9 1
1331 1 .2 8  X  IO“ « 4 0 .5 9 8 9 .8 5
1347 1 .4 8  X  I O -6 4 0 .5 3 9 0 .5 2
1365 2 .0 9  X  10~8 4 0 .4 5 9 0 .6 8
1417 6 .0 9  X  IO "6 4 0 .2 0 9 0 .71
1365 2 .0 0  X  IO "« 4 0 .4 5 9 0 .7 4
1408 5 .0 6  X  10~ 6 4 0 .2 4 9 0 .7 8
1377 2 .5 3  X  IO "« 4 0 .4 0 9 0 .8 9
1430 9 .0 5  X  1 0 -* 4 0 .1 2 9 0 .3 7
1402 4 .9 3  X  10~ 6 4 0 .2 8 9 0 .4 5
1331 9 .0 0  X  IO“ 7 4 0 .5 9 9 0 .8 5
1328 8 .4 3  X  IO "7 4 0 .6 0 9 0 .8 3
1315 6 .2 7  X  IO“ 7 4 0 .6 5 9 0 .7 7
1345 1 .1 3  X  IO“ 6 4 0 .5 3 9 1 .1 1
1323 7 .2 0  X  I O - ’ 4 0 .6 2 9 0 .9 2
1340 1 .3 2  X  IO "« 4 0 .5 5 9 0 .3 8
1361 2 .0 6  X  1 0 -« 4 0 .4 8 9 0 .4 9
1350 1 .5 6  X  1 0 -« 4 0 .5 2 9 0 .5 6

Av = 90.62 ±  
0 .3 0

“ First 18 points with orifice set 4; last 7 points with orifice 
set 5.

±  1.8)/4.576] X  (103/ T )  +  7.22 ±  0.29 between 1315 
and 1492°K fo r the Langm uir experiment. The errors 
are the standard deviations from  least-squares fits.

The heats of sublimation of barium  fluoride at 
298°K  fo r the Knudsen and Langm uir data were cal
culated by both the second-law and th ird -law  methods. 
In  a ll calculations, BaF 2 was considered to  be the m ajor 
vapor species2 because therm odynam ic calculations 
indicate th a t the pressures produced by the reactions 
BaF 2 (s) +  C(s) =  BaF(g) +  C F(g), BaF 2 (s) +  C(s) =  
Ba(g) +  CF 2 (g), and BaF»(s) +  V 2C(s) =  BaF(g) +  
V 2CF 2 (g), would be several orders of magnitude below 
the observed pressures.

The same heat capacity equations and free-energy 
functions fo r solid barium  fluoride 20 and the same esti
mated heat capacity and free-energy functions fo r 
barium  fluoride gas2 1  were used in  calculating heats of 
sublimation as were used by Green, et al.,2 and by 
Bautis ta  and M argrave . 4 The free-energy functions 
used are expected to  be as reliable as can presently be

estimated 2 1  whether or not the BaF 2 (g) molecule is 
linear or bent as suggested by recent electric dipole 
studies . 1 9  The second-law treatm ent yielded AH ° MS 
=  88.78 ±  1.26 kca l/m ole  from  the Knudsen experi
ments and A i7°298 =  90.29 ±  1.81 kca l/m o le  from  the 
Langm uir experiments. The th ird -law  calculations 
fo r the 46 Knudsen measurements fo r which \/d  > 1 .0  
yielded A H ° 298 =  90.25 ±  0.28 kca l/m o le  and fo r the 
25 Langm uir measurements yielded A f f ° 298 =  90.62 
±  0.30. The indicated errors are the standard devia
tions. The free-energy functions could be in  error by 
enough to  contribute a 4 kcal error to  the calculated 
heats at 298°K ; however, the heat of sublim ation cal
culated by the th ird -law  method is probably correct 
to  w ith in  ± 3  kcal/m ole. Assuming a + 5 °  error a t the 
high end of measurements and a —5° error a t the lower 
end (correspondingly ± 1 0 %  errors in  pressures) 
yields an estimated maxim um  error of 2 . 8  kcal fo r the 
second-law calculation.

Brewer, et a l.2 1 concluded from  the early work of R u ff 
and LeBoucher1  th a t the heat of sublim ation of barium  
fluoride is about 8 8  kca l/m o le  a t 298°K. Green, et a l.,2 
in  the mass spectrometer study found A/ / ° 298 =  92.3 
kca l/m ole  by the th ird -law  method and A H ° 298 —
93.8 kca l/m o le  by the second-law method. Tors ion- 
effusion studies of H ildenbrand, et a l . ,3 y ie ld  A F ° 298 =
8 8 . 6  kcal when recalculated w ith  the same free-energy 
functions used by the other investigators. The Lang
m u ir measurements of Bautista  and M argrave 4 y ie ld  
A/ / ° 298 =  92.3 kca l/m ole  from  th ird -law  analysis and 
A i7 ° 298 =  94.7 kca l/m ole  by second-law analysis.

H ildenbrand and co-workers3 believe th e ir experi
mental results indicate th a t barium  fluoride is bent. 
We w ill not comment fu rthe r on th is po in t because the 
work of H ildenbrand, et al., is no t ye t published except 
in  company reports. The second- and th ird -law  
measurements of the present w ork agree w ell when 
Brewer’s2 1  free-energy functions are used. The second- 
law Knudsen measurements should be given greatest 
weight u n t il supporting thermochemical data fo r th ird - 
law calculations are better established.

Since the same free-energy functions were used by 
Green, et al.,2 by Bautista  and M argrave , 4 and by us 
and since the measurements were made in  approxi
m ate ly the same temperature ranges, the differences in  
calculated heats of sublimation at 298°K  reflect the 
systematic differences of approxim ately a factor of 2  in  
measured pressures and no t possible errors in  the free- 
energy functions. Mass spectrometer pressure measure

(20) K . K . K e lley , U . S. Bureau of M ines B u lle tin , 584, U . S. G overn
m en t P r in tin g  Office, W ashington, D . C., 1960, p 23.
(21) L . B rew er, G. Som ayaju lu, and E . B racke t, Chern. Rev., 63, 
111 (1963).
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ments are usually expected to  be uncertain by a factor 
of 2 or more. Presumably, i t  was in  recognition of the 
inherent uncerta in ty in  mass spectrometer measure
ments th a t Bautis ta  and M argrave did no t draw the 
conclusion from  the excellent agreement of the ir Lang
m u ir results fo r barium  fluoride w ith  mass spec
trom eter measurements in  the ir laboratory th a t a  =  1 .

Instead, they concluded from  comparison of the 
Langm uir data w ith  effusion measurements of other 
investigators th a t evaporation coefficients fo r alkaline 
earth halides probably generally lie  in  the range 0 . 1  

to 0.3. For barium  fluoride specifically, comparison of 
Bautista ’s results to  our effusion results would lead to 
the conclusion th a t the value of a  is about 0.5.

A  recent paper of Loehman, K ent, and M argrave 22 

does describe both Knudsen measurements (above the 
m elting point) and Langm uir measurements (below 
the m elting point) fo r stron tium  chloride. The Lang
m u ir experiments were performed on single crystals 
suspended in  the furnace. Extrapo lation of Knudsen 
data in to  the range below the m elting po in t clearly 
indicates an evaporation coefficient of 0.3 fo r the sojid.

Comparison of our own free-surface and effusion data 
fo r barium  fluoride yields a  =  0.9 ±  0.1. The relative  
error in  our measurements of free surface and effusion 
data probably should not exceed 1 0 %  because most 
sources of systematic error are common to  the free- 
surface and effusion measurements. The most prob

able source of serious error in  determ ination of a is a 
discrepancy between measured temperature and true 
temperature of the evaporating surface of a Langm uir 
sample. In  th is research the Langm uir specimens were 
mounted in  the same position as the orifices of the 
effusion cells in  a chamber of demonstrated uniform  
temperature. I f  the true value of a  were 0.5, our free- 
surface temperatures would have to  be approximately 
35° higher than the temperature inside an effusion cell 
placed in  the same positions in  order to account fo r the 
results presented in  th is  paper. A n  actual temperature 
difference of more than 5° is ve ry  unlike ly.

The 111 faces of the barium  fluoride surfaces re
mained smooth when examined a t 240 magnifications; 
surface roughening d id  not, therefore, sign ificantly in 
increase the effective rate of evaporation. The evapo
ra tion  coefficient fo r th is face of a barium  fluoride crystal 
is near u n ity  w ith in  a small probable experimental 
error, and the evaporation coefficients fo r other alkaline 
earth fluorides are probably also near un ity .

A ck n ow led gm en ts . We extend our thanks to  D r. 
Reuben Hammer and Professor Joseph Pask, who de
signed and constructed the apparatus used in  th is  re
search. This w ork was done under the auspices of the 
U. S. A tom ic Energy Commission.

(22) R . E . Loehman, R . A . K e n t, and J. L . M argrave , J. Chem. Eng. 
Data, 10, 296 (1965).
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The Study of Annélation Series of Benzenoid Hydrocarbons. I. The 

Influence of Annélation on the Changes of the Excitation Energy of the p Band

by Jaroslav K ou teck y ,- Petr H ochm an n , and M ilo s  Titz

Institute of Physical Chemistry, Czechoslovak Academy of Sciences, Prague, Czechoslovakia 
(.Received January 10, 1966)

For the group of 8 6  catacondensed and pericondensed benzenoid hydrocarbons, the theo
retical estimates of the excitation energy of the p band, calculated by the H iicke l method 
and by the semiempirical method of the lim ited  configuration interaction, as w ell as the 
experimental values of the same quantity , are p lo tted against the number of atoms of the 
respective molecules. In  the plots thus obtained, the influence of the topology and size of the 
molecules on the changes of the theoretical and experimental values of the p-band excitation 
energy may be traced. A  surprising s im ila r ity  of plots fo r the three quantities mentioned has 
been found, and the importance of the molecular topology as the molecule characteristics is 
shown. Approxim ate rules based on the d is tribu tion  of the “ nodal points”  in  the highest 
occupied molecular o rb ita l of the parent hydrocarbon have been derived, predicting the 
direction of the p-band sh ift w ith  benzene ring annélation.

Introduction

When comparing the differences in  energy of the 
lowest unoccupied and the highest occupied molecular 
o rb ita l in  H iicke l approximations (f?(N  —► V i))  w ith  
the experimental value of the excitation energy cor
responding to  the p band according to C la r’s classifica
tio n 2 (cexpti), a s ta tis tica lly  significant correlation is 
found fo r benzenoid hydrocarbons3 as well as fo r other 
types of hydrocarbons . 4 However, the dependence 
of texpti on E ( N  —*■ V i) shows a considerable scattering. 
This scattering is connected w ith  the decomposition 
of the dependence in  question in to  p a rtia l dependences 
fo r narrower structura l types. E .g ., the benzenoid 
hydrocarbons arising from  1,2-benzopyrene or 3,4- 
benzopyrene by a linear annelation, i .e . , hydrocarbons 
of the Pa[0,n] or P b[0 ,n ] type, respectively (see 
Table I) ,  show systematic deviations from  the regres
sion line of dependence eexpti on E (N  V i) (c/. Table
I I ) .  I f ,  however, the decomposition of the dependence 
in  s till finer subclasses is considered, the amount of 
in form ation  contained in  every dependence is lowered, 
which results in  a reduced pred ictab ility .

This is the reason w hy th is w ork has not been lim ited  
to the study of the dependence e0Xpti on E ( N  -*■ V i) 
as a superposition of pa rtia l dependences. The en

deavor has been made to  differentiate the influence of 
the size of the conjugated system from  the influence 
of its  topology. For hydrocarbons where the use of 
the conventional H iicke l method does no t depend on 
the choice of parameters, the m atrix  of the effective 
H am ilton ian  is identical w ith  the topological m a trix  
which represents in  a unique way the structu ra l 
fo rm ula  belonging to  the carbon skeleton of the molecule 
considered as an unweighted graph . 6 ' 6 The connection 
of the H iicke l eigenproblem w ith  the diagonalization 
of the topological m atrix  is very well know n . 7 - 9  I t  was 1 2 3 4 5 6 7 8

(1) D epa rtm en t of C hem is try , The John H opk ins  U n ive rs ity , B a lt i
more, M d . 21218.
(2) E . C la r, “ P o lycyc lic  H ydrocarbons,”  Academic Press In c ., N ew  
Y o rk , N . Y ., 1964.
(3) (a) A . S tre itw eiser, J r., “ M o lecu la r O rb ita l Th eo ry  fo r O rganic  
C hem ists,”  John W ile y  and Sons, Inc ., N ew  Y o rk , N . Y ., 1961; 
(b) J. K o u te ckÿ , J. Paldus, and R . Zahradnik , J. Chem. Phys., 36, 
3129 (1962).
(4) D . Meuche, K . Strauss, and E . H e ilb ronne r, Helv. Chim. Acta, 
41, 57, 414 (1958).
(5) C. Berge, "T h é o rie  des Graphes e t ses A p p lica tio n s ,”  D unod, 
Paris, 1958.
(6) J. Sedlâcek, “ K o m b in a to r ika  v  th e o rii a p ra x i,”  N a k la d a te ls tv i 
ÔSAV, Praha, 1964.
(7) M . M . G tln th a rd t and H . Prim as, Helv. Chim. Acta, 39, 1645 
(1956).
(8) K . Ruedenberg, J. Chem. Phys., 22, 1828 (1954).
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used also to  establish im portan t relationships between 
the H ückel and the one-dimensional free electron 
theory on one hand 9 1 0  and between the Hückel and 
valence-bond method on the other hand . 1 1  The reso
nance energies of the ^-electron systems were discussed 
recently in  terms of topological concepts . 1 2

Even i f  the importance of the topology is generally 
understood, the quan tita tive  aspects of the influence of 
the topology seem to be not fu lly  exhausted. There
fore, the dependence of the qua n tity  E  =  2e, where e 
designates the lowest eigenvalue in  the absolute sense 
(■e .g ., regardless the sign) of the topological m atrix, 
on the number of carbon atoms (N ) of the relevant 
hydrocarbon is studied. The firs t quantity , being a 
characteristic of the topological m atrix, is in  relation 
w ith  the graph representing the ir-electronic system, 
i .e ., w ith  the structura l fo rm ula  of the molecule. This 
q uan tity  represents the estimate of the lowest excita
tion  energy fo r a lternant hydrocarbons in  H ücke l’s 
scheme ( i .e . ,  E ( N  -*■ V i) =  E ) .  On the other hand, 
the number of carbon atoms m ay be considered as one 
of the possible size measures of the conjugated system. 
Another possible measure would be the number of 
benzene rings contained in  the hydrocarbon. This 
quantity , however, makes the comparison of catacon- 
densed and pericondensed hydrocarbons d ifficu lt.

In  the E - N  plots mentioned above, ind iv idua l points 
corresponding to the given annélation series are con
nected w ith  stra ight lines so th a t the influence of the 
size of the conjugated system on the qua n tity  E  in  a 
series of topologically s im ilar skeletons may be easily 
followed. A  sim ilar method has, in  principle, been 
applied by C lar to  the study of dependence of the in 
d iv idua l bands in  the u ltra v io le t spectrum of benzenoid 
hydrocarbons on the structure of the respective mole
cules. 2 Such a presentation is a generalization of the 
graphs in  which spectroscopic properties, either in  a 
series of linear polyacenes or in  the series of the hydro
carbons w ith  constant number of benzene rings, are 
p lo tted . 1 3 ’ 1 4

On the other hand, the E - N  graphs enable us to 
study the influence of the carbon skeleton topology on 
the qua n tity  E  fo r the fixed size of the molecule.

In  the selection of the annélation series of topologi
cally sim ilar carbon skeletons, the fo llow ing three modes 
of benzene ring attachm ent have been considered.

(1) The ring to  be annexed has one bond in  common 
w ith  the original system (catacondensation). The 
most im portan t p a rtia l case is the elongation of the 
existing stra ight chain of benzene rings fo llow ing the 
direction of th is chain : in  a word, the linear annélation. 
The transition  from  naphthalene to  anthracene or

from  phenanthrene to  tetraphene may serve as an 
example.

(2 ) The new system arises from  the original one 
through elongation of the linear chain of benzene rings 
by the addition of one benzene ring ; the linear chain 
in  question connects tw o characteristic and constant 
groups of benzene rings. This case is illustrated  by 
the transition  from  the skeleton H a [0 ] to  H a [ l] ,

(3) The annexed benzene ring has three neighboring 
bonds in  common w ith  the parent system (periconden- 
sation). The transition  from  phenanthrene to pyrene 
serves as an example.

The ind iv idua l points in  the E - N  plots belonging to 
d ifferent annelation series in  the above-defined sense 
are connected as mentioned above. These plots are 
then compared w ith  s im ilar p lots in  which the experi
mental value eexpti or the theoretical value of the p- 
transition  excitation energy (ep), calculated by the 
method of the lim ited  configuration in teraction (L C I), 
is given as the function of N .

T h e H ydrocarbons Studied and the M eth o d  U sed

Besides the plots mentioned in  which the qua n tity  
E  has been p lotted against N  (Figures la -5a ), the 
values of the excitation energy corresponding to the 
p band found experimentally (eexPu) (Figures lc -  
5c) and calculated by means of the L C I (ep) method 
(Figures lb -5 b ) have also been p lo tted against the 
number of atom N . The values E , ep, and eexpti are 
given in  electron volts. The value of the resonance 
integral /3, both in  H iicke l and L C I methods, is —2.318 
ev. Table I I  presents the parameters of the linear 
regression dependence €expti upon E  fo r d ifferent groups 
of studied molecules fo r which the experimental data 
were attainable.

The survey of molecules studied is given in  Table I.  
For the sake of a simple designation of hydrocarbons 
studied which form  the series in  the above-mentioned 
sense, the symbols defined in  Table I  d iffer from  the 
conventional chemical nomenclature. To  s im p lify  
the description of the plots, molecules are numbered 
as shown in  Table I.

The numerical values based on the energy of molecu
la r orbitals in  the H iicke l approximation have been

(9) K . Ruedenberg, J. Chem. Phys., 34, 1861, 1884 (1961).
(10) J. R . P la tt, “ Free E lec tron  T heory  of Conjugated M olecules,”  
John W ile y  and Sons, Inc ., N ew  Y o rk , N . Y ., 1964.
(11) E . H e ilb ronner, Helv. Chim. Acta. 45, 1722 (1962).
(12) R . A . M arcus, J. Chem. Phys., 43, 2643 (1965).
(13) Cf. W . M o ffit,  ibid., 22, 320 (1954).
(14) Cf. N . S. H am  and K . Ruedenberg, ib id., 25, 13 (1956).
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F ig u re  3. C u rv e  ca lcu la ted  fro m  curves in  F ig u res  1 and  2, 
acco rd ing  to  id e n t i ty  9.

was determined by a to ta l hydrolysis m ethod : 1 7  an 
a liquo t was d ilu ted about tenfold w ith  0.3 M  NaOH, 
le ft overnight at 40°, and d ilu ted  to a known volume 
w ith  1 M  phosphate buffer of pH  7.0. The nucleotide 
concentration in  the resulting solution was obtained 
by d iv id ing  its  O .D . 260 — O .D .290, measured in  1-cm 
cells, by i 26o — «2 » =  0.976 X  104 1. mole - 1  cm-1. 
The concentration of the poly A  solution was firs t de
term ined by the above method (tak ing  c26o — «2 so =
1.51 X  104 1. mole - 1  cm-1) and then made equal to 
th a t of the poly U  solution (0.0085 monomole/1.) 
by d ilu tion  w ith  0.2 M  KC1. These solutions were 
stored in  a deep freezer.

A p p a ra tu s . The TTA31 titra t io n  assembly, G202B 
glass electrode, K4112 saturated calomel electrode, 
and the p H  meter 4 were a ll Radiometer equipment. 
To  ensure exact delivery of the polym er solutions, the 
pipets were firs t silicone coated and calibrated. A lka li 
and acid were added by means of Agla m icrometer 
syringes.

P roced u re. A l l  experiments were carried ou t a t a 
temperature of 30.0 ±  0.1° and under an atmosphere 
of purified nitrogen. Calibrations were made against

Beckman buffer solutions of pH  7 and 10 and Radiom
eter buffer of pH  6.5. Differences in  readings before 
and after the t itra t io n  were found to  be w ith in  ±0.015 
pH  un it. T itra tio ns  w ith  0.07 M  N aO H  and 0.04 M  
HC1 were earned out on separate solutions of po ly  
A  and poly U  at in itia l concentrations of 0.00425 and 
0.00080 monomolar, and also on m ixtures w ith  the 
same in it ia l concentrations in  each of the polymers. 
Each solution underwent a “ forw ard”  t itra t io n  w ith  
a lkali, from  about pH  7 to 11.2, followed by a “ back”  
t itra t io n  w ith  acid. A  b lank solution, 0 . 2  M  KC1 
in  water, was carried through three sim ilar t itra t io n  
cycles in  succession.

M eth od  o f  C a lcu la tin g  D eg rees  o f  Io n iza tio n . The 
titra tio ns  which any solution has undergone are 
numbered consecutively in  the order: firs t fo r
ward-, firs t back-, second fo rw ard -titra tion , and so on. 
The fo llow ing notation is subsequently used: 
T B(or P 'i,NaOH(or h c i)j volume of t it ra n t which had 
been added to the solution (blank, or polym er solution, 
according to the superscript used) when a certain pH  
value was reached in  the course of the ith  t itra t io n ; 
To, in it ia l volume of the b lank solution ( it  is p ractica lly  
equal to the in itia l volume of the polym er solutions); 
M n c\ , M ' NaOH, m olarities of the t : (rants; the a lka li 
contains traces of carbonate which cause its  effective 
m olarity  to  depend on p H ; and n Fi ,h  +, wp2,h  +, numbers 
of moles H +  dissociated from  the polym er when a 
certain pH  has been reached in  the course of the forward 
and back titra tio n , respectively. ( I f  the polymer 
ionizes reversibly, then the two quantities are equal 
to each other.)

A ll of the solutions and titra n ts  were 0.2 M  in  KC1 
and the polymer concentrations were lower by a factor 
of about 40. I t  therefore seems plausible to  assume 
th a t fo r any given pH  value, the m o la rity  of O H - , 
Coh-, has the same value in  each so lu tion 1 5  and is 
given by

Coh- =  (T Bi,NaOHM'NaOH ~  T Bi,HCiAlHCl)/

(T o  +  T B j,NaOH +  T B i,HCl) 

=  ( T l':.N aOH -H , NaOIl _  ttPl ,H + ) / (T o  +  T ^l.N aO Ii) 

=  ( T P2,NaOH^7'NaOH ~  T P2,h c 1-HhC1 ~

n?  2 ,H+) / ( T o +  T P2,NaOH +  T P2,HCl) (11)

(The various expressions in  eq 11 yield, in  fact, the 
value of Coh - — Ch +, and in  a ll subsequent equations 
Coh- can be replaced accordingly. In  the alkaline 
pH  range, Ch + w ill indeed be negligible compared to  
Coh-.) Using the fact th a t i f  a/b =  c/d  then (a — c )/ * 285

(17) D . E lson, T . Gustafson, and E . C hargaff, J. B iol. Chem., 209,
285 (1954).

The Journal o f  P h ysica l Chem istry



Fkee Energy Change for the Reaction between Poly A and Poly U 3111

(b — d) =  a/b, and rearranging properly, we deduce 
the fo llow ing equalities from  eq 1 1  fo r any i  ^  j

( E B i,HCl — F B j ,H C l ) / ( E B i,NaOH ~  F Bj,NaOH) =

( M '  NaOH — Coh-)/(AT hci +  Coh-) —  Q(pH) ( 1 2 )

nPi,H+ =  (E Pl,NaOH — P El,NaOH)(df'NaOH _  CoH-)

(13)

and

WP2,H + =  ( P P2,NaOH — E Bl,NaOH) ( M 'NaOH ~

Coh-) — F P2 ,Hci(dfHci +  Coh-) (14)

The quan tity  Q (pH) is derived from  the blank t it ra 
tions (see eq 12) and M Hci is known. Hence, i f  (M 'nsoh 
— Coh-) in  eq 13 and 14 is replaced by (M Hci +  Coh-)' 
Q(pH), Coh- remains the on ly  q ua n tity  (on the righ t- 
hand side of these equations) which is not d irectly  
measurable; i t  usually constitutes a small increment 
to M r c \ and is calculated in  the fo llow ing way. The 
firs t quotient in  eq 1 1  is w ritten  fo r i  =  1  ( F Bi ,hci =  0 )

Coh- =  F Bl,NaOH-A/'NaOH/(Fo +  F Bl,NaOH) (15) 

Combining eq 12 and 15, we obtain 

Coh- =

fHHClQ(pH)FB1 ,NaOH/(Fo -  Q(pH) F®, ,Na0 H) (16)

A  comparison of experimental values of F p2 ,hci/  
(F p2lNaOH — F Pi,NaOH) w ith  those obtained fo r Q(pH) 
a t the same pH  values yields a check on the reversi
b il ity  of the polymer ion ization; the corresponding 
values are equal to each other i f  the ionization is re
versible, i .e . , i f  n v i ,h + =  wp2 ,h + (c/. eq 12, 13, and 14).

D iv is ion  of wPi ,h + and top2,h + by the to ta l number of 
moles A  or U  residues yields the corresponding degrees 
of ionization (for which a  is used as a general denota
tion).

The above method fo r calculating degrees of ioniza
tion  takes in to  account volume changes and carbonate 
traces in  the alkali. The method requires th a t the 
concentration of neutra l salt be constant throughout 
the titra t io n  and high as compared to  polym er and 
t it ra n t concentrations.

T reatm ent o f  E x p er im en ta l D a ta . The data ob
tained from  any t itra t io n  consist of volumes of titra n ts  
added and corresponding pH  values. For the blank, 
these data were p lo tted and the “ best”  smooth lines 
were drawn through the experimental points. These 
graphs served to  calculate Q(pH) (estimated error 
±0 .3 % ) and to read off F ’V nsoh a t pH  values th a t cor
respond to  experimental points in  the polym er t it ra 
tion, cf. eq 13 and 14. There are two main errors in  
F Bi,NaOH, the one due to  the uncerta in ty in  drawing the

aforementioned “ best”  line, and the other due to a pos
sible difference of ±0.01 between two pH  values con
sidered equal, the one measured in  a polym er solution 
and the other in  the blank solution. For the polymer 
titra tio n , each experimental po in t is converted in to  
the corresponding a, pH  pair of values. These pairs 
are p lotted and the “ best”  smooth line is drawn (see 
Figures 1 and 2). From  three such curves, correspond
ing to  poly A, po ly U, and po ly(A  +  U ), respectively, 
a curve of A a  vs. pH  is constructed; of. id e n tity  9 and 
Figure 3. The integral in  eq 10 is then evaluated 
graphically. In  calculating the error in  A a, care should 
be taken no t to overcount the errors in  Q (pH), in  poly
mer concentration (± 2 % ), and in  M s Ci ( ±  0.6%), 
which appear several times in  the course of the above 
calculations. Uncertainties in  p H  measurements con
tr ibu te  to  the error in  the u ltim ate  result, A/iexP, in  two 
ways (in addition to the error in  F Bi,NaOH mentioned 
previously).

(1) A n  estimated difference of ±0.015 p H  u n it 
m ay exist between two pH  values considered equal, 
the one measured in  a poly U  solution and the other in 
a po ly(A  +  U) solution. This means a possible shift, 
along the p H  axis, of the an curve, Figure 1, relative 
to  the «a+u curve, Figure 2. I t  is easy to  assess the 
effect of th is error on the value of the integral of eq 1 0 .

(2) The upper lim it  of the above integra l is th a t 
pH  fo r which A/xexP is u ltim a te ly  given, and an error 
of ±0.015 pH  u n it causes a corresponding error in  the 
value of th is integral, i .e . in  A/iexp. Since a ll the errors 
are assigned to A¿¿exp, the pH  values fo r which A/uexP is 
fina lly  given are to be considered correct.

R esults and D iscussion

The titra t io n  curves of po ly A, po ly U, and of the ir 
1:1 m ixture  are given in  Figures 1 and 2 . The curve 
in  Figure 3 is constructed from  the form er curves 
according to ide n tity  9. Figure 4 gives A/uexP as a 
function of p H ; i t  is obtained by in tegra ting the curve 
of Figure 3 according to  eq 10, tak ing  p H *  =  10.05. 
Calculations of degrees of ionization and of errors in 
AjuexP are described in  the Experim ental Section.

The significance of A/^xp is now investigated, as
suming at firs t th a t po ly A  and po ly U  are monodisperse, 
of the same degree of polymerization, v, and th a t every 
poly (A +  U) molecule contains jus t one poly A  and one 
poly U  chain. These assumptions are expressed by 
rew riting  reaction 1  as

A , +  U , ^  (A +  U )r (17)

In  a monodisperse system, i t  is natura l to  define 
quantities in  terms of polymeric molecules rather than 
in  terms of monomeric residues. Hence, the chemical
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Figure 4. Free energy change for the reaction between poly A 
and poly U in 0.2 M  KC1 and 30° as a function of pH.
Vertical lines represent experimental errors.

potentia l is now defined as the partia l derivative of 
the free energy w ith  respect to the number of moles of 
'polym eric molecules, and is related to p x  of eq 2  by

m(X „) =  vp x  (18)

S im ilarly, the concentration of X  is expressed in  moles 
of X  per u n it volume and denoted by C.

The chemical potentia l /n(X„) can be w ritten  as

m(X „) =  p ° ( X y) +  R T  In C  +  R T  In y  (19)

The standard chemical potentia l m°(X„) depends on 
the chemical potentials of the solvent components 
(including the counterions of X „) and when these are 
held constant, y  tends to u n ity  as C  tends to  zero. 
A n tic ipa ting  th a t under appropriate conditions R T  
In 7  can be om itted from  eq 19, we w rite

Px =  r - V ( X , )  +  R T  In C] (20)

fo r X  equal to either A , U, or A  +  U. B y  eq 3 and 20 

A p ( p H )  =  A p w  s  r “ V [ ( A  +  U ) v] -

m°(A„) -  M°(U„) -  R T  In C} (2 1 )

When v is sufficiently large and C  not too low, the 
q ua n tity  Apw is expected to become practica lly  
equal to a lim itin g  value, Am(co), which is independent of 
both v and C , and which plays a central role in  the 
statistical thermodynamic treatments of the poly- 
(A  +  U ) molecule (c/. Appendix ) . 18  In  th is  case, eq 
4 and 21 yield

A /ie x p  £ £  A M ( p H )  S  A m (co ) ( 2 2 )

This relation is expected to hold also fo r a polydisperse 
system, provided all its molecules are of suffic iently 
high degrees of polymerization.

The omission of the A T  In 7  te rm  from  eq 19 implies 
the neglect of nonspecific interactions between d ifferent 
macromolecules, i .e ., of a ll interactions other than  those 
involved in  reaction 17. The value of In 7  can be ob
tained from  ligh t scattering measurements which, 
in  view of the definitions of m°(X„) and 7  in  eq 19, 
should be carried out at constant chemical potentia ls 
of a ll the solvent components . 1 9  The second v ir ia l 
coefficient 2 I 2 obtained from  such measurements can be 
related to  In 7  by using the G ibbs-Duhem  re lation 
(eq 6  in  ref 19) and neglecting higher v ir ia l coefficients

In 7  =  2r312c (23)

where c  is the monomolar polymer concentration. For 
the helical p o ly (A  +  U ), In 7  was estimated as 1.5 X  
10“ 4 v, by taking Sl2 =  1.5 X  10- 2  1. (mole of nucleo
tide pa irs)-1— the value obtained 20 fo r sonicated D N A  
of about 700 nucleotide pairs per molecule, in  0 . 2  M  
N aC l— and c =  5 X  10- 3  (mole (A  +  U ) pairs) l . -1 . 
B y  eq 19, 18, 3, and 4, Ap,.xp w ill contain several v ~ lR T  
In 7  terms. A  rough estimation of th e ir contribu tion  
to  A/iexp, using the value of In 7  ju s t obtained, yields 
-~5 X  10~ * R T  which is more than two orders of mag
n itude smaller than the experimental errors indicated 
in  Figure 4.

T o  sum up, appropriate conditions fo r neglecting the 
R T  In 7  te rm  in  eq 19 seem to  have been realized in  
the present study, and the A pexp values obtained are 
therefore expected to have the meaning a ttr ibu ted  to 
them by eq 2 2 , provided th a t p ractica lly  a ll of the 
molecules were of sufficiently high degrees of po lym eri
zation.

The qua n tity  An(<o) =  A^exp has a simple meaning 
when the p o ly (A  +  U) is completely helical. Reaction 
17 can then be represented by the fo llow ing v consecu
tive  steps. The firs t step involves the link ing  together 
of the two single strands by hydrogen bonds between 
the ir firs t nucleotides. Each of the remaining v — 1 
steps adds another bonded pair “ on top ”  of the pre
ceding bonded pairs. I t  is usually assumed2 1  tha t,

(18) Speaking loosely, the  free energy o f in te ra c tio n  between Av 
and Uj/ involves a large num ber (p ropo rtiona l to  v) o f in te rn a l de
grees of freedom and is therefore expected to  be n e g lig ib ly  affected b y  
the  few  degrees of freedom corresponding to  tra n s la tio n  (and ro ta 
tio n ) o f the  whole macromolecules.
(19) H . E isenberg, J. Chem. P h y s 36, 1837 (1962).
(20) G. Cohen and H . Eisenberg, Biopolymers, 4, 429 (1966). The  
au tho r is th a n k fu l to  G. Cohen fo r hav ing  k in d ly  com m unica ted to  
h im  the  results p r io r to  pub lica tion .
(21) B . H . Z im m , J. Chem. Phys., 33, 1349 (1960).
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apart from  the firs t step, every step has the same equi
lib rium  constant s. Denoting the equ ilibrium  con
stant of the firs t step by u s, the equ ilibrium  constant 
of the over-all reaction 17 can be w ritten  as u s” . The 
qua n tity  A/»w , defined by id e n tity  21, can then be 
w ritte n  as

V ’heiix =  - v - ' R T  In  (u s ”C ) (24)

When v is sufficiently large, we expect1 8 ’ 22

Aju(,,)heiix =  A ii^ h e iix  =  — R T  In s (25)

From  eq 25 and 22 we conclude th a t when po ly (A  +  U) 
is completely helical, ApexP =  — R T  In s (w ith  the re
curring proviso, th a t the polymers used in  measuring 
Ajuexp are of suffic iently h igh degrees of polymerization).

A t neutra l p H  and room temperature, poly (A  +  U) 
seems to be completely helical, 2 3  and i t  seems to  re
main so up to about p H  9.5 . 1 3  In  th is  pH  range, the 
uracils in  p o ly (A  +  U ) hard ly  ionize a t a ll (the low 
values of « a +u in  Figure 2 are p ractica lly  equal to  those 
of c*a in  Figure 1) while the ionization of the free poly 
U  may be appreciable. The dependence of s on the 
a c tiv ity  of H + is  then given by s =  s0( l  +  K v a u + ~ l) ~ l , 
where K u  is the ionization constant of po ly U , 1 4  and 
So is the value which s would have obtained, had the 
po ly U  been un-ionized. In  general, the value of s 
depends on all the factors which influence the s tab ility  
of the helical po ly (A +  U ), namely hydrogen bonds, 
interactions between successive bonded A, U  pairs (the 
so-called “ stacking”  interactions), and other electro
static and solvent effects. Determ inations of R T  In 
s at d ifferent temperatures and solvent compositions 
may help in  separating the contributions of the factors 
listed.

A t  pH  7.5, where the po ly (A  +  U) seems to be com
p lete ly helical, 2 3 the value of A/iexP — — R T  In s is 
of the order of — R T  (see Figure 4). A  sim ilar result has 
been obtained before8 by a d ifferent method. This 
re la tive ly  low value supports the mechanism suggested 
by Felsenfeld2 3 fo r perfect pairing of a ll A  and U  nu
cleotides, and also clearly indicates the cooperative 
nature of the pairing process. 8

When the p o ly (A  +  U ) is p a rtly  “ melted,”  A pexp 
is no longer equal to  — R T  In s. The value of — R T  In 
s can then, however, be derived in  the fo llow ing w ay . 4 , 7  

The «a+u curve (Figure 2) is extrapolated from  the 
lower pH  values, where the p o ly (A  +  U) is practica lly  
completely helical, to  higher values (dashed line in  
Figure 2), thus provid ing a t itra t io n  curve fo r the 
hypothetica l case of a perm anently helical poly (A  +  
U ). The corresponding A a  vs. pH  curve is constructed 
(see ide n tity  9) and integrated from  a low pH , where 
—R T  In s =  A/iexp, and up to  the p H  at which — R T  In

s is to  be evaluated. The value of — R T  In s at the 
upper pH  is then given by the sum of its  value at the 
lower pH  and the product of the integral by  —2.30R T  
(ic f . eq 8  a fter replacing Ap  by  — R T  In s). The error in 
— R T  In s thus calculated w ill of course be affected 
by the uncerta in ty in  the extrapolation of a A+v- 

The statistical thermodynamic treatm ents of a 
molecule like poly (A  +  U) usually y ie ld  a relation 
between exp(—Ap ^ / R T )  (c f. eq A7), s, and other 
parameters characterizing the interaction between 
the two strands. Such a relation is provided, fo r 
example, by eq 12b and 9 of ref 24, where a ~ 2 stands 
fo r 26 exp(— A p f^ / R T ) ,  s is the equ ilibrium  constant 
defined above, and p{ w ith  i  =  1, 2, 3 . . .  are the 
“ other parameters”  ju s t mentioned . 26 Experimental 
values of Alu(" ) and s should, in  principle, enable us to 
derive the values of the pt parameters. A t  the present 
time, however, such an evaluation is im practica l due to 
the large number of these parameters. A  s im plify ing 
assumption reduces the number of unknown param
eters to  one— the so-called “ stacking”  parameter, 
t (c f. eq 7 in  ref 24). Just fo r the sake of illustra tion, 
the order of magnitude of r  was determined a t pH  9.9, 
taking A/u(” >( = A /UexP) from  Figure 4 and calculating s 
by the extrapolation method explained in  the previous 
paragraph. The result is r  =  0 (5  X  102) which, ac
cording to re: 24, corresponds to  about —4 kcal of 
stacking free energy.

In  the present work, the p a rtia l enthalpy change

A H  — — T 2[ò (A p exp/ T ) / ò T ] P (26)

is on ly estimated, at pH  7.5, in  the fo llow ing way. 
Figure 4 indicates tha t, at pH  7.5 and 30°, A pexp/ T  =
2 . 2 5  cal deg-1 ; at the same pH, the “ m elting”  tempera
ture is about 65°8’27,28 and, in  the v ic in ity  of th is 
temperature, A^exp w ill be zero. Since A H / T 2 seems 
not to  change much in  the temperature in te rva l con
sidered, 10  eq 26 is rew ritten  as

A H / T 2 «  - [ ( A fe p / 7 V  -

( A ^ p / T V ] / (65 -  30) =

6.4 X  10- 2  cal (mole of (A  +  U )pa irs ) - 1  deg- 2  (27) 

A t  40°, fo r example, we obtain A H  «  6.3 kcal (mole of

(22) E qua tion  25 fo llow s d ire c tly  fro m  eq A 7 in  the  Appendix  
because, when po ly  (A  +  TJ) is com plete ly he lica l, In  Z(v) =  v In  s.
(23) G. Felsenfeld, Biochim. Biophys. Acta, 29, 133 (1958).
(24) D . M . C rothers and B . H . Z im m , J. M ol. Biol., 9, 1 (1964).
(25) A . L ita n  and S. L ifson , J. Chem. Phys., 42, 2528 (1965).
(26) W hen po ly  (A  +  U ) is  com plete ly he lica l, the  re la tion  reduces 
to  a " 2 — s.
(27) T h is  value refers to  p H  7.0, b u t in  th is  p H  range the  “ m e ltin g ”  
tem perature, is alm ost coris tant.28
(28) R . A . Cox, Biochim. Biophys. Acta, 68, 401 (1963).
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(A  +  U) pairs)-1, which agrees w ith  the value ob- 
ta ined 0 , 1 0  calorim etrieally.

The main issue of the foregoing discussion is th a t the 
im portan t qua n tity  A/i(<o) (c f . eq 25 and A7) can be 
derived by the potentiom etric method described before. 
The re lia b ility  w ith  which A/ / " - 1 is obtained depends 
firs t on the v a lid ity  of the identifica tion of A w i t h  
A/iexp and, secondly, on the re lia b ility  w ith  which A/iexP 
itse lf is obtained. The firs t po in t involves three 
assumptions: (a) th a t the degrees of polymerization 
of the polymers studied are sufficiently large to  make 
Aiiexp independent of them ; th is  assumption can be 
checked by comparing A/rexP values obtained w ith  
polymers of d ifferent degrees of polym erization; (b) 
th a t a c tiv ity  coefficients of the polymeric molecules 
can be disregarded, an assumption based on a rough 
estimation presented above; when the ir neglect is 
uncertain, they can be measured by ligh t scattering;
(c) th a t the qua n tity  Aju(pH*) is neglig ib ly small 
(c f. eq 4 and the paragraph preceding it) .  This as
sumption w ill be verified i f  the tw o strands of the poly- 
(A  +  U) are found to separate altogether at pH  >  
p H * ; in  a sim ilar polynucleotide system, such a separa
tion  was clearly demonstrated . 29 30

The re lia b ility  w ith  which A^exp was here obtained 
can be improved if, instead of pH  measurements in  a 
con tin u ou s  t itra t io n  of a polymer solution, HC1 a c tiv ity  
is measured in  batches of polymer solution. Th is pro
cedure enables a direct application of the therm ody
nam ically rigorous eq 6  and also minimizes various 
experimental errors.

The method discussed in  the present artic le is based 
on a simple thermodynamic relation (eq 5), and i t  can, 
in  principle, be used to  determine the p a rtia l free energy 
changes accompanying the form ation of various com
plexes from  the ir component molecules. The required 
titra tio ns  of the separate components (reactants) 
and of th e ir m ixture  can be carried out w ith  any sub
stance the a c tiv ity  of which is readily measurable, 
and the addition or removal of which can reversibly 
reduce the s ta b ility  of the complex up to  a complete 
dissociation in to  the component molecules. I t  may 
be an advantage th a t the nature of the interactions 
between the t it ra n t and the titra te d  substances is 
im m ateria l fo r the purpose of calculating the partia l 
free energy change, provided these interactions are 
reversible. I t  is noteworthy th a t in  each of the pre
vious applications of the method , 3 - 7  the reaction studied 
involved jus t one reactant and one product, e .g ., the 
coil-to-helix transform ation of polyglutam ic acid. 
In  th is case, the analog of t itra t io n  curves of separated 
reactants is a t itra t io n  curve of a hypothetica l po ly
g lutam ic acid which remains in  the coiled form  through

out the titra tio n . This curve can only be estimated by 
extrapolating the experimental t itra t io n  curve from  high 
pH  values, where the polyglutam ic acid is indeed ex
pected to  be entire ly  in  the coiled form.
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Appendix
T h e R e la tion  betw een  A,uw  (C f. Id en tity  2 1 ) a n d  the 

P a r titio n  F u n c tio n  o f  a n  (A  +  U )v M olecu le .™  In  
the statistical thermodynamic treatm ents , 3 1  a m ic ro 
scop ic  slate of an (A  +  U )„ molecule is usually specified 
by stating which A  nucleotides from  one strand are 
hydrogen bonded to which U  nucleotides of the other 
strand. One of the microscopic states, which we shall 
denote by S„td, is chosen as the standard  state and is 
a rb itra rily  assigned a sta tistica l w eight equal to  un ity . 
A n y  other state, S, is assigned a sta tistica l weight K s ,  
which is in  fact the equ ilibrium  constant fo r the reac
tion

S8td S (A l)

In teractions between different (A  +  U )„ molecules are 
neglected, K s  can be therefore expressed in  terms of 
concentrations

K s =  [S ]/[S std] (A2)

and is seen to  be proportional to  the occurrence prob
a b ility  of state S. The value of K s  w ill depend on the 
type and chemical potentials of the various solvent 
components.

The sum of statistical weights of a ll possible m icro
scopic states of the molecule (A  +  U )„ defines the p a r 
tition  fu n c tio n , . I t  can be shown th a t

- R T  In Z M =  m°[(A  +  U )„] -  M°(Sstd) (A3)

where m°[(A  +  U )„] is the standard chemical po ten tia l 
(c f. eq 19) of the (A +  U )„ molecule which is free to  
assume any of its  microscopic states, and n°(Satd) 
refers to  the standard state.

From  eq A3 and ide n tity  21 we obtain

Amw  +  r - 1  R T  In  Z M  =

r - V ( S 8td) -  m°(A„) -  n ° (U f)  -  R T  In (7} (A4)

(29) R . B . Inm an , J. Mol. B io l., 9, 624 (1964).
(30) Cf. reaction 17 and paragraph preceding i t .
(31) Cf. re f 25 and references c ited  there in .
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where C  denotes the to ta l concentration of A„ and also 
of U„ in  the solution in  which the (A  +  U )„ molecule 
is considered to  be present. H ad the reaction

A , +  U„ ^ —  Sstd (A5)

been the only one to  occur, the fraction 0 3td of A„ or 
U„ strands in  the form  of Sstd would obey the relation

— R T  In [8 „ td / ( l — ©std)2] =

M°(Sstd) -  M°(A„) -  M°(U,) -  R T  In c (A 6 )

Le t the standard state Ssid be chosen as th a t m icro
scopic state where the firs t r0( l  <  r0 <<C v) nucleotide 
pairs are bonded and a ll the rest non-bonded . 32 For 
given values of v0 and C , 0 8td is expected to have some 
fin ite  value, almost independent of v. (A  rough esti
mate of the values of 0 std corresponding to d ifferent

values of r0 and C  should be obtainable from  experi
ments w ith  A„„ and U „ 0 oligomers.) Hence, fo r suf
fic ien tly  large values of v, the right-hand side of eq A4 
becomes negligibly small, and in  the lim it  of v —► co

AM(ro) =  - R T  lim  v - 1 In Z M  (A7)
V —> CO

This lim itin g  value [or ra ther exp(—A / R T ) ]  is 
evaluated by the statistical thermodynamic trea t
ments fo r a m od el molecule where only a certain type 
of microscopic states is assumed to  exist and where 
sim plifying, though plausible assumptions are made 
about the mathematical structure of the statistical 
weights . 26

(32) W ith  th is  choice, the  degree o f ion iza tion  o f the standard state  
w ill be p ra c tica lly  equal to  the  sum o f degrees o f ion iza tion  o f the  
separated strands.

Hydrogen Sorption by Alumina at Low Pressures

by M . J. D . Low  and E . S. Argano

S c h o o l o f  C h e m is t r y , R u t g e r s , T h e  S ta te  U n iv e r s it y , N e w  B r u n s w ic k , N e w  J e r s e y  {R e c e iv e d  M a r c h  8 , 1 9 6 6 )

The sorption of hydrogen by y-alum ina powder was measured from  —193 to  663° at pres
sures from  about 10 _ 4  to 10_s to rr. A  flow system was used. Hydrogen sorption in 
creased w ith  increasing degassing temperature u n til, after a 950° pumping, the repro
d u c ib ility  was about 5%. Some dissociative chemisorption occurs over the entire tem 
perature range studied. Physical adsorption predominates below 200°. The maximum 
chemisorption occurs near 300°. The mechanism is discussed.

The high surface area forms o f alumina have found 
extensive use o f heterogeneous catalysis, and a vo lum i
nous lite ra ture  on alum ina and alum ina-containing 
catalysts has developed. To  th is have been added, 
in  recent years, the results o f many investigations de
signed to c la rify  the ca ta ly tic  process by studying the 
structure and properties o f pure alumina surfaces by 
a va rie ty  o f instrum enta l techniques. Yet, one of the 
simplest reactions, the sorption of hydrogen by alumina 
surfaces, seems to  have been neglected. The hydrogen- 
deuterium  exchange catalyzed by alumina has been

studied , 1 - 6  as have the reaction of surface hydroxyls 
on alumina w ith  gaseous deuterium 7, 8 and the o rtho -

(1) K . C. F . H o lm  and R . W . B lue, I n d .  E n g .  C h e m ., 43, 1506 
(1951); 44, 107 (1952).
(2) S. W . W e lle r and S. G. H in d in , J .  P h y s .  C h e m ., 60, 1506 (1956).
(3) H . W . K o h n  and E . H . T a y lo r, ib id . , 63, 500 (1959).
(4) H . Pines and J. Ravoire, ib id . , 65, 1859 (1961).
(5) W . K . H a ll and F . E . L u tin s k i, J .  C a t a ly s is , 2, 518 (1963).
(6) G. J. K . Acres, D . D . E ley, and J. M . T r illo ,  ib id . , 4, 12 (1965).
(7) M . J. D . Low , J. C ourto is, and N . Ram asubram anian, unpub
lished results.
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parahydrogen conversion . 6 Some ind irect knowledge 
o f the hydrogen-alum ina interaction is thus available. 
However, d irect studies of hydrogen adsorption by 
alumina appear to be few in  number and lim ited  in  
extent . 9 - 1 3  As such inform ation should aid our under
standing of alumina surfaces, we have measured the 
hydrogen sorption on 7 -alum ina from  —193 to 663°. 
H igh ly  degassed surfaces were used and, as previous 
work had been done a t pressures above about 1  torr, 
hydrogen sorption was measured a t pressures ranging 
from  about 1 0 - 4  to about 1 0 - 8  to rr, using a flow system.

Experim ental Section

The dynamic flow method and apparatus of 
Wagener, 1 4  15 16 17 as modified fo r work on W  and Ba film s , 1 6 - 1 7  

was used. The adsorption system was constructed 
of Pyrex glass w ith  the exception of the sample chamber, 
which was of Vycor. The sorption system itse lf was 
enclosed in  a movable oven, shown in  Figure 1 by the 
area enclosed by dotted lines. The Vycor sample 
chamber could be heated w ith  an auxilia ry furnace. 
The sorption system consisted of a pair of inverted 
B ayard -A lpert ionization gauges used to m onitor 
pressures, a capillary w ith  a fixed conductance of 22.4 
cm - 8  sec-1, the Vycor sample chamber, and a Gran- 
v ille -P h illip s  u ltrah igh  vacuum valve, P. Hydrogen 
from  a storage bulb (or, deuterium) was purified by 
diffusion through the walls of a palladium  th im ble and 
entered the system through an adjustable needle valve 
E  (Edwards H igh  Vacuum L td .), passing through two 
liqu id  nitrogen-cooled traps. The pressure was re
duced by means of a three-stage o il diffusion pump 
using Com ing 704 flu id , backed by a high-volume 
mechanical vacuum pump. The ionization gauges 
had irid ium  filaments and, in  order to avoid spurious 
pum ping effects, the low filam ent temperature of 950° 
was used, below the temperature of about 1 2 0 0 ° at 
which the dissociation of hydrogen molecules to 
atoms proceeds. The ionization current used was kept 
low a t 1 ma. The adsorbent used was 0.2 g o f A lon-C
7 -alum ina 18  having an in it ia l nitrogen B E T  surface 
area of 1 0 2  m 2/g .

The measuring procedure was as follows. A fte r 
baking the system a t 450° and outgassing the ion i
zation gauges, using normal u ltrah igh  vacuum pro
cedures, pressures below 1 0 - 9  to rr  were reached when 
liqu id  nitrogen was added to the upper trap. A fte r 
closing valve P, hydrogen was introduced through valve 
E  u n til the desired pressure P a on the sample was 
reached. The speed of uptake V  was then calculated 
from  the pressure drop using the relation

V  =  (Pn -  P S)F

where V  is in  units of cm 3 to rr  sec- 1  (1 cm 3 to rr  =  
0.00132 m l STP), P m is the pressure in  the m anifo ld  
in  to rr, P s is the pressure in  the sample space in  to rr, 
and F  is the capillary conductance in  cm 8 9 10 11 12 13 sec-1. A fte r 
recording the in it ia l speed of adsorption, the pressure 
P a in the sample vessel was maintained constant by 
decreasing the hydrogen flow through the va lve E  so 
th a t P m decreased un til, a t the end o f the experiment, 
Pm ~  P s- The amount of hydrogen taken up was 
calculated by the graphical in tegra tion o f ve loc ity 
tim e plots. As the hydrogen sorption was estimated 
to be seven orders of magnitude larger than hydrogen 
diffusion through the walls of the Vycor sample 
chamber, errors due to th is diffusion were negligible. 
When measurements were done a t d ifferent tempera
tures, the P a value was corrected in  order to keep col
lision frequency a t the adsorbent surface constant, 
by using the relation ( P 1/ P 2) =  { T 2/ T i )''''\ derived 
from  the kine tic theory of gases.

Experim ents and R esults

Some d ifficu lty  was in it ia lly  experienced in  obta in ing 
reproducible results. As i t  is impossible to free an 
alum ina surface of residual O H groups completely 
even a t 1000° , 1 9  th is was no t unexpected. Some results 
of the effects of degassing temperature on the hydrogen 
sorption are shown in  Figure 2. The am ount o f h y 
drogen taken up by the alumina a t room temperature 
a t 7 X  10- 7  to rr  increased w ith  increasing outgassing 
temperatures. The higher the temperature, however, 
the re la tive ly  smaller the effect became. The results 
became more reproducible w ith  increasing outgassing 
temperature, shown, fo r example, by the results of 
Figure 3. Hydrogen sorption was measured a t 27° 
a t a pressure P a of 7.2 X  10- 7  to rr  fo r each experiment. 
P rio r to each experiment the system was outgassed 
fo r 21 h r a t 450° and the adsorbent fo r 18 h r at 850° 
and fo r 3 h r a t 950° to a residual pressure below 1 X

(8) J. L . C arter, P. J. Lucchesi, P. C orne il, D . J. C. Yates, and  
J. H . S in fe lt, J. Phys. Chem., 69, 3070 (1965).
(9) H . S. T a y lo r, Z. Physik. Chem. (Bodenstein Festband), 475 
(1931).
(10) T h . Schoon and H . K le tte , Naturwissenschaften, 29, 653 (1941).
(11) A . S. Russell and J. J. Stokes, J. Am. Chem. Soc., 69, 1316 
(1947).
(12) K . V . Topchieva and I .  F . M oskovskaya, Vestn. Mosk. Univ., 
Ser. I I ,  Khim ., 15 (2), 22 (1960).
(13) D . B . R osenbla tt and G. J. Dienes, J. Catalysis, 4, 271 (1965).
(14) S. Wagener, B rit. J. Appi. Phys., 1, 225 (1950); 2, 132 (1951); 
J. Phys. Chem., 60, 507 (1956); 61, 267 (1957).
(15) A . G. N asin i, F. R icca, and G. Saini, Vacuum, 10, 68 (1960).
(16) P. de lla  P orte  and E . Argano, ib id., 10, 190, 198 (1960).
(17) F . R icca and P. de lla  Porte , ib id., 10, 215 (1960).
(18) G. C abot Corp., Boston, Mass.
(19) J. B . Peri, J. Phys. Chem., 69, 711 (1965).
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Figure 2. Effect of outgassing temperature (hydrogen sorption 
at 27° at constant pressure of 7.2 X 10-7 torr): (A) 650° for 
20 hr, residual pressure 6 X 10-7 torr with system hot, 1 X 
10~9 torr after cooling; (B) 750° for 18 hr, residual pressure 
4 X 10-8 torr with system hot, 1 X 10“ 9 torr after cooling;
(C) 850° for 18 hr, residual pressure 2 X 10~7 torr with 
system hot, 1 X 10-9 torr after cooling; (D) 850° for 
50 hr, residual pressure 1.5 X 10-7 torr with system 
hot, 1 X 10-9 torr after cooling; (E) 850° for 18 hr 
and 950° for 3 hr, residual pressure <10-7 torr with 
system hot, <10-9 torr after cooling.

Figure 3. Sorption reproducibility (hydrogen sorption at 27°, 
Ps = 7.2 X 10“7 torr): outgassing, 18 hr at 850° plus 3 hr 
at 950°; residual pressure of <10-9 torr in the cool system.

of the surface, appears to be of m iner importance to 
the hydrogen sorption because only small changes in  
rates and amounts of hydrogen taken up were ob
served. The degassing of the adsorbent fo r 18 h r at 
850° plus 3 hr at 950° was used p rio r to a ll other exper
iments.

The results of a series of experiments performed at 
27° b u t a t d ifferent pressures are shown in  Figure 4. 
A  slope of 0.54 «  0.5 was found fo r a p lo t o f the 
logarithm  of the in it ia l hydrogen adsorption rate F 0 

vs. the logarithm  of P s fo r the range 1.8 X  10~ 8 to
7.5 X  10- 5  to rr. The in it ia l part of the uptake thus 
obeys the relation

To =  k P l / 2

The to ta l amount of hydrogen adsorbed, gx, a t pres
sures from  3 X  10- 7  to 5 X  10- 5  to rr  a t 27° is shown in  
Figure 5. The Freundlich relation

gx =  A P k

10 ~7 to rr  w ith  the system hot. The pressure fe ll to
below 1 X  10- 9  to r r  when the system was cooled.
The data agree w ith in  about 5% fo r the firs t three 
consecutive experiments and w ith in  about 1 0 %  
fo r a ll five experiments shown. A  small change in  the 
a c tiv ity  of the alumina surface occurred. Th is may 
be connected w ith  the sintering o f the alumina to some 
extent. A t  the end o f the experiments the surface 
area o f the alum ina had decreased by 25%. This 
sintering, although causing a no t negligible d im inu tion

holds w ith  the parameter k  having the value 0.09. 
Russell and Stokes10 1 1  found the value k  =  0.25 a t much 
higher pressures.

The results of various experiments a t d ifferent tem
peratures a t P s =  7 X  10“ 7 to rr  are shown in  Figures 
6 - 8 . Figure 6  shows the change in  the sorption veloc
i t y  V  w ith  the to ta l amount sorbed, g, a t d ifferent 
temperatures. The decrease in  q w ith  increasing tem 
perature is sim ilar to the effect reported by others 
w orking a t higher pressures. 1 1 ' 1 2  The curves a t the
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Figure 4. Pressure effect: pressure dependence of the initial 
rate of hydrogen sorption, Fo, at 27°.

Figure 5. Pressure effect: pressure dependence of the total 
amount of hydrogen adsorbed, qj, at 27°.

Figure 6. Effect of temperature (Ps = 7 X 10 7 torr). The 
number next to each plot is the temperature in “K.

higher temperatures show a rapid decline in  ve locity 
w ith  increasing amounts of sorption. A t  the lowest 
temperature the ve loc ity  decrease is nearly constant 
during the sorption. Some of these results are re
p lo tted  in  Figure 7. The p lo t of the to ta l amounts 
sorbed, shown as open circles, vs. the temperature

Figure 8. Activation energy.

constitutes an isobar. I t  indicates th a t two over-all 
processes are involved in  the hydrogen sorption over 
the temperature range investigated. The volum inous 
sorption below about —70° is a ttr ibu ted  predom inantly 
to the physical adsorption of molecular hydrogen.

A t  the end of the sorption of each o f the tw o experi
ments a t the lowest temperatures, the valve P of Figure 
1  was opened so th a t the system could be pumped ou t 
readily and valve E  was closed. The sample was then 
degassed fo r 4 h r a t the temperature a t which the sorp
tion  occurred. The sample was then warmed to 27°, 
and the amount of hydrogen th a t was desorbed was 
measured. Those amounts are shown as filled  circles 
in  Figure 7. As physically adsorbed hydrogen is 
weakly bound, i t  can reasonably be assumed th a t a ll 
or, at least, most of the physically adsorbed hydrogen 
was removed by the low-temperature pumping. The
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residual gas desorbed a t 27° was more t ig h tly  bound to 
the surface, and can be ascribed to chemisorption. The 
region in  Figure 7 indicated by the broken line thus can 
be ascribed to chemisorption. This indicates th a t 
chemisorption occurs over the entire temperature 
range. The existence of one maxim um  in  the v ic in ity  
of 27° indicates th a t on ly one type of chemisorption is 
involved.

From  the absolute reaction rate theory, the sorption 
speed can be expressed by

N  =  Q f(& ) exp [E (Q )/ R T ]

where N  is the number of molecules taken up per u n it 
time, Q  is a frequency factor, / (9 )  is a fraction o f the 
number of sites available fo r sorption, and exp [E (9 )/  
R T ] is a temperature factor. T h a t expression can be 
approximated by the relation

V  =  K  exp [E {Q )/ R T ]

where V  is the speed of sorption in  cm 3 mm  sec-1, and 
i f  is a constant. The values o f E  calculated fo r various 
q values using the plots of Figure 8  are given in  Table 
I .  The existence of two processes in  two separate 
temperature regions is indicated. The low-tempera
ture process w ith  negligible E  is again ascribed to  the 
physical adsorption of molecular hydrogen. The high- 
temperature process w ith  an E  value vary ing  from  1.25 
to 4.27 kca l/m ole  is ascribed to chemisorption. As 
there is a chemisorption contribu tion  to the low-tem
perature sorption a t temperatures below the maximum 
near 27° shown in  Figure 7, th is m ay contribute to the 
small varia tion  of E  o f the over-all low-temperature 
sorption.

Table I : E as a Function of Coverage“

q, cm3 mm 0 0.1 0.2 0.3
Ex, cal mole-1 80 118 150 200
En, cal mole-1 1250 1850 2540 4270

“ The segments Ex or Eu of the plots of Figure 8 were used to 
derive values of the energies Ex or En.

The kinetics o f the sorption process was unusual in  
th a t the w ide ly used E lovich equation 20 was no t ap
plicable. I t  was no t possible to f i t  the k ine tic data to 
an expression of the type

q  =  h  log (t +  to) +  k2

by choosing a suitable value o f to in  order to linearize 
the p lo t, sigmoidal curves being obtained. This 
suggests th a t i t  is no t like ly  th a t any of the mecha

nisms proposed to account fo r E lovich ian kinetics would 
make a significant contribu tion  to the sorption mech
anism. I t  was, however, possible to express the data 
by an equation

q t =  ? t [ 1  — exp(c£")]

where q t and qr  are the amounts adsorbed a t tim e t and 
a t the end o f the adsorption. Figure 9 shows that, 
fo r data in  the temperature region where chemisorption 
occurs, the f i t  according to th is  last equation is good. 
The f i t  is poor fo r the data a t the lowest two tempera
tures, where physical adsorption predominates. The 
values fo r the parameters n  and c are given in  Table I I .  
For chemisorption, the n  values can be taken to be 
constant w ith  an average value of 0.80, d iffering by 
about 3%. The c  values fo r chemisorption are taken 
constant a t 0.44. D iffe rent values can be calculated 
fo r the linear portions o f the two low-temperature 
plots.

Table II: Hydrogen Sorption Kinetics

T e m p ,
° K n C

80 1.01 0.43
158 0.96 0.43
256 0.81 0.440
277 0.827 0.438
478 0.77 0.443
715 0.787 0.442

In fo rm ation  on the rate-determ ining step in  a process 
may frequently be obtained by experiments invo lv ing  
the use of d ifferent isotopes. Consequently, some 
sorption experiments were made w ith  deuterium  at 
— 193, 207, and 442° under conditions identica l w ith  
those made w ith  hydrogen. I t  was found th a t the 
differences between sorption speeds and amounts 
sorbed fo r corresponding hydrogen and deuterium  ex
periments fe ll w ith in  the lim its  of the error encountered 
w ith  reproducib ility , i .e ., there was some scatter be
tween corresponding hydrogen and deuterium  values, 
w itho u t any specific pattern. Or, the sorptions of 
hydrogen and deuterium were identica l w ith in  experi
mental error, so th a t either the isotope effect is entirely 
absent, or i t  is smaller than about 5%. The complete 
absence of an isotope effect cannot be claimed, but" 
the effect, i f  present, is a t least an crder of magnitude 
smaller than the predicted value o f 2

Values o f the sticking p robab ility  (St.P.), the ratio

(20) M . J. D . Low , Chem. Rev., 60, 262 (1960).
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Figure 9. Lateral spreading kinetics. Rate data used to 
obtain the curves of Figure 6 were recalculated using the 
lateral spreading equation and are shown as Weibull 
probability plots.46

between the number of molecules taken up and the 
number s trik ing  the surface, can be calculated from 17

F (M T ) 1/ 2(3.74 X  1016) 
t- ' “  P a (3.51 X  1021 22)£

where F  is the sorption ve loc ity  in  cm 3 to rr  sec-1, M  is 
the mass of the hydrogen molecule, P \  is the pressure 
on the surface, T  is in  °K , and S  is the surface area in  
cm2. The calculated sticking probabilities fo r F 0 vary 
from  2 X  10- 1 2  to 7 X  10- 1 2  over the temperature 
range from  427 to —193°. These values are consider
ably smaller than those found w ith  metals; e .g ., fo r 
nitrogen sorption on tungsten the sticking probabilities 
varied from  0.55 to 0.1 . 2 1 , 2 2  Such low values indicate 
th a t collisions w ith  the surface are extremely inefficient 
in  causing sorption, and th a t most of the surface is 
inactive  fo r sorption. This is also shown by estimates 
of the extent to w hich the surface is covered by adsorbed 
hydrogen. For 0.2 g of A I2O3 having a surface area of 
77 m 2/g , using the values o f the to ta l amount adsorbed 
a t the various temperatures, the summary shown in  
Table I I I  results. The number of sites occupied per 
1000 A 2 and the fraction of the to ta l surface covered, 
0 , were computed on the basis of close packing o f one 
hydrogen atom bound to each available surface O2- 
ion. A  value o f 8  A 2 was taken fo r the area of such an 
adsorption site . 1 9  The extent to which the surface is 
covered is quite small.
D iscussion

D uring  the course o f th is work the k ine tic data were 
obtained a fter very low residual pressures had been

Table III : Surface Coverage

Temp,
°K

<ZT (27°), 
cm3 
mm

No. of 
occupied 

sites/ 
1000 A2 1O20

80 5.04 0.85 1.69
158 2.28 0.38 3.6
256 1 0.17 0.32
300 1.1 0.185 0.37
478 0.5 0.0845 0.14
715 0.244 0.0412 0.11
936 0.11 0.0185 0.05

reached. This was done in  order to obta in “ clean”  
and stable surfaces and also to reduce as much as pos
sible any uncerta in ty caused by the adsorption o f H 20  
and C 0 2 always present in  any low-pressure system as 
residual gases. In  the case of oxides, however, the 
problem of surface cleaning is no t as simple as th a t 
found w ith  metals, where rigorously clean surface 
conditions can be established by the generation of a 
clean surface by evaporation, the flashing of a ribbon, 
and the like. In  the case of alumina, where a complex 
and heterogeneous surface exists, problems arise in  
terms o f high-temperature s tab ility , sintering, and 
particu la rly  of residual surface hydroxy l groups. The 
la tte r are probably involved in  an equ ilibrium , H 20  +  
O - 2  ^  2 0 H - , w ith  residual gaseous H 20 , th is  account
ing predom inantly fo r the temperature dependence of 
the residual pressures observed during outgassing ex
periments such as those of Figure 2. The amount of 
residual gases taken up by the surface on cooling to 
room temperature after high-temperature degassing 
was small, being of the order of 0 . 1 %  of the to ta l 
amount o f hydrogen sorbed a t —193°. Variations 
in  gettering of th is type may be responsible fo r some of 
the scatter observed, as in Figure 3, i f  the reproduci
b il ity  depends on the establishment of identical 
equ ilibrium  pressures. The extent of poisoning effects 
by th is means cannot be assessed. The hydrogen 
sorption became more voluminous w ith  increasing 
severity of degassing conditions, b u t the enhancing 
effect became smaller the higher the degassing tempera
ture. In  sim ilar fashion, the dehydroxylation of alu
m ina becomes more complete, b u t a t a declining rate, 
w ith  increasing severity of degassing. 1 9  Th is indicates 
th a t the removal of surface hydroxy l groups makes sites 
available fo r hydrogen chemisorption. I t  was found , 7 

during a study of the surface of A lon-C  a lum inum  by 
infrared spectroscopic techniques, th a t small increases

(21) R . E . Schlier, J. Chem. Phys., 29, 1169 (1957).
(22) J. E isinger, ib id., 28, 169 (1957); 30, 412 (1957).
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in  the intensities of hydroxy l and deuteroxyl bands 
occurred on exposure o f the alumina to hydrogen and 
deuterium. Evidence fo r a net form ation of deuteroxyl 
groups over and above th a t due to exchange was also 
reported in  a s im ilar study of the exchange o f deuterium 
w ith  the hydroxy l groups of a d ifferent alum ina . 8 

Dissociative chemisorption is thus tied to the form ation 
o f surface hydroxyls, a t least to some extent. H ow 
ever, the sticking probabilities were decreased and E  
values increased by very small amounts of adsorbate, 
so th a t the chemisorption was “ self-poisoning.”  Also, 
the degree o f surface coverage was low, the number of 
sites occupied being much smaller than the number of 
available surface oxide ions, assuming th a t every ad
sorbed hydrogen atom formed one hydroxyl group. 
Random reaction of hydrogen w ith  surface oxide 
groups to form  hydroxyls, replacing those destroyed 
during degassing, can then be ruled out, and sites of 
a special nature become necessary.

Dehydrated alumina surfaces have been considered 
to be strained , 2 3 , 2 4  active sites being identified w ith  
strained oxide linkages , 2 5 ,2 6  cation vacancies , 2 7 , 2 8 anion 
vacancies and exposed alum inum  ions , 29 cation vacan
cies th a t have captured protons , 30 and anion-cation 
vacancy pairs . 3 1  The very complicated nature of the 
surface has been discussed in  detail by Peri. 1 9 , 3 2 , 3 3  

Pines and Ravoire 4 proposed the hetero lytic dissocia
tion  o f hydrogen or deuterium fo r the exchange reac
tion, so th a t hydride or deuteride adsorbed on an in
completely coordinated alum inum  ion while protons 
and deuterons adsorbed preferentia lly on surface oxide 
ions. Acres, E ley, and T r illo 6 s im ila rly  suggested tha t 
groups o f a t least two adjacent free valencies are 
necessary fo r chemical dissociation o f the hydrogen 
molecule, and Peri suggested paired sites fo r ammonia 
adsorption . 33 A  va rie ty  of mechanisms is thus avail
able. However, i t  is pertinent to note th a t the sim i
la r ity  o f hydrogen and deuterium  chemisorptions ind i
cates th a t the rate-determ ining step in  the chemisorp
tion  is not affected by the mass of the adsorbate.

Previously, the absence o f the expected isotope effect 
w ith  ZnO -Cr2 0 3 , N i-kieselguhr, and Cr20 3 led Pace and 
T ay lo r to suggest th a t the activa tion  energy of the ad
sorption process is required by the solid adsorbent. 34 

This idea was fu rthe r developed by Boudart and 
T ay lo r 36 and, on the basis of more sensitive measure
ments w ith  ZnO, by Parravano, Friedrick, and 
B o ud a rt : 36 the absence o f an isotope effect eliminates 
chemical bom bardm ent-dissociation and also surface 
diffusion mechanisms fo r the ZnO case, the slow step 
being one no t invo lv ing  hydrogen as a molecule or 
adsorbed fragment b u t the generation o f an active 
site. A lte rna te ly , Kesavulu and T a y lo r 37 pointed out

th a t these and other effects w ith  ZnO could be ex
plained in  terms o f a surface step invo lv ing  an electron 
transfer and hence not requiring an isotope effect. A  
s im ilar electronic step m ay be invoked fo r the case of 
alumina. The mechanism, however, is complicated 
by the nature c f the chemisorption kinetics.

A  double-logarithm ic representation of chemisorp
tion  kinetics seems to  have been firs t used b y  M axted 
and M oon 38 to describe the adsorption o f hydrogen and 
o f deuterium by p latinum , b u t has been generally 
neglected. The equation used above has been proposed 
fo r the lateral spreading o f oxide films on metals , 3 9 - 4 2  

the mechanism invo lv ing  the diffusion o f adsorbate 
away from  surface adsorption sites. Th is model 
leads to a value o f 2  fo r n  fo r a surface having a fixed 
number o f sites, and to a value of 3 fo r n  fo r the case 
of site creation during adsorption . 4 1 , 4 2  Experimental 
values of n  are smaller than un ity , as shown in  Table 
I I I  and elsewhere, 3 8 , 4 3 - 4 6  ind icating th a t the model is 
e ither entire ly wrong or th a t modifications are needed.

In  e ither case, the nature o f the adsorption site is 
speculative. I f  the lateral spreading mechanism is 
rejected, then an electronic step is required. A  possible 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46

(23) W . A . W eyl, Trans. N. F . Acad. Sei., [2 ] 12, 245 (1950).
(24) G. A . M ills  and S. G. H in d in , J. Am. Chem. Soc., 72, 5549 
(1950).
(25) S. G. H in d in  and S. W . W eller, J. Phys. Chem., 60, 1501 (1956).
(26) E . B . Cornelius, T . H . M illik e n , G. A . M ü ls , and A . G. Oblad, 
ibid., 59, 809 (1955).
(27) E . J. W . Verwey, J. Chem. Phys., 3, 592 (1956).
(28) A . Eucken, Discussions Faraday Soc., 8, 128 (1950).
(29) J. B . Péri, Actes Congr. Intern. Catalyse, C°, Paris, 1, 1333
(1961) .
(30) D . A . Dowden, J. Chem. Soc., 242 (1950).
(31) S. E . T u ng  and E. M c ln in ch , J. Caialysis, 3 , 229 (1964).
(32) J. B . Péri, J. Phys. Chem., 69, 220 (1965).
(33) J. B . Péri, ibid., 69, 231 (1965).
(34) J. Pace and H . S. T a y lo r, J. Chem. Phys., 2, 578 (1934).
(35) M . B oud a rt and H . S. T a y lo r, “ L . Farkes M e m oria l V o lum e ,”  
A . Farkes and E . P. W igner, E d ., Research C ouncil o f Israe l, Special 
P ub lica tio n  No. 1 Jerusalem, 1952, p 223 ff.
(36) G. Parravano, H . G. F ried rick , and M . B oudart, J. Phys. 
Chem., 63, 1144 (1959).
(37) V . K esavu lu  and H . A . T a y lo r, ib id., 63, 1317 (1959); 66, 54
(1962) .
(38) E . B . M ax ted  and C. H . M oon, J. Chem. Soc., 1542 (1936).
(39) W . A . Johnson and R . F . M eh l, Trans. A IM E , 134, 416 (1939).
(40) M . A v ra m i, J. Chem. Phys., 7, 1103 (1939); 8, 212 (1940); 
9, 177 (1941).
(41) U . R . Evans, Trans. Faraday Soc., 41, 365 (1945).
(42) U . R . Evans, “ The C orrosion and O xida tion  o f M e ta ls ,”  
E dw ard  A rno ld  Lod., London, 1960, pp 838 ff, 939 ff.
(43) E . B . M ax ted  and C. H . M oon, J. Chem. Soc., 1228 (1938).
(44) E . B . M a x ted  and N . J. Hassid, Trans. Faraday Soc., 29, 698 
(1933).
(45) L . J. H illenb rand , J. Chem. Phys., 42, 4318 (1965).
(46) M . J. D . Lo w  and H . B row n, unpublished results.
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Rice 5 6 showed th a t fo r a number of im portan t types 
of reaction mechanisms the assumption is va lid  when 
the above condition is met. A  general proof of the 
conditions under which the steady-state hypothesis 
is va lid  has never been given. Such a proof is d ifficu lt 
because the mathematical relations depend on the 
mechanism of the reaction system. To make the 
demonstration general, mechanisms m ust be con
sidered which contain several radicals. Then several 
expressions of the form  of eq 3 ' w ill exist, and the ir 
simultaneous solutions may not be possible in  an 
exp lic it way. A  numerical solution is s till possible, 
and in  the process of solution the terms invo lv ing  e 
are neglig ib ly small.

Therefore, the hypothesis is va lid  when the results 
of the rate integrations show th a t the radical concen
trations remain small compared w ith  molecular quanti
ties. D uring  some induction period e in  eq 3 ' may not 
be small. For th is reason the computer program uses 
standard in tegra tion to  explore the induction period 
and switches to  the steady-state method only after i t  
gives acceptable agreement w ith  the d irect integra
tion  method.

C. N u m erica l C a lcu la tion  o f  R a d ica l C on cen tra tion s. 
According to the steady-state assumption, the rig h t 
side of eq 3 is set equal to zero fo r each radical, and the 
equations are solved fo r the radical concentrations. In  
general, th is cannot be done exp lic itly , so N ew ton ’s 
method is used.

N ew ton ’s method fo r solving tw o simultaneous 
equations im p lic it in  two variables by ite ra tion  is 
described by W illers.6a The method can be generalized 
to  n  variables.

The Newton procedure makes use of derivatives of 
the rate of production of each m aterial w ith  respect to 
changes in  the concentration of each other material. 
For a specific mechanism expressions fo r these deriva
tives could be w ritte n  down, bu t fo r a general numerical 
procedure they are determined by recalculating each 
rate from  eq 3 fo r an a rb itra ry  incremental change in  
each concentration. Another possible approach would 
be to  le t the program derive such expressions from  the 
stoichiometric m atrix.

The Newton determ ination of radical concentrations 
m ust be carried ou t at each step in  the integration. 
In  addition to  the radical concentrations, eq 3 involves 
the molecular concentrations. These remain constant 
during the Newton ite ra tion  at each po in t in  time. 
A fte r values fo r the radical concentrations have been 
obtained, eq 3 can be evaluated to give the rate of fo r
m ation of each compound.

N ewton’s method d id  no t converge unless i t  was 
given starting  values near the steady-state radical

concentrations. This d ifficu lty  was overcome by 
adding a weighting factor to  the N ewton correction. 
A  weighting form ula was obtained by generalizing a 
form ula  given by Forsythe6b to  speed convergence 
when find ing roots of a particu la r function. T ha t 
generalized form ula is

where A x  is the correction computed from  N ew ton ’s 
formula. N ote  th a t when 0 <  x  <  positive root, the 
weighting function times the computed correction is 
always less than x , and the procedure cannot diverge. 
I f  x  >  positive root, the weighting function  is >1  
and the process becomes more unstable although i t  
s till converges rap id ly  when the starting  value is close 
to the root. Fortunate ly, the induction period cal
culation always gives starting  values fo r the radicals 
th a t are smaller than the steady-state values; therefore, 
the form ula works.

Both  the R un g a -K u tta  and M iln e 7 four-po in t pre
d ic tor-corrector integra tion methods were tried. The 
rate of calculation w ith  both methods is lim ited  by a 
tendency toward ins tab ility , and the calculation was 
too slow. A  marked im provement in  calculation rate 
was obtained by tak ing  advantage of the tendency of 
the concentrations to become steady. For the radicals, 
the predictor equation was replaced by a modified 
Newton in terpo lation form ula  containing the mean 
of the last tw o computed derivatives. Th is technique 
speeded the calculations about 1 0 0 -fold, w h ile  the 
predicted and calculated radical concentrations agreed 
to  one pa rt per thousand.

D ifficu lties were traced also to  the use of M iln e ’s 
three-point fo rm ula  fo r in terpo lating concentrations 
and derivatives when the in te rva l is halved. This 
form ula was replaced by a Newton backw ard-d if
ference form ula  based on the firs t difference and the 
mean of the two previous second differences

Co =  [Cx +  C2 +  1.5A t(Cx +  ¿ 2) ]/2  (6 )

where C  is the concentration, C  is the tim e deriva tive  
of concentration, t is the tim e increment, subscript 
0  refers to the present time, subscript 1  refers to  a 
preceding instan t of time, and subscript 2  refers to  an 
instan t of tim e preceding subscript 1. Form ula  6

(5) O. K . R ice, J. Phys. Chem., 64, 1851 (1960).
(6) (a) F . A . W ille rs , “ P ractica l A na lys is ,”  D ove r P ub lica tions, N ew
Y o rk , N . Y „  1948, pp 223-225; (b) G. E . Forsythe , Am. Math.
Monthly, 65, 229 (1958).

(7) W . E . M iln e , “ N um erica l S o lu tion  o f D iffe re n tia l E q u a tio n s ,”  
John W ile y  and Sons, Inc ., N ew  Y o rk , N . Y ., 1953.
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strongly damps out oscillations bu t s till follows any 
persistent trend in  the values.

Every 500 M iln e  steps a Newton steady-state cal
culation is tried  fo r the last radical in  the lis t of com
ponents. I f  the concentration of th is radical agrees 
w ith in  a given facto r w ith  the value from  the M ilne  
integration, th is radical is assumed to  have reached 
a steady state. I f  more than one radical is present, 
the test is applied to  each u n til one th a t is not steady 
is found. Then the M iln e  procedure is continued by 
using the steady method fo r these steady radicals. 
A t  each 500th step the test is repeated to determine 
whether other radicals have become steady, u n til 
a ll are steady.

D . R eg ress ion  o f  R a te  C onstan ts. The program can 
be used to  f i t  values of rate constants to experimental 
product d istributions. I f  too many of the constants 
have to  be determined by f itt in g  product distributions, 
there may be too many unknowns fo r the number of 
quantita tive  restrictions imposed by the data. There
fore, the program is of greatest use when all b u t a few 
rate constants are already known. The program in 
cludes a regression procedure to  f i t  values fo r rate 
constants. A  general procedure is derived as follows.

Suppose th a t a product d is tribu tion  is computed 
from  assumed rate constants, k n, and th a t the results 
are compared w ith  the experimental points in  Figure
2. The problem is to  find a set of values fo r the un
certain rate constants such th a t the calculated prod
uct d is tribu tion  best fits  the experimental points.

Le t A i represent the deviation of a product from  an 
experimental po in t i. These points can be numbered 
in  any a rb itra ry  way, and involve all the im portan t 
products and reactants. In  order to  calculate the best 
f itt in g  values of each kn, i t  is necessary to determine 
the change in  product d is tribu tion  th a t w ill result from  
a change in  k „ , dA {/ d k n. Th is product d is tribu tion  
change can be determined exactly only by repeating 
the whole product d is tribu tion  calculation w ith  a 
changed value of k n. This repetition  must be done fo r 
each rate constant to  be fitted , b u t i t  would be too 
costly in  computer time.

The computer program does calculate the rate  of 
production fo r each product at successive tim e intervals. 
Calculation of the change in  these rates resulting from  
a change in  each of the rate constants is a simple 
m atter. The change in  product d is tribu tion  then can 
be estimated by assuming th a t the deviation is linear. 
The production of a product, therefore, is th a t given 
by the product d is tribu tion  calculation plus a difference. 
This is equal to  the mean change in  production rate at 
tw o instants of time, m u ltip lied  by the elapsed time, 
plus the accumulated difference at the firs t of these

instants of time. The resulting new product d is tribu 
tion  curves w ill give new deviations, a / ,  from  the avail
able experimental points.

I f  only one kn at a tim e is changed, pa rtia l derivatives 
can be computed from

dAi =  A /  -  At
b k n A k „  1  '

The other rate constants are changed, one b y  one, to 
compute the other derivatives.

I f  n  rate constants are changed at once, the devia
tions are

A /  =  A< +  X ] —— A k n (8 )n OK/n

We wish to  determine changes Ak in  the rate con
stants to  m inim ize the sum of the squares of the devia
tions, A / .  The sum of the deviations is

sum =  Z )(A / ) 2 =  X)
i  i

(9)

To find the m inimum, we differentiate w ith  respect to 
each Ak  and set the derivatives equal to  zero.

ò(sum)

ÒAfce
=  z

' .  v ò A ,a; \ò a T
t 4 n àkn /Òfce_

=  0 (10)

ò A ì ò A ì^ ò Aj

òhe * +  ò k e n Ò k n  -
=  0 (H )

Here is a system of equations, one fo r each Ak, 
designated by subscript e. Each equation involves 
a ll of the other Afc’s, designated by subscript n . This 
system can be solved by m atrix  methods to  determine 
the correction, A ke, to  apply to  the rate constants. 
A  new calculation fo r the product d is tribu tion  can then 
be carried out w ith  the corrected rate constants to 
check the f i t  w ith  experimental data.

E . S a m p le  C alcu la tion s. A  tr ia l calculation was 
made on the simplest type of free-radical reaction 
mechanism: reactions I,  I I ,  and I I I .  This mechanism 
was discussed by Benson , 8 who derived equations giving 
the products and free radical concentrations. These 
results can be compared w ith  the results computed 
num erically by the program.

The fo llow ing rate constants were assumed fo r a 
temperature of 1000°K.

,---------------------- Rate constants-----------------------'
Reaction Forward Reverse

I  1 .6  X 10 -a 7 X i c r 3
II 6.52 X 10* 0
III 6.52 X 109 0

(8) S. W . Benson, “ The Foundations of C hem ical K in e tic s ,”  M c 
G ra w -H ill Book Co., Inc ., New Y o rk , N . Y . 1960, pp 50-54.
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data available to h im  showed two relaxation frequencies 
(a t most) fo r the 2 : 2  sulfate solutions instead of the 
required three. However, Smithson and L ito v itz 26 

had reported a “ m iddle”  relaxation in  aqueous M n S 0 4 

solutions a t about 30 M e in  addition to the 3- and 200- 
M c  relaxations reported b y  Tamm. This was then 
verified in  th is labora tory . 22 The existence of all 
three relaxation frequencies has also been demon
strated 2 7 ’ 28 fo r aqueous CoS04. I t  was then decided 
to  reexamine the classic case of aqueous M gS 0 4 solu
tions in  an a ttem pt to find a th ird  relaxation peak in  
add ition  to  the tw o used b y  Eigen. In  addition, the 
M gS 0 4 equ ilibrium  is inherently interesting because of 
its  responsibility fo r the large excess absorption at 
ultrasound in  sea water. Aqueous M gS 0 4 solutions 
have been examined acoustically by several workers 
in  the past 20 years. The pioneering w ork of Leonard 29 

and Liebcrm ann 30 was followed by the more systematic 
measurements of Bies , 3 1  W ilson , 3 2 and Tam m . 3 3  A  
very well-defined peak was found w ith  a maximum in 
the region of 0.15 Me. In  the region above 1 M e 
some re la tive ly  inaccurate measurements were re
ported by Beyer, et a l., over the range 3-43 M e . 34 35 

Then K urtze  and Tam m 36 published a second paper 
showing a second m axim um  a t approxim ately 2 0 0  

M e fo r a 0.1 M  solution at about 20°.
In  th is paper measurements are reported in  0.10, 

0.15, and 0.20 M  solutions at 25° over the frequency 
range 3-255 Me.

Experim ental Section

A p p a r a tu s . The transm itted pulse technique 36 was 
used fo r a ll measurements. For the frequency range
1-60 M e the apparatus used has been previously 
described . 37 In  the range 40-200 M e, the apparatus 
used consisted of a 1 -in. path length interferometer 
cell, a Chesapeake U-100 pulser, an R D O  receiver, and 
a Tektron ix  531A  oscilloscope. The calibrated com
parison signal was obtained from  a H ew lett-Packard 
608D signal generator pulse modulated by a D um ont 
256 A R  scope. For the range 100-255 M e, the Chesa
peake pulser-RDO receiver combination was replaced 
by a Madison PR  201 transm itter-receiver.

The technique consists of d isplaying the received 
pulse tra in  on the oscilloscope together w ith  the 
standard pulse. In it ia lly , the firs t received pulse and 
the standard pulse are adjusted to the same amplitude. 
The standard pulse is then decreased by a given number 
of decibels and the path length increased u n til the two 
signals are again equal. U sua lly  two or three received 
echos can be used so as to give replicate measurements. 
A  p lo t of a ttenuation (decibels) vs. distance (centi

meters) gives a stra ight line w ith  the absorption co
efficient as the slope.

A ll measurements were made a t 25° w ith  the tem
perature controlled to ±0 .05°. The 1 -in. cell used a 
0.5-in. diameter X -cu t quartz crystal fronted by a 1- 
in. length quartz delay line as a sender, and a 1 -in. 
diameter X -c u t crystal as the receiver. Crystals w ith  
fundamentals of 3, 4, 5, 7, 10, 15, and 20 M e were used. 
I t  should be pointed out th a t in  water a t 25°, 1  db 
a ttentuation requires 20 cm path  length a t 5 M e b u t 
on ly 0.077 cm at 255 Me. This explains the necessity 
fo r the specific cell instrum entation fo r the d ifferent 
frequency ranges.

M a teria ls . The M gS 0 4 was A R  grade dried to  its  
anhydrous form  at 200° fo r 36-48 hr. Analysis of the 
solutions by ion-exchange techniques confirmed the 
weighed concentrations w ith in  0.2%. The solvent 
used was conductance water obtained by passing dis
tilled  water through a double ion-exchange column.

R esults and Calculations

Measurements of the absorption coefficient were 
repeated a t least twice a t each frequency w ith  a fresh 
solution. The results reported are the averages of the 
replicate runs. The basic in form ation  desired is the 
excess absorption coefficient per wavelength

M =  (aX — a sK )  (1)

where a  =  absorption coefficient in  solution, X =  wave
length in  solution, a s =  absorption coefficient in  solvent, 
and \ s =  wavelength in  solvent. Since the ve loc ity  
dispersion is quite small, we le t X =  Xs and used the 
data of Greenspan and Tschiegg38 fo r the ve loc ity  of 
sound in  pure water. For as we used the average value 
determined in  th is laboratory w ith  the three pulse

(26) J. R . Sm ithson and T . A . L ito v itz ,  J. Acoust. Soc. Am., 28, 462 
(1956).
(27) H . S iegert, Acustica, 13, 48 (1963).
(28) G. A tk in so n  and S. K . K o r, Physical C hem is try  Sym posium  
“ Fast Reactions in  S o lu tion ,”  B u ffa lo , N . Y ., 1965, to  be published^
(29) R . Leonard, P. Combs, and L . S tridm ore, J. Acoust. Soc. Am., 
21, 63A (1949).
(30) L . L ieberm ann, ibid., 20, 868 (1948).
(31) D . Bies, J. Chem. Phys., 23, 428 (1955).
(32) O. W ilson  and R . Leonard, J. Acoust. Soc. Am., 26, 223 (1954).
(33) G. K u rtz e  and K . Tam m , Acustica, 3, 33 (1953).
(34) W . C. S m ith , R. E . B a rre tt, and R . T . Beyer, J. Acoust. Soc. Am., 
23, 71 (1951).
(35) K . T am m , G. K u rtze , and R . K aiser, Acustica, 4, 380 (1954).
(36) J. M . M . P inkerton , Proc. Phys. Soc. (London), B62, 129, 286, 
(1949).
(37) G. A tk inson , S. K . K o r, and R . L . Jones, Rev. Sci. Instr., 35, 
1270 (1964).
(38) M . Greenspan and C. E . Tschiegg, J. Res. Natl. Bur. Std., 59, 
249 (1957).
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apparatuses available over the range 1-290 M e at 25°.

a „J j2 =  constant =  23.1 X  10 - 1 7  cm - 1  sec2 (2)

The frequencies were determined by a beat method 
using a standard frequency meter (Gertsch FM -3). 
Figure 1 shows the relaxation spectra at the highest 
concentration measured. The high-frequency peak 
is assigned to  m  and the low-frequency peak to m u .  
Using a tenta tive  value fo r f i  and the lite ra ture  value 
fo r f n i ,  we can calculate

M .m  =  2 m i ( r “ T\  - )  +  2gMIII(  “ r i2n  - )  (3)

This curve falls d is tin c tly  below the experimental 
curve in  the frequency region 2-35 Me. I t  is then 
possible to f i t  the curve

T h is  “ m idd le ”  relaxation is shown in  Figure 2.
Using ( f n ,  m m i i )  i t  is now possible to refine the m  

peak. The relaxation frequencies were derived from  
the measured (n, / )  data by two techniques. The firs t 
technique is due to M ikh a ilo v . 39  40 41 Here

1 CO2 TCO2 1

2v3 (a — a„) (v j  — v02) ( v j  — v02)r  ̂ ^

where v =  real ve locity, v,r, =  “ in fin ite  frequency”  
velocity, and v0 =  “ zero frequency”  ve locity. A  p lo t 
of ( l/ 2 v 3)u 2/ [ ( a  — a a) ] vs. u 2 gives a stra ight line. The 
ratio  of the slope to the intercept is r 2. The second 
technique sim ply consists of f it t in g  the (fi, f )  data to 
eq 3 w ith  a rb itra ry  /Umax, /Fmax, r, and r '  to give the 
best f it. Table I  gives the results of these calculations 
as well as the results previously obtained fo r the lowest 
relaxation by W ilson and Leonard 40 and K u rtze  and 
Tam m . 4 1 The la tte r results were obtained by exam
in ing  both sets of data as a function of concentration

and s ta tis tica lly  deriving th e /m  values at the concentra
tions of interest to  us.

Two methods of calculating the k inetic parameters 
from  the relaxation data were employed. The firs t 
is essentially the method of A tk inson and K o r . 22 

The second depends on the concentration dependence 
o f/ i .

A .  A tk in s o n  and  K o r . A  three-step association 
model is assumed. I t  is then assumed th a t an equi
lib rium  constant can be calculated fo r step I  by the 
B je rrum  equation. In  step I  the ions are assumed to 
have reached a center-to-center distance of 9.8 A  
('/■Mg +2 +  r so, - 2  +  4rH2o). Th is corresponds to the 
simplest model assumed by Eigen and the above 
authors and gives a K 12 (dissociation constant) of 
0.0192 l./m ole.

As Eigen has shown , 42 the equations relating the

Table I : Relaxation Parameters in Aqueous MgS04 at 25°

0.09889
--------C,M------

0.1493 0.1965
ft 170 192 205
IOVmF 7.2 17.5 21.3

fu 11.3 12.0 12.4
IOVmii6 0.5 0.5 0.8

/in “ 0.133 0.137 0.140
IOVmiii6 4.5 6.8 9.0

“ In Mc/sec. b In nepers/wavelength.

(39) I .  G . M ik h a ilo v , Dokl. Akad. Nauk USSR, 89, 991 (1953).
(40) O. W ilson  and R . Leonard, Technical R epo rt 4, O N R  C on trac t 
N 6 onr, U C L A  £7507.
(41) G. K u rtz e  and K . T am m , Acustica, 3, 33 (1953).
(42) M . E igen and L . D e M aeyer in  “ Techniques of O rganic Chemis
t r y , ”  V o l. V I I I ,  P a rt 2, A . Weissberger, E d., John W ile y  and Sons, 
Inc ., N ew  Y o rk , N . Y ., 1963, p 895 ff.
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relaxation times to the rate constants fo r the three- 
step process are

27t/ i  — ¿ 2 1  -|- h i° e (C )  (5)

6 {C ) =  <tCt ± 2 2 +
à  In y± 2 

ò In a  _ (6)

where a =  degree of dissociation, y± =  mean ionic 
a c tiv ity  coefficient, C  =  e lectrolyte concentration.

27t/ ii — ¿ 32 +  ¿23 '  6 ( 0  " 
-K l2  +  d (C )_

— ¿32 +  ¿23̂ >(CI)

2 7 t/ i i i  —  ¿ 4 3  +  ¿ 3
' $ (^ ¿2 3
.¿32 +  4/(7) ¿23_

(7)

(8)

We now assume th a t the y ± are given by an extended 
fo rm  of the D ebye-H iicke l theory. Since Brubaker 
has shown th is to be quite  good fo r an unassociated 
2 : 2  sa lt , 43 th is seems like  a reasonable assumption fo r 
the free ions. Using the assumed K 12 and D ebye- 
H iicke l expression, 6 (C ) is calculated by a series of 
successive approximations using a small computer 
program. Equations 5, 7, and 8  can then be used to 
calculate the six rate constants fo r the three steps.

B . R efin ed  M eth od . The refined technique merely 
consists of taking the ¿i2° and k21 values derived above 
and calculated K n  from

K u
¿21
¿12°

(9)

This K u  is then fed back in to  procedure A. The 
cycling is continued u n til ou tpu t K n  equals inp u t K u -  
The procedure converges quite  rap id ly  so th a t even if  
the original assumed K J 2 were off b y  an order of magni
tude, convergence is obtained in  three cycles or less.

We can define the equ ilibrium  constants fo r the step
wise process by

¿2!
A 12 — "

M2
( 1 0 )

¿32
-*»-23 — 7~ 

3
( 1 1 )

J
IJii¡4 ( 1 2 )

and

v  , 1 +  A / 4 +  K 2:îK?a  r .
s r i  a

iVl2/V23̂ V 34
(13)

Table I I  contrasts the results of th is w ork w ith  those 
of Eigen. Since Eigen only had th e / i  a n d / in  relaxa-

tions to  work w ith , he had to assume a superposition 
o f / i  and /n .

Table II : Kinetic Parameters for MgS0 4  
Association in H20  at 25°

Eigen-Tamm This work

¿ 12°, M  1 see-1 4.6 X 10“ 2.8 X 10l°
¿2i, sec-1 8 X 10« 5.6 X 10s
K a, M - i 0.017 0.020

¿23, sec-1 1 X 109 7.2 X 107
¿32, sec“ 1 5 X 108 3.7 X 107
K* 3 0.5 0.51

¿34, sec-1 1 X 106 1.4 X 106
¿43, sec-1 8 X 105 8.0 X 105
Kzi 7.5 5.8

A s “ 1 197 165

K\ (conductance) 169 169

D iscussion

The firs t step of the association process (step I )  
has been a ttribu ted  to a diffusion-controlled reaction. 
The rate constants fo r such a reaction have been 
calculated by Debye44 and Eigen46 as

¿12°
4:irN A Z iZ 2e‘2 (£>i T  SD2)

mole - 1  cm 3 sec- 1  (14)

and

_  ?,Z1Z 2C  

2 1  ~  D k T a 3

(D i +  3D,)
(15)

where Z\ and Z 2 are the charges on the ions, SDi and S) 2 

are the diffusion coefficients, and N a is Avogadro’s 
number, a  is the distance to which the two ions ap
proach one another in  the diffusion-controlled step.

On examining Table I I  i t  is clear th a t our experi
mental value of ¿1 2° is very close to th a t calculated by 
Eigen from  the known diffusion coefficients of M gS 0 4. 
The equilibrium  constant K n  found experim entally 
was 0 .0 2 () corresponding to a B je rrum  distance of 10.4 
A. This is quite  close to the 9.g A  assumed by K o r 
and A tkinson in  the ir M n S 0 4 work and lends credence

(43) C. H . B rubaker and P. G . Rasmussen, J. Phys. Chem., 67, 330 
(1963).
(44) P. Debye, Trans. Electrochem. Soc., 82, 265 (1942).
(45) M . Eigen, Z. Physik. Chem. (F ra n k fu rt) , 1, 176 (1964).
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to the model th a t the product of step I  is a solvent- 
separated ion pa ir w ith  a separation equal to th a t given 
by two water molecules. I t  seems obvious th a t there 
are more complex arrangements of water molecules 
th a t would give the same distance.

Table I I I  contrasts the k ine tic  parameters fo r steps 
I I  and I I I  in  the cases of M n S 0 4 and M gS 04. Step 
I I  presents the greatest contrast between Eigen’s results 
and our results. This is due completely to our measure
ment of the “ m iddle”  relaxation. Since step I I I  is 
substantia lly lower in  frequency than step I I ,  the two 
calculations agree very n icely here.

Table III : Comparison of MgS04 and MnS04

MgSOi 
(this work) MnSO(«

kn, sec-1 7 .2  X  107 6 .9  X  107
k32, sec-1 3 .7  X  107 1 8 .5  X  107
«23 0 .5 1 2 .7

ku, see-1 1 .4  X  10s 4 .8  X  107
kiz, sec-1 8 .0  X  10s 1 3 .5  X  10s
Kzi 5 .8 0 .2 8

A n  examination of Table I I I  shows th a t h 3 is essen
tia lly  the same fo r the two salts . 46 This step (step I I )  
seems p rim a rily  dependent on the anion and the in 
sensitiv ity  of h 3 to  cation implies an Sn  1-type mech
anism fo r th is  forward rate. I f  step I I  is anion de
hydration, step I I I  is cation dehydration. In te rna l 
evidence was available to  support th is in  the case of 
M n + 2 where fc34 is v ir tu a lly  identica l w ith  the rate of 
water exchange on M n + 2 as measured by O 17  nm r . 47 

This again implies an SN l-type mechanism. This 
in terna l check is no t available fo r M g + 2 b u t consistency 
insists th a t the fc34 of 1.4 X  105 sec- 1  gives us a very 
good idea of the water exchange rate on M g + 2.

I t  should now be pointed ou t th a t the back rates 
( h 2 and h z )  and, so, the equ ilibrium  constants (A 23 

and A 34), reflect the ind iv idua l character of the cation 
involved.

We now summarize our present view of association 
in  aqueous M gS 0 4 and M n S 0 4. The process takes 
place in  three steps: step I ,  the diffusion-controlled 
approach of the M + 2 and S 0 4 ~ 2 ions to  form  a solvent 
separated ion pa ir; step I I ,  an ion-pair desolvation 
step whose forward rate depends on the rate of solvent 
exchange on the anion; step I I I ,  an ion-pair desol
vation step leading to  a contact ion pair. The forward 
rate of th is step depends on the rate of solvent exchange 
on the cation.

I t  should be noted th a t the above scheme is only 
applicable in  the case where the rates of the (k n  »  
h z  »  h i )  three steps are substantia lly different. 
B o th  the data treatm ent process and the in terpreta
tion  must be altered in  the more complex case where 
the rate constants fo r two (or more) steps d iffer by 
less than a factor of 10. The w ork of Eigen and 
Tam m  and pre lim inary w ork in  th is laboratory show 
th is to be the case in  aqueous CuS0 4 and ZnS04.

As a fina l check on the approach presented here we 
can compare the over-all association constant calcu
lated from  the ultrasonic data w ith  th a t calculated 
from  conductance data 48 using the Fuoss-Onsager 
theory fo r data treatm ent. Here we find  th a t A s - 1  

(ultrasonics) =  165 and K \  (conductance) =  169. 
The agreement is really much better than the precision 
of the ultrasonic results would lead one to expect. 
However, the agreement is good and indicates th a t the 
conductance measurements find  th a t none of the 
three types of ion pairs contribute to the conductance 
of the solution.

The authors feel th a t even though the detailed 
results to date are on a lim ited  number and restricted 
type of electrolyte solution, they indicate an exception
a lly  valuable approach to  the resolution of m any elec
tro ly te  problems. I t  seems obvious th a t the relaxa
tion  approach so b r illia n tly  developed b y  Eigen and 
his co-workers can yield the type of in form ation needed 
to go beyond the confines of the continuum  solvent 
model. The continuum  model gives very useful 
results as long as we are considering ions separated 
b y  d is tinct layers of solvent molecules. However, 
once the ions approach the po in t where the ir p rim ary 
solvation shells touch, we m ust acknowledge the in 
adequacy of the continuum  solvent model. The 
cases where the continuum  model gives unambiguous 
results are most fru it fu lly  looked upon as degenerate 
cases where the rates of solvent exchange on the ions 
are of the same order as the rate of diffusion-controlled 
approach. The most generally significant parameter 
th a t emerges from  the relaxation method approach 
is the rate of exchange of solvent molecules in  the 
p rim ary solvation sphere of the ion. U nfortunate ly, 
i t  is, in  general, an extremely d ifficu lt parameter to 
obtain by d irect measurement.

We are now applying the ultrasonic absorption tech
nique to 1 : 1  salts in  solvent m ixtures in  an attem pt

(46) T h is  has also proved to  be tru e  fo r aqueous C oS 04; to  be pub
lished.
(47) R . F . C onnick, “ Advances in  the  C hem istry of C oord ina tion  
Com pounds,”  S. K irschner, Ed., The M a cm illan  Co., N ew  Y o rk , 
N . Y ., 1961, p 16.
(48) C. W . Davies, J. Chem. Soc., 2093 (1938).
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These include the opportun ity  to  establish the form a
tion  of gaseous desorption products and the amounts of 
such products formed, to relate these amounts to metal 
surface area, and fu rthe r to study the kinetics of the ir 
form ation. In  the present case, a small bakeable mass 
spectrometer was used to iden tify  the desorption prod
ucts.

Experim ental Section

The reaction cell was of conventional design (Figure 
1 ) ,  i .e . , a 250-ml flask w ith  four outlets, the omegatron, 
ion gauge, gas supply, and diffusion pump. The cell 
and vacuum gauges could be isolated from  pumps and 
gas source by a ground-glass valve and a variable leak, 
respectively. Two ion gauges were used in  th is work. 
One was a conventional B aya rd -A lpe rt (BA) gauge3 4 5 6 

w ith  a tungsten filam ent; the other was a B A  gauge 
w ith  a lanthanum  boride coated tungsten filam ent . 7 

The partia l pressure analyzer was a Leybold omega
tron 8 ,9  mass spectrometer tube. The ion gauge and 
the omegatron were connected to  the reaction cell 
through 25-mm tubulation. The ion current from 
the B A  ion gauge was amplified and recorded on a 
M odel 3S Moseley x - y  recorder, and the ion current 
from  the omegatron was measured w ith  a vibrating-reed 
electrometer and recorded. The response tim e of the 
omegatron-electrometer system is too long to be su it
able fo r k inetic studies w ith  the flash filam ent tech
nique, although i t  is quite suitable fo r the identification 
of desorption products of mass less than 30 amu. 
When irid ium  was dosed w ith  acetylene or ethylene at 
100°K and flashed, the rate of desorption of physically 
adsorbed gas was so great th a t the omegatron and 
associated c ircu itry  could not respond sufficiently 
rap id ly  to fo llow  i t ;  these experiments were repeated in  
a sim ilar apparatus in  which the omegatron was re
placed by a General E lectric M odel 514 partia l pressure 
analyzer mass spectrometer. The gauge constants for 
both gauges, 5 m m - 1  fo r the tungsten filam ent gauge 
and 3.6 m m - 1  fo r the lanthanum  boride coated fila 
ment, are in  good agreement w ith  H ic k m o tt’s7 value 
of 4.4 m m -1. The top part of the reaction cell was a 
reentrant-type dewar which could be filled w ith  the 
proper coolant to  m aintain the filam ent a t a given tem 
perature during adsorption. L iquids used fo r th is pur
pose were liqu id  nitrogen (~ 1 0 0 °K ) and water (300°K).

The temperature of the filam ent was determined by 
using the filam ent as a resistance thermometer. The 
temperature dependence of resistance of the sample 
filam ent was determined by measuring the resistance of 
the filam ent when i t  was immersed in  various constant- 
temperature baths covering the temperature range 77 
to 640°K. In  a desorption experiment, the filam ent

Figure 1. Flash filament desorption spectrometer. Dotted 
line surrounds bakeable portion. V, and V2, magnetically 
controlled ball joint valves; F, 5-mil iridium filament;
T, liquid nitrogen trap; I.G., Bayard-Alpert ion 
gauge; M, magnet, 3250 gauss; O, omegatron;
G, gas supply; G.P., Granville-Phillips valve.

was heated by a constant current, and the voltage drop 
across the filament, fo r a given current, was a d irect 
measure of the resistance and, hence, the temperature of 
the filament.

The hydrogen used was Reagent Research grade ob
tained from  the Matheson Co. in  1-1. flasks w ith  break- 
off tips. E thylene (Matheson chemically pure, re
ported by the m anufacturer to be 99.8% pure) and 
acetylene (Matheson) were passed through a D ry  Ice - 
acetone trap, then fu rthe r purified by repeated freezings 
and evacuations at 77°K . Gases were then sealed in 
ampoules equipped w ith  break-off tips, and the am
poules were sealed onto the vacuum system.

When the filam ent had been annealed and the pres
sure in  the cell had been reduced to  1 0 - 1 0  mm, the 
break-off t ip  was broken and the gas was adm itted to 
the system through a G ranv ille -P h illips  valve u n til the 
pressure was about 10 ~ 8 9 mm. The filam ent was again 
flashed to  2200°K and then held either a t 77 or at 
300°K  fo r va ry ing  periods of tim e (results presented 
are fo r 8 -m in  dose times unless otherwise specified).

Follow ing the adsorption in terva l, the reaction cell 
(including the B A  ion gauge and the omegatron) was 
isolated from  the pumps by closing the m agnetically 
operated ground-glass valve, the filam ent was then 
flashed at the desired heating rate, and the change in  
the ion current (pressure) was recorded as a function  
of time. (Constant current flashing resulted in  a tem 
perature-tim e dependence approximately of the fo rm

(3) (a) R . W . Roberts, J. Phys. Chem., 67, 2035 (1963); (b ) ib id., 
68, 2718 (1964).
(4) G. E h rlich , J. Appl. Phys., 32, 4 (1961).
(5) G. E h rlich , Advan. Catalysis, 14, 255 (1963).
(6) R . T . B ayard  and D . A lp e rt, Rev. Sci. Instr., 21, 571 (1950).
(7) T . W . H ic k m o tt, J. Chem. Phys., 32, 810 (1960).
(8) H . Sommer, H . A . Thomas, and J. A . H ipp ie , Phys. Rev., 82, 
697 (1957).
(9) D . A lp e rt and R . S. B u r itz , J. Appl. Phys., 25, 202 (1954).
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l/ T  =  a  +  bt. For a given flash, therefore, d T / d t is 
noD constant. R e la tive ly  slow flash rates were used in  
systems giving m ultip le  peaks to improve th e ir resolu
tion.)

I t  was found th a t hydrogen was rap id ly  pumped dur
ing a flash desorption experiment when the pressure 
increase was m onitored w ith  the tungsten filam ent ion 
gauge. Separate experiments showed th a t th is pum p
ing rate could not occur through the ground-glass valve. 
Hydrogen pum ping was, therefore, a ttribu ted  to  the 
hot tungsten filam ent in  the ion gauge; th is  behavior is 
to  be expected according to the observations of H ick- 
m o tt . 7 ’ 10

Mass spectra were obtained w ith  the conventional 
B A  ion gauge operated at 0.4-ma emission current and 
w ith  th is ion gauge off. No appreciable difference was 
found in  the cracking patterns ind icating th a t there is 
no change in  the gas phase composition. Very  like ly , 
some cracking occurred on the hot filaments, w ith  the 
hydrogen produced being rap id ly  pumped by the 
filament.

The tungsten filaments in  the ion gauge were operated 
a t 2500° fo r 24 h r in  an ambient of 10- 6  mm of oxygen 
to  remove the carbon in  the ion gauge filaments. This 
treatm ent was necessary to  reduce the form ation of 
CO formed by a complex sequence of reactions 1 1  in 
vo lv ing  carbon dissolved in  the tungsten filament, 
hydrogen, and oxygen from  the glass in  the cell walls.

The desorption spectra of hydrogen were analyzed 
by the method described by E h rlich , 4 and the heats of 
desorption fo r the various species in  the desorption 
spectra of ethylene and acetylene were obtained by us
ing Redhead’s1 2  treatm ent.

R esults

When hydrogen dosed on ir id iu m  a t 100°K was 
flash desorbed w ith  fast pum ping fo r maximum resolu
tion, tw o desorption peaks were observed (low-tem
perature a  and high-temperature $ )  as shown in  Figure
2. Th is indicates th a t hydrogen adsorbed on irid ium  
a t 100°K exists in  a t least tw o states. O nly a single 
peak, presumably corresponding to  the fi state, is ob
served in  the flash desorption spectrum from  a fila 
ment dosed at 300 °K . Detailed k ine tic  and exchange 
experiments to be reported elsewhere indicate th a t 
hydrogen is adsorbed a tom ically in  both  states and th a t 
the activation energy fo r desorption from  the /S state 
varies from  24 to  18 kcal mole as coverage varies from  
40 X  101 2  to  230 X  101 2  molecules/cm2.

Typ ica l flash desorption curves fo r irid iu m  dosed 
w ith  ethylene fo r 8  m in  a t 5 X  10~ 8 mm are shown in  
Figures 3 and 4. Figure 3 shows th a t a desorption 
process occurs from  irid iu m  dosed w ith  ethylene at

T"K
100 2 0 0  3 0 0  5 0 0

Figure 2. Flash desorption of hydrogen dosed on 
iridium at 77°K at 5 X  10-8 torr for various dosing times. 
Curves are translated vertically to avoid overlap. Dosing 
times, increasing from bottom curve to top curve, 
are 2, 3, 4, 5, and 6 min.

TIME (SEC)

Figure 3. Flash decomposition of C2H4 dosed on iridium 
at 300°K. Total pressure and mass 2 bursos.

(10) T . W . H ic k m o tt, / .  Appi. Phya., 31, 128 (1960).
(11) J. A . Becker, E . J. Becker, and R . G. Brandes, ibid., 32, 411 
(1961).
(12) P . A . Redhead, Vacuum, 12, 203 (1962).
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served a s im ilar tr ip le t in  irradiated K N 0 3 w ith  a 
nearly isotropic g factor and hyperfine sp littings (g&v —
2.005, Also =  41 gauss) which has been a ttribu ted  by 
Symons 1 2  13 to  N 0 32_.

I f  the concentration of n itra te  is reduced to  10~ 2 M ,  
then the blue color and esr spectrum associated w ith  
trapped electrons are observed in both  the photo
chemical and radiation chemical systems. Subsequent 
bleaching w ith  visible lig h t results in  an increase in the 
signal a ttribu ted  to N 0 32- in both  systems. Further 
illum ina tion  w ith  2537-A lig h t causes the change to 
N 0 2 described above. W arm ing experiments show 
th a t the O -  peak disappears below 150°K, whereas 
both  of the species responsible fo r the rest of the spec
trum  are stable up to the softening p o in t of the glass.

N eu tra l I c e  C on ta in in g  N 0 3~. The y-irrad ia ted 
neutra l ice containing 0.5 M  N a N 0 3 yields an esr 
spectrum which has contributions from  OH, N 0 32~, 
NO-2, and possibly N 0 3. The last species is revealed 
when the sample is warmed above 110°K. I ts  spec
trum  is a singlet of about 1 0 -gauss w id th  situated at 
g =  2.015 and has been previously observed by Ershov, 
et a l . ,13 and by Kevan . 7 Spectra a ttribu ted  to N 0 3 have 
been observed in y-irrad ia ted lead n itra te , 1 4  15 potassium 
n itra te , 16  and urea n itra te 16  single crystals. Quoted 
values fo r gav are 2.019, 2.017, and 2.013, respectively, 
w ith  considerable anisotropy. The nitrogen hyperfine 
sp littings va ry  from  2 to 10 gauss. Our spectrum is 
compatible w ith  these values assuming considerable rota
tional freedom for N 0 3 a t 110°K. The only indication 
of ^-anisotropy is the considerable broadening of th is 
spectrum when the annealed sample is reexamined at 
77°K . U nlike  Kevan, we also observed the presence of 
NO;,2~ in th is system and our spectrum corresponds 
more closely to th a t published by Ershov, et al.

When a sim ilar neutra l ice sample containing n itra te  
and ferrocyanide is irradiated fo r several hours, the 
only spectrum observed is th a t of N 0 2. A  sim ilar 
spectrum is obtained when 10~ 2 M  N N N 'N '- te tra -  
methy 1-p-pheny] en ediam ine (T M P D ) is irradiated 
w ith  u ltrav io le t ligh t in  a methanol glass containing 
0.5 M  L iN 0 3.

A c id  G lasses C on ta in in g  N O z~ . The form ation of 
N 0 2 is observed in  y- or u ltrav io le t-irrad ia ted  sulfuric 
acid glasses containing N 0 3~ ions (and Fea, 2+ in the 
case of u ltrav io le t irrad ia tion). I t  is no t possible 
to be certain whether N 0 3 is present because of overlap 
from  the spectrum o f the acid residue, a ttribu ted  
to  S 04-  or to -S 0 2- 0 . 4 However, Ershov, et al., 
have observed N 0 3 in y-irrad ia ted 1 N  n itr ic  acid at 
7 7 °K  and i t  is very like ly  th a t i t  is present to a smaller 
extent in  our system. No N 0 32~ is observed in  acid 
glasses. Hydrogen atoms are observed b u t are de

pleted in  the presence of n itra te  when compared w ith  
a sample w itho u t additive.

A lk a lin e  G lasses or N eu tra l I c e  C on ta in in g  N O z~ . 
Sim ilar experiments were conducted in alkaline and 
neutra l aqueous media by replacing n itra te  w ith  n itrite . 
The results, together w ith  those from  n itra te, are listed 
in Table I .  In  y-irrad iated alkaline glasses, a central 
line at g — 2.005 ±  0.002 is observed which increases 
in size when et~ is photobleached. We assign th is peak 
ten ta tive ly  to N 0 22~ although the esr spectrum of th is 
species is not well established. The observed g factor 
is in reasonable agreement w ith  th a t of a species ob
served in irradiated K N 0 3 (gi =  2.008, gi =  2.010, 
g3 =  2.005; giV =  2.008). This was a ttribu ted  o rig i
n a lly 111’ to NO b u t reinterpreted as N 0 22- by A tk in s  and 
Symons . 10  The line w id th  of our spectrum is also 
compatible w ith  the average hyperfine sp litting  of 13 
gauss fo r the species observed in  K N 0 3. In  the cor
responding u ltravio le t-irrad ia ted  system, a poor spec
trum  is obtained w ith  a broad high-field component 
and is m ostly uninterpretable. However, i t  is pos
sible to iden tify  N 0 2 by the presence of the extreme 
high-field peak of N 0 2. In  neutra l ice containing 
n itrite , on ly N 0 2 and OH are distinguishable in  the y- 
irradiated sample, and only N 0 2 in the photochemical 
system. In  a ll the systems invo lv ing  u ltra v io le t ir 
radiation, spectra were obtained only in the presence of 
a reducing solute (Fe2+, Fe(C N )64U or T M P D ).

D iscussion

The observations on neutral and alkaline glasses con
ta in ing  n itra te  ions suggest th a t in  these media the 
in itia l reaction of a therm al electron w ith  n itra te  ions 
is given by (1). This suggestion is supported by the

e -  +  N O 3 -  — >  N 0 32-  ( 1 )

fo llow ing evidence: ( 1 ) the blue color and the esr 
spectrum of trapped electrons may be suppressed by a 
sufficiently high concentration of n itra te  ions; (2 ) 
in  the presence of a smaller concentration o f n itra te , 
the trapped electrons m ay be remobilized by photolysis 
w ith  visible ligh t, th is process being accompanied by 
an increase in  the esr spectrum of N 0 32-. F u rthe r
more, the change from  N 0 32- to N 0 2 during u ltra 
v io le t irrad ia tion  of the y-irrad ia ted glasses explains 
the absence of N 0 32_ from  the spectrum observed

(12) P . W . A tk in s  and M . C. R . Symons, J. Chem. Soc., 4794 (1962).
(13) B . G. E rshov, A . K . P ikaev, P. Y a. G lazunov, and V . I .  S p itsyn, 
Dokl. Akad. Nauk SSSR, 1S4 , 899 (1964).
(14) M . G old ing and M . J. Henchm an, J. Chem. Phys., 40, 1554 
(1964).
(15) H . Zeldes and R . L iv ingston , J. Chem. Phys., 3 7 , 3017 (1962).
(16) G. W . C han try , A . H orsfie ld, J. R . M o rto n , and D . H . W hiffen , 
Mol. Phys., 5, 589 (1962).

The Journal o f  P hysica l Chemistry



Esr Studies of Aqueous Systems Containing N itrate and N itrites 3131

Table I: Species Identified by Esr Spectra in Irradiated Aqueous Systems Containing N 03_ or N02~ at 77°K

Matrix

8 M  NaOH

H20

6 M H2S04

8 M  NaOH

H20

S o lu te

IO-2 M  NaNOa 
10-2 M  NaN03 1 
IO"2 m  K4Fe(CN)J 
0.5 M  NaNOa 
0.5MNaNOa \ 
IO"2 M  K4Fe(CN)6J 
10-2 M  NaN03 
IO“ 2 M  NaNOa)
IO"2 m  FeS04 J

T y p e  o f
ir r a d ia t io n  S p e c ie s  t r a p p e d

7  e -  0 “ , N 02, NOa2- “’*

Ultraviolet e- , O- , NCV’6

7 OH, N0 2, NOa, NOa2-

Ultra violet N0 2

7 H, S0 4-, N0 2, NOa(?)

Ultraviolet H, S0 4_, N0 2, N0 3(?)

<10-2 NaNOa 
0.5 M  NaN02 \ 
IO-2 M  K4Fe(CN)6J 
0.5 M  NaN02 
0.5 M NaN02 1 
IO“ 2 M  K„Fe(CN),/

7
Ultraviolet

7

Ultraviolet

e -  0 - ,  N 02, N022-(?)<: 

0 - ,  N 02, NO»2"(?)
n o 2, o h  

n o 2

“ Postirradiation with visible light causes decrease in e-  and increase in NOa2-. b Postirradiation with ultraviolet light causes de
crease in NOa2- and increase in N 02. c Postirradiation with visible light causes decrease in e-  and increase in NO»2-. Postirradiation 
with visible or ultraviolet light has no effect on other systems.

when electrons are generated by the u ltrav io le t ir 
rad iation of glasses containing F e(C N )64 ~(aq) or te tra- 
methyl-p-phenylenediain ine. B o th  solutes are photo- 
ionized, b u t in  these systems reaction 1  is followed im 
mediately by

ultraviolet
NOa2- ---------— N 0 2 +  ( V -  ( —^  2 0 H -)  (2)

Reaction 2 may also occur during y  irrad ia tion ; i .e . ,  
“ rad iation bleaching”  m ay occur to some extent and 
could be responsible fo r the production of some N 0 2 

in  such systems. However, i t  is more like ly  th a t N 0 2 

is formed d irectly  by reaction o f one or more of the 
oxidizing species H 20 +, OH, or 0 “ . Kevan 7 has pre
sented k ine tic  evidence in favor of reaction 3, and the

H 20 +  +  N 0 3-  — >  NOs* +  H 20  (3)

/  \
N 0 3 N 0 2 +  0

observation of N 0 3, N 0 2, and O H  in  neutra l systems 
supports th is view. However, the form ation of N 0 3 

would be explained equally well by  reaction 4 fo r which 
there is d irect evidence in  the w ork of Ershov, et a l .13 
These workers observed the conversion of O H to N 0 3 

during the therm al annealing of frozen neutra l n itra te  
solutions. I t  m ay be significant th a t no N 0 3 is found

O H +  N 0 3-  — >  N 0 3 +  O H -  (4)

in  strongly alkaline systems in  which O H is like ly  to 
be converted largely to O - . Th is suggests th a t the 
form ation of N 0 2 from  H 20 + should be w ritten  accord

ing to (5), w ithou t N 0 3+ as an intermediate, and th a t 
all of the N 0 3 arises from  (4). Th is view is supported

H 20 +  +  N 0 3-  — >  N 0 2 +  2 0 H  (or H 20  +  0 ) (5)

by evidence from  the gas-phase decomposition of 
N 20 5 in which intermediate N 0 3 decomposes in to  N O  +  
0 2 rather than N 0 2 +  0 . (OH radicals formed in
(5) would, of course, appear as O -  in alkaline systems.)

S tric tly  analogous reactions m ay be w ritten  fo r 
neutral and alkaline glasses containing n itr ite  ions, 
though in  these systems N 0 22~ ions do not appear to be

e -  +  N 0 2-  — > N 0 22“  (6 )

H 20 +  +  N 0 2-  — > N 0 2 +  H 20  (7)

OH +  N 0 2-  — >■ N 0 2 +  O H -  (8 )

converted to N 0 2 by u ltrav io le t irrad iation. Thus, 
the slow form ation of N 0 2 in  an u ltrav io le t-irrad ia ted  
neutral ice containing n itr ite  and ferrocyanide ions 
presents a problem. There is evidently no trace of 
N 0 22-  and i t  is believed th a t the on ly oxid izing species 
present is F e(C N )63 -(a q ). W h ile  i t  is well known th a t

Fe(C N )63-  +  N 0 2-  — >  F e(C N )64-  +  N 0 2 (9)

reaction 9 takes place in  aqueous solution a t room 
temperature, i t  is surprising th a t i t  can occur a t 77 °K  
where both  species are thought to be immobile. How
ever, there is evidence to suggest th a t electron transfer 
processes occur in  the solid state between reactants 
separated by a considerable distance. For example,
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of the a  peaks in  acetylene decomposition (which are, 
however, m arkedly smaller fo r acetylene than fo r 
ethylene), and the observed a '  ¡ 0 '  peak height ra tio  is 
greater at 300°K  than at 100°K, not less as the model 
implies. The model also fa ils to account fo r the appear
ance of methane in  the flash decomposition products 
from  ethylene; since the methane is a m inor product, 
th is fa ilure is less serious. The appearance of acetylene 
and ethylene at low flash temperatures is easily ac
counted fo r by desorption of physically adsorbed 
species, and the appearance of ethylene in  flash desorp
tion  products from  ethylene-dosed filaments over the 
temperature range 400-600°K may be most sim ply 
a ttr ibu ted  to  desorption of chemisorbed ethylene.

The reaction sequence 1-3 can be readily modified 
to account sem iquantita tive ly fo r the discrepancies 
between its  predictions and observations. Suppose 
th a t there are tw o principa l faces (e .g ., ( I l l )  and ( 1 0 0 )) 
on the metal surface and th a t on one of them, say face 
A, the reaction proceeds as indicated in  reactions 1-3. 
On the other face, say face B, the reaction sequence is

C H 2= C H 2 — >  (^adsorbed) +  4H  (U)
*

C H = C H  — >  C2 (adsorbed) +  2H  (3')
*

2H — >  H 2 (2)
*

This reaction sequence is intended to  im p ly  th a t e thy l
ene and acetylene chemisorb w ith  complete dissocia
tion  of hydrogen at temperatures substantia lly below 
the temperature of rap id  hydrogen desorption. I t  is 
known 2 th a t the chemisorbed hydrocarbons are im 
mobile on irid ium  at least up to  700°K, so th a t equili
b ra tion  of hydrocarbon between faces A  and B  would 
not be expected. On the other hand, hydrogen is com
p le te ly  mobile on irid ium  above 200°K, so th a t equili
b ra tion  of hydrogen between faces A  and B  would be 
expected and desorption of hydrogen would occur in  the 
a '  peak whether dosed on face A  or face B. Suppose 
equal amounts of ethylene were chemisorbed on faces 
A  and B ; the a  '//S' peak height ra tio  on flash desorp
tion  would be 3. For the case of acetylene, the corre
sponding ra tio  would be 1. These ratios are approxi
m ate ly those observed. Further, since the chemisorp
tion  reaction on face B is more extensive, i t  is not un

reasonable to suppose its  rate slower at 100°K  than the 
chemisorption rate on face A. Hence, when the fila 
ment is flashed after a given dosing period, desorption 
of physically adsorbed hydrocarbon would occur p rin 
cipa lly from  face B, and so the oi'/0 ' peak height ra tio  
would be less fo r 100°K dosing than fo r 300°K  dosing.

Roberts 3 has reported the decomposition of ethylene 
on clean irid ium  films at 27 and 100°, find ing  methane 
and ethane as principa l products w ith  on ly a small 
amount of hydrogen appearing during the early p a rt of 
the reaction. These results are rad ica lly d ifferent from  
ours, b u t Roberts’ reaction conditions are likewise 
rad ica lly d ifferent; fo r the dosing conditions cited, his 
ambient pressures must have been in  the region of 
1 0 ~ 8 to rr  whereas ours were of the order 1 0 - 8  to rr. 
Under these circumstances, rates of im pact of gaseous 
species w ith  the surface would be greater in  his experi
ments by a factor 10s than in  ours. The difference in 
results suggests a mechanism fo r ca ta lytic hydrogen
ation which, so fa r as we are aware, has not previously 
been proposed. The proposed sequence is

C H C H  +  C H i = C H 2 ( g )  — ^

C 2 (adsorbed) +  C 2H 6 (g) (4)

2H  +  C 2 (adsorbed) — >  C H C H  (5)
$ jfc jfc %

This is intended to im p ly  a d irect transfer of hydrogen 
atoms from  chemisorbed acetylene to  an ethylene mole
cule collid ing w ith  i t  from  the gas phase. The reaction 
would be somewhat analogous to  d iim ine hydrogena
tion  of olefins, which has been recently reviewed by 
H iin ig , M u lle r, and T h ie r . 1 4  The C 2 (adsorbed) residue 
would then react w ith  chemisorbed hydrogen by the 
reverse of reaction 3 to  regenerate chemisorbed acet
ylene. Obviously, a sim ilar set of reactions could be 
based on chemisorbed ethylene rather than on chemi
sorbed acetylene. This mechanism accounts readily 
fo r the fact th a t Roberts observed ethane and l it t le  
hydrogen, whereas we observed hydrogen bu t not 
ethane, in  the decomposition of ethylene on irid ium . 
According to  the mechanism, the rate of ethane pro
duction in  Roberts’ experiments would be greater than 
in  ours by a factor 1 0 6.

(14) S. H tin ig , H . R . M u lle r, and W . T h ie r, Angew. Chern., 4, 271 
(1965).
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electric constant. Since the process of proton transfer 
in  H F  leaves an excess of fluoride ions, a solution of 
sodium fluoride was studied as a control.

Experim ental Section

In  general, techniques fo r the vacuum line m anipula
tion  and optica l studies w ith  anhydrous hydrogen 
fluoride have been reported elsewhere, 3 and material 
reporting the latest refinements developed a t Argonne 
is in preparation. For the research described in th is 
paper, a rather simple Raman cell was used, fabricated 
from  some 0.75-in. o.d. polychlorotrifluoroethylene 
extruded tub ing 0.030 in. th ick. S p lit-ring  metal com
pression type of fittings  perm itted the attachment of a 
valve fabricated from  the same plastic to one end and a 
sapphire w indow to the other end of the tubing so th a t 
no metal was in  contact w ith  the solution. This tube 
was then used w ith  the 19-mm standard optics fo r the 
Cary 81 Raman spectrophotometer.

The hydrogen fluoride was distilled as described 
elsewhere. 4 5 The organic materials were reagent grade 
chemicals. The d ie thy l ether and dioxane were dried 
w ith  lith iu m  alum inum  hydride and were distilled, and 
the absolute alcohol was dried w ith  calcium oxide and 
was s im ilarly purified. Solutions were prepared in  a 
vacuum line largely fabricated from  po lychloro trifluoro
ethylene, much as described in  references cited above. 
Solutions were made up by weight and transferred 
d irectly  into the Raman cell connected to the vacuum 
line through a Y  arrangement.

O bservations

The observations of the Raman spectrum of anhy
drous H F  have often been obscured by the presence of 
a broad fluorescent band. When the 4358-A Hg line is 
employed, as in  th is work, the maxim um  is found 
at a Raman displacement of about 3000 cm-1. A  num
ber of additives, pa rticu la rly  such reactive halogen 
fluorides as B rF s and the noble gas compound XeF-i, 
have been observed to  repress th is  fluorescence. U n til 
very recently, we were no t able to  establish to what 
extent th is behavior was inherent in  hydrogen fluoride 
and to w hat extent i t  was a function of fluorescent im 
p u r ity  in  the reagent. Recently, samples of pure an
hydrous hydrogen fluoride have been obtained w ith  
very much lower intensities observed fo r th is  fluorescent 
peak, and we now believe th a t pure anhydrous hydrogen 
fluoride is essentially free of fluorescence radiation.

M ost of the batches of hydrogen fluoride used in th is 
series of measurements d id  have an appreciable fluores
cence background, and intensities in  general were meas
ured above th is  background.

The observation th a t there is no identifiable band

spectrum in anhydrous hydrogen fluoride is equivalent 
to suggesting the absence of a reasonable concentration 
of any single identifiable species. Presumably, the 
ind iv idua l hydrogen fluoride fragments are associated 
and are in  reasonably mobile equilibrium . For many 
organic solutes added to hydrogen fluoride, the most 
im portan t chemical process is the proton transfer 
leaving an excess of solvated fluoride ion, e .g ., C2H 6OH 
+  (H F ), ->  C 2H 5O H2+ +  (H F )k_i F~. The possible 
spectrum of such a solvated fluoride ion can be readily 
studied by adding sodium fluoride. We did, indeed, 
look at the Raman spectrum of such solutions and found 
they were indistinguishable from  th a t of pure hydrogen 
fluoride; th a t is to say, there were no identifiable bands. 
We then conclude th a t the presence of fluoride ions in 
the system is not associated w ith  the production of any 
identifiable molecule, although additional infrared 
bands are observed associated w ith  the expected shifts 
in  hydrogen fluoride bonding . 30

Raman spectra were recorded fo r m ixtures of anhy
drous hydrogen fluoride and d ie thy l ether, e thyl alcohol, 
dioxane, and tetrahydrofuran. For d ie thy l ether and 
e thyl alcohol, the entire range o f concentration was 
successfully explored. For dioxane, good Raman 
spectra were observed in  the organic-rich end, b u t w ith  
high concentrations of hydrogen fluoride the back
ground was high, and most weak Raman bands could 
no t be observed. S im ila rly  w ith  te trahydrofuran, solu
tions containing more than about 50 mole %  hydrogen 
fluoride could no t be adequately studied, in  th is  case 
because the solutions were colored (from  pale yellow  to 
deep red depending on tim e and concentration).

Complete tables of the observed Raman bands are 
available . 6 A  few of the bands noted in  d ie thy l ether 
and ethanol solutions are cited in  Tables I  and I I  to 
illustrate  the correlation of Raman spectrum and proton 
transfer.

D iscussion

The analysis of the Raman spectrum of a 15-atom 
molecule (d ie thy l ether) is complex6 and the rather subtle 
effect of an acidic environment on th is spectrum is being 
considered in  detail and w ill be reported elsewhere.

(3) (a) J. J. K a tz , and H . H . H ym an , Rev. Sci. Ins tr., 24, 1066 
(1953); (b) R . H . M a yb e rry , J. J. K a tz , and S. G ordon, ib id.. 25, 
1133 (1954); (c) R . M . Adam s and J. J. K a tz , J. Mol. Spectry., 1, 
306 (1957); (d ) H . H . H ym an , L . A . Q uarterm an, M . K ilp a tr ic k , and 
J. J. K a tz , J. Phys. Chem., 65, 123 (1961); (e) H . H . H ym a n  and 
J. J. K a tz , “ Non-Aqueous S olvent Systems,”  T . C. W add ing ton , 
Ed., Academic Press In c ., London, 1965, p 47.
(4) L . A . Q uarterm an, H . H . H ym an , and J. J. K a tz , J. Phys. Chem., 
61, 912 (1957).
(5) Copies m ay be ob ta ined fro m  H . H . H ym an , A rgonne N a tio n a l
L a b o ra to ry , 9700 South Cass Ave, Argonne, 111. 60439.
(6) Y . M ash iko , Nippon Kagaku Zasshi, 80, 593 (1959).
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Table I : Changes in Relative Intensity of Raman Bands
Associated with Proton Transfer in Anhydrous Hydrogen 
Fluoride Solutions of Diethyl Ether

--------- Relative intensity“---------
-Concn of diethyl ether, mole %•

A v 100 34 20 5

380 14 5 N.O.6 N.O.
390 N.O. N.O. 28 36
442 113 47 12 9
790 N.O. N.O. 12 26

1000 N.O. N.O. 16 24
1155 59 19 N.O. N.O.

I  at Ax = 1460 taken as 100. 6 N.O. = not observed.

Table II : Changes in Relative Intensity of Raman Bands
Associated with Proton Transfer in Anhydrous Hydrogen 
Fluoride Solutions of Ethanol

----------------------Relative intensity®------------------
-Concn of ethanol, mole %-

A v 100 66 30

350 N.O.6 2.5 10
395 N.O. 5 13
450 14 N.O. N.O.

at Av = 890 taken as 100. 6 N.O. = not observed.

This discussion w ill be confined to the effects of proton 
transfer. W e note th a t fo r d ie thy l ether, a solution 
containing 34 mole %  ether shows no Raman bands 
a ttribu tab le  to a spectroscopically identifiable ion. 
The electrical conductiv ity  observations7 indicate a 
concentration of protonated ether ions well under 0 . 0 1

M ,  so th a t th is observation is r.ot surprising. Th is 
does no t im p ly  the absence of a significant interaction 
between d ie thy l ether and hydrogen fluoride. However 
i t  w ill take the form

(C 2H s)20  +  (H F )n ^  (C2H 6) 20 -  • H - -F (H F )„_ i  

rather than (C2H 5)2O H + +  F (H F )n=,i_ .

The 20 mole %  ether, w ith  about 20 times th is  ionic 
concentration, has a readily identifiable ionic Raman 
spectrum. The bands whose intensities are substan
tia lly  reduced are bands which have been a ttr ibu ted  to 
bending or stretching vibrations invo lv ing  the C -O -C  
bonds. Presumably, the new bands derive from  s im ilar 
v ibrations of the protonated molecules.

In  the solvent of higher dielectric constant, ethanol, 
even a 6 6  mole %  solution and an effective ionic con
centration of perhaps 0.05 M  seems to provide an ade
quate concentration of identifiable ionic species.

As mentioned above, neither dioxane nor te trahydro- 
furan is a satisfactory solute fo r Raman studies in  the 
high H F  concentration region. Colored solutions 
are found w ith  the la tte r and a high background w ith  
the former. In  each case i t  is presumed th a t some re
action is involved in  addition to pro ton transfer. I t  is 
w orth  noting however, th a t in  the concentration regions 
studied, dioxane, as expected, shews on ly the slight 
m odification of in tensity  and frequency sh ift associ
ated w ith  hydrogen bonding to the oxygen, while te tra - 
hydrofuran is like  alcohol and some add itional lines are 
observed, presumably associated w ith  pro ton transfer 
and ionization. * 65

(7) L . A . Q uarterm an, H . H . H ym an , and J. J. K a tz , J. Phys. Chew..,
65, 90 (1961).
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Reversing Intramolecular Kinetic Carbon Isotope Effect in the 

Gas Phase Decomposition of Oxalic Acid

by G abriel L apidus,la D onald  B arton ,lb and Peter E . Yankwich

Noyes Laboratory of Chemistry, University of Illin o is , Urbana, Illin o is  61801 {Received March 28, 1966)

The intram olecular C 1 3  k ine tic  isotope effect has been measured between 127 and 180° 
in  the decomposition to  carbon dioxide and form ic acid of oxalic acid-/i2 vapor a t an in it ia l 
pressure of 0.9 mm. This isotope effect, like  th a t observed w ith  oxalic acid-d2, and like  
the intermolecular hydrogen isotope effect, is small and is so strongly temperature de
pendent th a t i t  inverts w ith in  the experimental range. The carbon isotope effect fo r the 
ord inary acid decomposition appears to  be simple above 156°. The s im ila rity  of 
the inversion temperatures of the carbon and hydrogen isotope effects lends support to  the 
postulate th a t the inversion phenomenon arises in  the accessibility to  the reaction of more 
than one path, not in  isotopic d ifferentia l effects themselves.

Introduction

Recently, we have reported on the hydrogen2a and 
carbon2b kine tic isotope effects in  the vapor phase de
composition of oxalic acid. Though the hydrogen 
intermolecular isotope effect was measured com p a ra 
tively, and the carbon intram olecular effect com p etitively  
on (CO OD)2, both exhibited s im ilar characteristics: 
they were found to  be re la tive ly  small, to have anoma
lously large temperature dependence, and, because of 
the la tter, to  inve rt in  sense w ith in  the experimental 
temperature range. The deuterated acid was employed 
in the earlier carbon isotope effect study to elim inate 
or reduce to insignificance the possible influence of a 
statistical inverse isotope effect, should the ca. 1 -mm 
in itia l pressure of the vapor lie w ell in to  the low -p ressu re  
region fo r the reaction. In  th is  paper we report the 
extension of these experiments to ord inary oxalic acid, 
(CO OH)2.

Experim ental Section

R ea gen t. F isher ana lytica l grade anhydrous oxalic 
acid was purified fu rthe r by vacuum sublimation at 
1 1 0 °; samples were stored in  vacuo  over magnesium 
perchlorate u n til used.

A p p a ra tu s , P ro ced u re , and  I s o to p e  A n a ly ses . These 
were identical w ith  those employed in  the study of the 
oxalic acid-d2 decomposition . 211

N o ta tio n  and  C alcu la tion s. The isotopic rate con

stant ra tio  sought was (fe/fe) h in  the nota tion of 
Lindsay, M cElcheran, and Thode . 3

C 13OOH C 1 3 0 2 +  H C 12OOH (1)

C 12OOH C 1 2 0 2 +  H C 13OOH (2)

Though the reaction was run essentially to  completion, 
i t  can be shown th a t fo r product collection up to any 
time 2

=  ( W h (3)
(A fR

where ( X c ) t is the mole fraction of C 1 3 0 2 in  carbon d i
oxide product collected up to t, and (Xp), is the cor
responding mole fraction of H C 13OOH derived from  
measurements on carbon dioxide obtained by combus
tion (in  a Pregl-like apparatus) of the form ic acid 
product.

R esults

The results obtained at seven temperatures are 
collected in  Table I.  The firs t figure at each tempera-

(1) (a) Research associate, 1960-1963; (b) v is itin g  assistant pro
fessor, 1960-1962.
(2) (a) G. Lapidus, D . B a rto n , and P. E . Y ankw ich , J. Phys. Chem., 
70, 407 (1966); (b) ib id., 70, 1575 (1966).
(3) J. G. L indsay, D . E . M cE lcheran, and E .  G. Thode, J. Chem. 
Phys., 17, 589 (1949).
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2.2 2.3 2.4 2.5
(IOOO/T°K)

Figure 1. Influence of temperature on (.fo/faWi: ---------•,
oxalic acid-hi (open rectangles encompass the average 
deviations; short horizontal bars indicate the extremal
results at each temperature);--------- , oxalic acid-0 2
(shaded rectangles, shifted 0.008 to right to avoid 
overlap, encompass average deviations).

ture in  the last column refers to the present experi
ments on oxalic acid-h 2) the second figure (in  paren
theses) is fo r oxalic acid-d2-2b The appended errors 
are average deviations from  the mean. A ll of these 
results are p lo tted in  Figure 1 as L (k 2/ k 3) i vs. (1000/T) ; 
the open points represent the data fo r the ordinary- 
oxalic acid; the shaded points represent results ob
tained w ith  the deuterated acid and have been shifted 
0.008 to the r ig h t to  elim inate the overlap arising in  the 
use of identical run temperatures in  the two investi
gations. The mean precision of ind iv idua l (h / k d n  
values is estimated to  be ±0.0005.

Several least-squares fitte d  lines are drawn through 
the data p lo tted in  Figure 1. The lig h t dashed line 
through the oxalic acid-d2 results has the equation4

L ( h / h )d =  (3.20 ±  0.14)0 -  (7.61 ± 0 . 3 4 )  (4)

(The p o in t a t 180° was considered deviant and ignored 
in  the calculation of th is  equation.) The heavier 
solid lines represent the results fo r L (k 2/ h )h derived 
from  Table I  fo r the four lowest and the four highest 
temperatures; the ir equations are 
low temperatures

L { h / h ) H =  (4.37 ±  0.32)0 -  (10.46 ±  0.77) (5)

high temperatures

L ( h / h )H =  - (0 .3 2  ±  0.26)0 +  (0.51 ±  0.59) (6 )

=  -  (0.070 ±  O.O57)02 +

(0.150 ±  0.29g) (7)

W ith in  the respective temperature ranges, the mean 
deviations of the experimental points from  the least- 
squares lines are ±0 .08  in  L  fo r eq 5 and ±0 .04  in 
L  fo r eq 6 ; from  eq 4, one can calculate the apparent 
inversion temperature to be 145 ± 8 °.

Table I : Intramolecular Isotope Effect in
(COOHMs) Decomposition

Run temp, Av (h/kiis
°C (Av

126.6 1 . 0 0 6 0 6  
1.00472 
1.00505 
1.00495
1.00484 1 . 0 0 5 1 7  ±  0.0004o
1.00537 (1 . 0 0 4 1 7  ±  0.0004o)

134.1 1.00098 
1 .00198 
1.00078 
1.0038s 
1 . 0 0 2 2 6  
1 . 0 0 0 6 1
1.00057 1.00172 ±  0.00098
1.00268 (1.00194 ±  O.OOO6 3 )

146.4 0.99993
0.99903 0.99945 ±  0.00032
0.99938 (0.99996 ±  0.00102)

165.6 0.99741
0.99795
0.99758
0.99629 0.9976o ±  0 . 0 0 0 6 2
0.99879 (0.99825 ±  0.00051)

160.0 0.9988o
0.99737
0.99824
0.9973s 0.99793 ±  0.00047
0.99786 (0 . 9 9 7 8 2  ±  0.0002o)

170.0 0.99788
0.99788
0.99825
0.99791 0.99798 ±  O.OOOli
0.99799 (0.99641 ±  0.00041)

180.0 0.99858
0.99775
0.99795
0.99873 0.99808 ±  0.0004o
0.99738 (0.9966g ±  0.0003o)

(4) L(x) = 100 In Or); 0 = 1000/T(°K).
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s p h e r i c a l  m o l e c u l e s  e q u i v a l e n t  t o  t h e  h a r d - s p h e r e  o r

8-12  p o t e n t i a l  f l u i d s  c h a r a c t e r i z e d  b y  t h e  f l u i d  b r a n c h  

o f  t h e  m o l e c u l a r  d y n a m i c s  a n d  M o n t e  C a r l o  c a l c u l a 

t i o n s .  T h e  d i f f u s i o n  p r o c e s s  i n  t h i s  m o d e l  i s  a s s u m e d  

t o  o c c u r  b y  “ j u m p s ”  o f  m o l e c u l a r  d i m e n s i o n s  m a d e  

p o s s i b l e  b y  t h e  m o m e n t a r y  i n c r e a s e  i n  s i z e  o f  t h e  

“ c a g e ”  o f  n e i g h b o r i n g  m o l e c u l e s  i n  w h i c h  t h e  m o l e c u l e s  

a r e  n o r m a l l y  c o n f i n e d .  T h e  i n c r e a s e  i n  c a g e  d i m e n 

s i o n s  t o  t h e  c r i t i c a l  s i z e  n e c e s s a r y  f o r  d i f f u s i o n  t o  o c c u r  

a r i s e s  b y  t h e  r e d i s t r i b u t i o n  o f  “ f r e e  v o l u m e . ”  W h e n  

t h e  f r e e  v o l u m e  i s  d e f i n e d  a s  t h a t  v o l u m e  w h i c h  c a n  

b e  r e d i s t r i b u t e d  a m o n g  t h e  “ c a g e s ”  w i t h o u t  c h a n g e  

i n  o v e r - a l l  e n e r g y ,  i t  i s  p o s s i b l e  t o  e v a l u a t e  t h e  t r a n s i 

t i o n  ( o r  j u m p )  p r o b a b i l i t y  a n d  t h e r e b y  t o  a r r i v e  a t  t h e  

r e l a t i o n ,  e q  3 ,  w h i c h  i s  n e a r l y  e q u i v a l e n t  t o  t h e  e m p i r i c a l  

D o o l i t t l e  e q u a t i o n  f o r  v i s c o s i t y

D  =  D 0 e x p ^  — ( 3)

w h e r e  y  i s  a  c a g e  v o l u m e  o v e r l a p  f a c t o r ,  v* i s  t h e  c r i t i c a l  

i n c r e a s e  i n  c a g e  v o l u m e ,  a n d  Vt i s  t h e  t o t a l  f r e e  v o l u m e .  

B y  m a k i n g  t h e  a d d i t i o n a l  i n t u i t i v e l y  s a t i s f y i n g  a s s u m p 

t i o n  t h a t  t h e  g l a s s  t r a n s i t i o n  a r i s e s  f r o m  t h e  e f f e c t i v e  

d i s a p p e a r a n c e  o f  f r e e  v o l u m e  (v-_ —► 0 ;  . '.  D  —*■ 0 ,

17 -►  00)  w h i c h  o c c u r s  a t  T<_, a n d  i d e n t i f y i n g  v.t w i t h  t h e  

t o t a l  t h e r m a l  e x p a n s i o n  o f  t h e  l i q u i d  a b o v e  T 0, e q  2  i n  

t h e  f o r m

D  =  D 0 e x p
yv*

vma (T  -  T 0p ) _
(4 )

r e s u l t s .  (vm i s  t h e  m e a n  m o l e c u l a r  v o l u m e ;  a i s  t h e  

m e a n  c o e f f i c i e n t  o f  e x p a n s i o n  o v e r  t h e  r a n g e  T  —  To).
T h e  a b o v e  c o n c e p t  o f  f r e e  v o l u m e  a n d  f r e e  v o l u m e  

d i s a p p e a r a n c e  i s  e a s y  t o  a c c e p t  f o r  t h e  h a r d - s p h e r e  

f l u i d  w h e r e  a l l  n o n o v e r l a p p i n g  c o n f i g u r a t i o n s  h a v e  

t h e  s a m e  e n e r g y .  H e r e  Vi =  0  w o u l d  c o r r e s p o n d  t o  

t h e  c l o s e - p a c k e d  v o l u m e  ( p r = co n s t  -*■  00 )  o f  t h e  fluid, 
b r a n c h .  I t  c a n  a l s o  b e  r a t i o n a l i z e d  f o r  t h e  6 - 1 2  p o 

t e n t i a l  l i q u i d 7*5 a n d ,  b y  a n a l o g y ,  f o r  t h e  s i m p l e  i o n i c  

l i q u i d .3*5 W e  h a v e  p r e v i o u s l y  s o u g h t  t o  i n t e r p r e t  

t h e  v a l i d i t y  o f  e q  2  f o r  t h e  i o n i c  l i q u i d  s y s t e m s  w e  h a v e  

s t u d i e d  i n  t e r m s  o f  t h i s  m o d e l ,  b u t  h a v e  h a d  d i f f i c u l t y  

i r .  r e c o n c i l i n g  t h e  e x p e r i m e n t a l  v a l u e  o f  k ( e q  2 )  w i t h  

d i e  v a l u e  e x p e c t e d  f r o m  e q  4  a n d  t h e  m e a s u r e d  e x p a n 

s i o n  c o e f f i c i e n t .  A l s o ,  i t  i s  d i f f i c u l t  t o  s e e  w h y  k  s h o u l d  

b e  c o n s t a n t  w h e n  t h e  e x p a n s i o n  c o e f f i c i e n t s  v a r y  f r o m  

s y s t e m  t o  s y s t e m ,  a l t h o u g h  a  p o s s i b l e  r a t i o n a l i z a t i o n  

h a s  b e e n  s u g g e s t e d .3*1 M e a s u r e m e n t s  o f  t h e  e f f e c t  

o f  p r e s s u r e  o n  r e l a x a t i o n  p r o p e r t i e s  h a v e  n o t  b e e n  i n  

a c c o r d  w i t h  f r e e  v o l u m e  m o d e l  p r e d i c t i o n s .22,23 T h e  

m o d e l  m a y  b e  c r i t i c i z e d  f o r  c o n s i d e r i n g  o n l y  t h e  c o n 

t r i b u t i o n  t o  d i f f u s i o n  o f  m o l e c u l a r  d i a m e t e r  s i z e d

j u m p s ;  t h e  c r i t i c i s m  i s  s t r e n g t h e n e d  b y  t h e  m o s t  r e 

c e n t  m o l e c u l a r  d y n a m i c s  r e s u l t  w h i c h  s h o w s  t h a t  a t  

l e a s t  f o r  h a r d  s p h e r e s ,  t h e r e  i s  n o  c h a r a c t e r i s t i c  j u m p  

d i s t a n c e  i n  f l u i d  d i f f u s i o n .24 A l s o ,  i t  i s  d i f f i c u l t  t o  s e e  

h o w  t h e  z e r o  e n e r g y  f r e e  v o l u m e  r e d i s t r i b u t i o n  c o n c e p t  

c a n  a p p l y  t o  m o l e c u l a r l y  c o m p l e x  s y s t e m s  (e.g., w i t h  

c h a i n  m o l e c u l e s ) .  S u c h  s y s t e m s  a r e  n e v e r t h e l e s s  t h o s e  

w h o s e  c o n f o r m i t y  t o  e q  2 ,  o r  t o  t h e  e q u i v a l e n t  W L F  

e q u a t i o n ,  i s  b e s t  d o c u m e n t e d .

A n  a l t e r n a t i v e  t h e o r y  l e a d i n g  t o  e q  2 ,  w h i c h  c a n n o t  b e  

c r i t i c i z e d  e i t h e r  o n  t h e  g r o u n d s  o f  r e s t r i c t i v e  m e c h 

a n i s m s  o r  o f  i n a p p l i c a b i l i t y  t o  c o m p l e x  s y s t e m s ,  h a s  

r e c e n t l y  b e e n  p r o p o s e d  b y  A d a m  a n d  G i b b s .60 I n  t h i s  

t h e o r y ,  t h e  i n t u i t i v e  a p p e a l  o f  C o h e n  a n d  T u r n b u l l ’ s  

i d e a  c o n n e c t i n g  g l a s s  t r a n s i t i o n  a n d  f r e e  v o l u m e  d i s a p 

p e a r a n c e  a t  To h a s  n o t  b e e n  l o s t .  R a t h e r ,  i t  i s  r e 

p l a c e d  b y  t h e  e v e n  m o r e  a p p e a l i n g  p r o p o s i t i o n  t h a t  t h e  

e s s e n t i a l  l i q u i d  s t a t e  c h a r a c t e r i s t i c  w h i c h  b e c o m e s  

z e r o  a t  t h e  t e m p e r a t u r e  T 0 i s  t h e  configurational en
tropy o f  t h e  l i q u i d .  F u r t h e r m o r e ,  w h e r e  t h e  f r e e  

v o l u m e  d i s a p p e a r a n c e  a t  T 0 w a s  a n  a s s u m p t i o n  i n  

C o h e n  a n d  T u r n b u l l ’ s  m o d e l ,  i n  t h e  A d a m - G i b b s  

t h e o r y  t h e  v a n i s h i n g  e n t r o p y  c o m e s  a s  a  c e n t r a l  r e s u l t  

o f  a  s u c c e s s f u l  s t a t i s t i c a l  m e c h a n i c a l  t h e o r y  o f  c h a i n  

p o l y m e r  l i q u i d s  a t  h i g h  p a r t i c l e  d e n s i t i e s ,611,26 w h i c h  c a n  

p r e s u m a b l y  b e  g e n e r a l i z e d  t o  i n c l u d e  n o n p o l y m e r i c  

l i q u i d s .

I n  t h e  d e v e l o p m e n t  o f  t h e i r  t h e o r y  f o r  r e l a x a t i o n  

p r o p e r t i e s  o f  g l a s s - f o r m i n g  l i q u i d s  i n  t h e  n e i g h b o r h o o d  

o f  t h e  g l a s s  t r a n s i t i o n  t e m p e r a t u r e ,  A d a m  a n d  G i b b s  

t o o k  t h e  v i e w  t h a t  t r a n s l a t i o n a l  m o t i o n  o f  a  g i v e n  

m o l e c u l e  ( o r  s e g m e n t  o f  a  m o l e c u l e )  o c c u r s ,  i n  a  m a n n e r  

w h i c h  n e e d  n o t  b e  s p e c i f i e d ,  b y  t h e  c o o p e r a t i v e  r e a r 

r a n g e m e n t  o f  a  g r o u p  o f  m o l e c u l e s .  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  t r a n s l a t i o n a l  p r o c e s s  w a s  t h e n  s h o w n  

t o  b e  t h e  r e s u l t  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  

m i n i m u m  s i z e  o f  t h e  c o o p e r a t i v e l y  r e a r r a n g i n g  g r o u p s .  

B y  m a k i n g  o n l y  t h e  a s s u m p t i o n  t h a t  t h e  c o o p e r a t i v e l y  

r e a r r a n g i n g  g r o u p s  o p e r a t e d  i n d e p e n d e n t l y ,  i.e., d i d  

n o t  i n t e r a c t  s i g n i f i c a n t l y ,  i t  w a s  p o s s i b l e  t o  s h o w  t h a t  

t h e  m i n i m u m  ( c r i t i c a l )  s i z e  o f  t h e  c o o p e r a t i v e l y  r e a r 

r a n g i n g  g r o u p  c o u l d  b e  e x p r e s s e d  i n  t e r m s  o f  t h e  22 23 24 25

(22 ) A . G ilchrist, J. E . E arly , and  R . H . C ole , J . Chem. P h ys ., 26, 
196 (1957).
(23) S. B . B rum m er, ibid., 42 , 1636 (1965).
(24) B . J. A ld er  and T . E inw ohner, ibid., 43 , 3399 (1965).
(25) In  th is th eory , the  disappearance o f  the  con figuration al en trop y  
p rod uces a  second -order th erm od yn a m ic transition , w h ich  w as show n 
t o  h a ve  a ll th e  characteristics o f the  glass transition . T h e  fa ct  th at 
p articu lar second -ord er transition  equ ations are ob e y e d  at th e  glass 
transition  tem perature8,10 lends som e su pp ort to  th e  th eory . Its  
success in  pred ictin g  th e  depen den ce o f T e on  m olecu lar properties in 
p o lym e r  system s has been strik ing.6* ’9
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m a c r o s c o p i c  c o n f i g u r a t i o n a l  e n t r o p y .  O n  s h o w i n g  

t h a t  t h i s  s m a l l e s t  c o o p e r a t i v e  r e g i o n  m u s t  b e  t h a t  i n 

v o l v e d  i n  t h e  g r e a t  m a j o r i t y  o f  t r a n s i t i o n s ,  t h e r e  r e 

s u l t e d  f o r  t h e  a v e r a g e  t r a n s i t i o n  p r o b a b i l i t y ,  w(T), 
t h e  e x p r e s s i o n

w{T) =  A  e x P ( 5 )

w h e r e  A  a n d  C  a r e  c o n s t a n t s ,  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 ,  a n d  S„ i s  t h e  c o n f i g u r a t i o n a l  e n t r o p y .  T h i s  e x 

p r e s s i o n  s h o u l d  t h e r e f o r e  c o n t a i n  t h e  i m p o r t a n t  p a r t  

o f  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  a n y  o f  t h e  f a m i l i a r  

m a s s  t r a n s p o r t  p r o c e s s e s .

I n t r o d u c i n g  t h e  e x p e r i m e n t a l  f a c t  t h a t  t h e  s p e c i f i c  

h e a t s  o f  t h e  g l a s s - f o r m i n g  l i q u i d s  a r e  a p p r o x i m a t e 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 ,  a n d  t h e  t h e o r e t i c a l  

r e s u l t  t h a t  S c =  0  a t  T 0, i t  c o u l d  t h e n  b e  s h o w n  t h a t ,  

f o r  [ ( T  —  T q) / T 0 ] 2 «  1

D, AT, 4>T, e t c .  w (T )  =

A  n j )  =  Aexp( - < d LS)) (6)
w i t h

w h e r e  A Cp i s  t h e  d i f f e r e n c e  i n  g l a s s y  a n d  l i q u i d  s t a t e  

s p e c i f i c  h e a t s ,  Ayu i s  t a k e n  a s  t h e  p o t e n t i a l  e n e r g y  h i n d e r 

i n g  t h e  c o o p e r a t i v e  r e a r r a n g e m e n t ,  s0* i s  t h e  c o n f i g u r a 

t i o n a l  e n t r o p y  o f  t h e  c r i t i c a l - s i z e  c o o p e r a t i v e  r e g i o n ,  

a n d  R /N  i s  t h e  B o l t z m a n n  c o n s t a n t .

E q u a t i o n  2  ( = e q  6 26)  i s  t h u s  s e e n  t o  b e  t h e  n e c e s s a r y  

c o n s e q u e n c e  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  t h e r m o 

d y n a m i c  s t a t e  o f  t h e  l i q u i d  ( w h i c h  m a y  o r  m a y  n o t  b e  

i n  a  m e t a s t a b l e  s t a t e  w i t h  r e s p e c t  t o  s o m e  c r y s t a l l i n e  

s t a t e )  and should therefore apply irrespective of specific 
liquid structure. A l t h o u g h ,  i n  t h e  C o h e n - T u r n b u l l  

m o d e l ,  t h e  1 / ( T  —  T 0)  t e m p e r a t u r e  d e p e n d e n c e  a r i s e s  

i n  e s s e n t i a l l y  t h e  s a m e  w a y  t h r o u g h  t h e  d i s a p p e a r a n c e  

a t  T o  o f  a  v i t a l  l i q u i d - s t a t e  c h a r a c t e r i s t i c ,  t h e  a b o v e  

c o n c l u s i o n  w o u l d  n o t  f o l l o w  u n l e s s  t h e  f r e e  v o l u m e  

r e d i s t r i b u t i o n  e n e r g y  c o u l d  b e  s h o w n  t o  b e  z e r o ,  i n d e 

p e n d e n t  o f  s t r u c t u r e .  A n  i m p o r t a n t  f e a t u r e  o f  t h e  

A d a m - G i b b s  t h e o r y  i s  t h e r e f o r e  t h a t  i t  s h o w s  t h a t  a n y  

d i s t i n c t i o n  b e t w e e n  c r y s t a l l i z i n g  a n d  n o n c r y s t a l l i z i n g  

l i q u i d s ,  o n  t h e  b a s i s  o f  s t r u c t u r a l  c o m p l e x i t y ,  i s  l a r g e l y  

i r r e l e v a n t  a s  f a r  a s  t h e  u s e  o f  t h e  n o n c r y s t a l l i z i n g  l i q u i d s  

t o  o b t a i n  i n f o r m a t i o n  o n  “ l o w - t e m p e r a t u r e ”  t r a n s p o r t  

b e h a v i o r  i s  c o n c e r n e d .  T h e  v a l i d i t y  o f  e q  2  f o r  a  

v a r i e t y  o f  i o n i c 3 a n d  c o m p l e x  m o l e c u l a r 60 l i q u i d s  

i s  g o o d  e v i d e n c e  f o r  t h i s  p o i n t .

W i t h  t h i s  p o i n t  i n  m i n d ,  i t  i s  p o s s i b l e  t o  s a y  t h a t ,  

i f  G i b b s  a n d  c o - w o r k e r s  a r e  c o r r e c t ,  t h e n  m o l t e n  s a l t  

c h e m i s t s  s e e k i n g  t o  e s t a b l i s h  r u l e s  g o v e r n i n g  t h e  

t r a n s p o r t  b e h a v i o r  o f  i o n i c  l i q u i d s  i n  t h e  “ n o r m a l ”  

t e m p e r a t u r e  r a n g e  h a v e  b e e n  w o r k i n g  a t  a  s e r i o u s  d i s 

a d v a n t a g e .  I f  the essential characteristic of the liquid 
state, viz. its configurational entropy, does not vanish 
before To, then the temperature range from the melting 
point down to To is as equally valid a part of the liquid 
state as the range melting point to boiling point: to date, 
then, investigators of the post-melting point range have 
not had the benefit of any understanding of the behavior 
of this lower part of the ionic liquid range on which to 
build. A  p a r a l l e l ,  w h i c h  w i l l  b e  e x p l o r e d  i n  m o r e  

d e t a i l  i n  a  s u b s e q u e n t  p u b l i c a t i o n ,  m a y  b e  d r a w n  t o  

t h e  d i f f i c u l t i e s  o f  u n d e r s t a n d i n g  t h e  s p e c i f i c  h e a t  o f  

s o l i d s  w i t h o u t  i n f o r m a t i o n  c o v e r i n g  t h e  r a n g e  0 - 2 0 0  ° K .  

A n  i m m e d i a t e  s u g g e s t i o n  o f  t h i s  l i n e  o f  t h o u g h t  i s  t h a t  

t h e  u s u a l  d i s t i n c t i o n  m a d e  b e t w e e n  t h e  b e h a v i o r  o f  

g l a s s - f o r m i n g  o x i d e  m e l t s  a n d  t h a t  o f  c o m m o n  m o l t e n  

s a l t s  i s  l a r g e l y  a r t i f i c i a l .  A t  t h e r m o d y n a m i c a l l y  e q u i v 

a l e n t  t e m p e r a t u r e s  ( s e e  b e l o w ) ,  f u s e d  s a l t s  a n d  o x i d e  

m e l t s  i n  f a c t  b e h a v e  i n  m u c h  t h e  s a m e  w a y ,  b u t  w h i l e  

t h e  o x i d e  m e l t s  h a v e ,  f o r  p r a c t i c a l  r e a s o n s ,  b e e n  m u c h  

s t u d i e d  i n  t h e i r  “ l o w - t e m p e r a t u r e  r e g i o n s , ”  f u s e d  s a l t  

s t u d i e s  h a v e  b e e n  c o n f i n e d  p r i n c i p a l l y  t o  t h e  h i g h -  

t e m p e r a t u r e  ( p o s t - m e l t i n g  p o i n t )  r a n g e .

L e t  u s  t h e r e f o r e  r e p r o d u c e  i n  s u m m a r y  w h a t  h a s  

b e e n  l e a r n e d  a b o u t  t r a n s p o r t  b e h a v i o r  i n  t h e  " l o w e r  

h a l f ”  o f  t h e  i o n i c  l i q u i d  s t a t e  b y  t h e  s t u d i e s  r e f e r r e d  

t o  i n  t h e  o p e n i n g  p a r a g r a p h ,  a n d  c o n s i d e r  t o  w h a t  e x 

t e n t  t h e  A d a m - G i b b s  t h e o r y  c a n  b e  u s e d ,  t h r o u g h  

t h e s e  d a t a ,  t o  g i v e  p e r s p e c t i v e  t o  p r e v i o u s  o b s e r v a t i o n s  

o n  h i g h  t e m p e r a t u r e  b e h a v i o r .

I n  F i g u r e  1 t h e  s l o p e  o f  t h e  o r d i n a r y  A r r h e n i u s  p l o t  

f o r  e l e c t r i c a l  c o n d u c t a n c e ,  i n  t h e  f a m i l i a r  g u i s e  o f  a n  

“ a c t i v a t i o n  e n e r g y , ”  i s  p l o t t 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  f o r  v a r i o u s  s y s t e m s ,  s o m e  o f  w h i c h  a r e  g l a s s 

f o r m i n g .  W e r e  t h e  A r r h e n i u s  e q u a t i o n  t o  b e  o b e y e d ,  

t h e s e  p l o t s  w o u l d ,  o f  c o u r s e ,  b e  s t r a i g h t  l i n e s  p a r a l l e l  

t o  t h e  a b s c i s s a ,  a s  i s  a p p r o x i m a t e l y  t h e  c a s e  a t  t h e  

h i g h  t e m p e r a t u r e s .  I n  F i g u r e  2 ,  w e  s h o w  h o w  a l l  t h e  

c u r v e s  o f  F i g u r e  1 c o i n c i d e  w h e n  t h e  “ a c t i v a t i o n  

e n e r g i e s , ”  i n  t h i s  c a s e  c o r r e c t e d  b y  a n  a m o u n t  o f  t h e  

o r d e r  o f  1 k c a l  t o  c o r r e s p o n d  t o  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  a  d i f f u s i o n  p r o c e s s , 315 a r e  p l o t t e d  a g a i n s t  

t h e  f u n c t i o n  T / T 0, w h e r e  T 0 i s  o b t a i n e d  f r o m  t h e  b e s t

(26 ) R . A ra u jo  (J . Chem. P h ys ., 44 , 1299 (1 966)) has n ow  sh ow n  th a t  
using eq  5, i.e ., avo id in g  the approx im ation s m ade in  the  su bsequ ent 
d erivation  o f e q  6, the  v iscosity  o f  B 2O 3 (w h ich  has a b n orm a l sp ecific  
heat characteristics) m ay  be described  a ccu ra te ly  o v e r  a  m uch  
w ider tem perature range (8 0 0 °) than is possib le  using e q  2. T h is  
success w ith  BjCL, w h ich  had  p rev iou sly  seem ed an an om a lou s case, 
encourages belie f in  the  v a lid ity  o f the A d a m -G ib b s  ap p roa ch .
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C a r b o n  I s o t o p e  E f f e c t  i n  t h e  G a s  P h a s e  D e c o m p o s i t i o n  o f  O x a l i c  A c id 3139

T o  r e p r o d u c e  t h e  i s o t o p e  e f f e c t s  o b s e r v e d  i n  t h e  i n 

v e r s i o n  r e g i o n ,  t h e r e  m u s t  c o m p e t e  w i t h  t h e  h i g h -  

t e m p e r a t u r e  p a t h  o n e  o r  m o r e  o t h e r s  w i t h  w h i c h  a r e  

a s s o c i a t e d  i s o t o p e  e f f e c t s  o f  t h e  s e n s e  a n d  m a g n i t u d e  

o f  t h o s e  c h a r a c t e r i s t i c  o f  m o d e l s  n e a r  A - l  ; i n  n o  o t h e r  

w a y  c a n  o n e  o b t a i n  t h e  d r a s t i c  t e m p e r a t u r e  d e p e n d e n c e  

o b s e r v e d  i n  t h e  r e g i o n  o f  r e v e r s a l . 2b W e  h a v e  n o t  

c a r r i e d  o u t  c a l c u l a t i o n s  m o r e  s o p h i s t i c a t e d  t h a n  t h e  

a b o v e ,  a n d  t h e s e  s i m p l e  r e s u l t s  d o  n o t h i n g  t o  e s t a b l i s h  

t h a t  a  p o s s i b l e  h e t e r o g e n e o u s  m e c h a n i s m  i n v o l v e  t r a n 

s i t i o n  s t a t e s  l i k e  t h o s e  o f  t y p e s  A  o r  B .  H o w e v e r ,  

t h e  i m p o r t a n c e  o f  p l a n a r i t y  t o  t h e  s u g g e s t e d  m o d e l s  

i n c r e a s e s  i n  t h e  o r d e r  B - l  —► B - 2  -* ■  A - l  -*■  A - 2 ;  f u r 

t h e r ,  a  h e t e r o g e n e o u s  m e c h a n i s m  d e p e n d e n t  u p o n  

a d s o r p t i o n  w o u l d  d e c r e a s e  i n  i m p o r t a n c 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 .  T h e s e  t w o  c o n s i d e r a t i o n s  i n t e r a c t  t o  

l e a d  o n e  t o  t h e  c o n c l u s i o n  t h a t  a  p a t h  t h r o u g h  a n  a c t i 

v a t e d  c o m p l e x  l i k e  A - l  m i g h t  w e l l  b e  f a v o r e d  o n  a  

s u r f a c e ,  w h i l e  a  p a t h  t h r o u g h  a  t r a n s i t i o n  s t a t e  c o n 

f i g u r a t i o n  a p p r o x i m a t e l y  B - l . 2  i s  m o r e  l i k e l y  t o  b e  

t y p i c a l  o f  r e a c t i o n  i n  t h e  b o d y  o f  t h e  g a s .

T h e  o r i g i n a l  k i n e t i c s  i n v e s t i g a t i o n s 2®’12 c o v e r e d  

t h e  s h o r t  t e m p e r a t u r e  r a n g e  1 2 7 - 1 5 7 °  w h i l e  t h e  c a r b o n  

i s o t o p e  e f f e c t  e x p e r i m e n t s  e x t e n d  t o  1 8 0 ° ;  t h e r e  i s  i n  

t h e  f o r m e r  t h u s  n o  r e f l e c t i o n  o f  t h e  k i n e t i c  c o m p l e x i t y  

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  r e s u l t s  r e p o r t e d  h e r e .  

T h e  p r e s e n t  r e s u l t s  s u p p o r t  t h e  c o n c l u s i o n  t h a t  t h e

l a r g e  t e m p e r a t u r e  d e p e n d e n c e s  w h i c h  l e a d  t o  r e v e r s a l  

o f  t h e  c a r b o n  a n d  h y d r o g e n  i s o t o p e  e f f e c t s  a r i s e  n o t  i n  

i s o t o p i c  d i f f e r e n t i a l  p h e n o m e n a  b u t  i n  m e c h a n i s t i c  

c o m p l e x i t y .20 21

Acknowledgments. M r s .  N a n c y  N e i l s o n  p e r f o r m e d  

t h e  m a s s  s p e c t r o m e t r i c  a n a l y s e s .  T h e  a s s i s t a n c e  o f  

M r .  J a m e s  E .  H a r m o n  a n d  M r .  L a w r e n c e  E .  K r a u t  

i n  b r i n g i n g  t h i s  a n d  t h e  t w o  p r e c e d i n g  p u b l i c a t i o n s 2 
t o  t h e  s u b m i s s i o n  s t a g e  i s  d e e p l y  a p p r e c i a t e d .  T h i s  

r e s e a r c h  w a s  s u p p o r t e d  b y  t h e  U .  S .  A t o m i c  E n e r g y  

C o m m i s s i o n ,  C O O - 1 1 4 2 - 6 6 .

(20) T h e  structures A - l  and B - l  are con ven tion a l in  th at bonds 
a ffected  b y  th e  reaction  are show n w ith  orders ha lfw ay betw een 
those characteristic o f  the  reagent and  the p rod u ct  states. T ransi
t ion  states m ore reagent-like y ie ld  iso top e  e ffects closer t o  zero for  
b o th  typ es o f  structures. T ransition  states m ore p rod uct-lik e  and 
hav in g  th e  A -ty p e  reaction  coord in a te  y ie ld  isotop e  e ffects larger 
than those  show n fo r  A - l .  F or  the  B -ty p e  reaction  coord inate, 
increasing the  p rod u ct likeness o f  the  transition  state m oves the 
pred icted  value o f  L{ki/kz) dow nw ard  from  th e  band show n fo r  B - l  
tow ard  a lim it ly in g  som ew hat a b o v e  th e  band fo r  B -2 ; th e  v icin ity  
o f  this lim it is ind icated  b y  the  light dashed line in  F igure 2.
(21) T h e  fa ct  th at both  the  carbon  and the hydrogen  iso top e  e ffects 
exh ib it inversion  w ith  increasing tem peratu re  is likely  an acciden t; 
there is no  a p riori expecta tion  that the  sense o f  a  hyd rogen  inter- 
m olecu lar isotope e ffect and th at o f  its carbon  intram olecu lar re lative  
w ill correspond. T h e  fa ct  th at the  inversion  tem perature for  
(&h /& d ) and  those  for  the  (ki/kz) are sim ilar is likely  another accid en t; 
such sim ilarity requires sym m etry  in  the  senses and relative m agni
tudes o f  the  tw o  kinds o f  isotope effects, a  situation  likely  t o  be un
usual o f  occurrence.
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Figure 2. Plot of temperature dependence of electrical conductance, represented by ECOi, as a function of T/Ta for various 
fused salt systems: dashed line is plot predicted by eq 2 for k = 680°K. For some of the melts T/T0 values at the liquidus 
temperature are indicated by arrows. Effect of Tlfa term in preexponential on computed Ecot shown at base of diagram.
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s o m e  v i n d i c a t i o n  o f  t h e  p r e v i o u s l y  e m p i r i c a l  u s e  o f  t h e  

T o - b a s e d  c o r r e s p o n d i n g  t e m p e r a t u r e  s c a l e  i n  a  d i s c u s 

s i o n  o f  d i f f u s i o n - c o n d u c t a n c e  r e l a t i o n s  i n  f u s e d  s a l t s . 31 

T h e  g e n e r a l  u s e f u l n e s s  o f  s u c h  a  c o r r e s p o n d i n g  t e m 

p e r a t u r e  s c a l e ,  h o w e v e r ,  r e m a i n s  t o  b e  d e m o n s t r a t e d ;  

t h e  p o s s i b i l i t i e s  w i l l  b e  t o u c h e d  o n  i n  t h e  c o n c l u d i n g  

r e m a r k s .

W i t h  t h e  h e l p  o f  F i g u r e  2 ,  w e  c a n  n o w  e x p l a i n  o u r  

u s e  o f  t h e  t e r m  “ l o w  t e m p e r a t u r e ”  i n  c o n n e c t i o n  w i t h  

t h e  r e g i o n  o f  t h e  l i q u i d  s t a t e  w h o s e  i m p o r t a n c e  w e  

a r e  a t t e m p t i n g  t o  e s t a b l i s h .  A  l i q u i d  c a n ,  a r b i t r a r i l y ,  

b e  t h o u g h t  o f  a s  b e i n g  i n  i t s  “ l o w - t e m p e r a t u r e  r e g i o n ”  

w h e n  T / T 0 <  2 .  C o n s e q u e n t l y ,  a  g i v e n  C e n t i g r a d e  

t e m p e r a t u r e  m a y  b e  “ l o w ”  f o r  o n e  l i q u i d  b u t  n o t  f o r  

a n o t h e r ,  d e p e n d i n g  o n  t h e  r e l a t i v e  T 0 v a l u e s .  I n  

v i e w  o f  t h e  a b o v e  d i s c u s s i o n ,  “ l o w  t e m p e r a t u r e ”  i n  

t h i s  s e n s e  w o u l d  c l e a r l y  b e  b e t t e r  r e a d  a s  “ l o w  e n t r o p y . ”  

L i q u i d u s  t e m p e r a t u r e s  b e l o w  T / T 0 =  2  a r e  u n c o m m o n

b u t  a r e  p r e s u m a b l y  a  f e a t u r e  o f  a l l  o f  t h e  s y s t e m s  o f  

T a b l e  I .

I t  r e m a i n s  t o  c o n s i d e r  h o w  g e n e r a l  t h e  a b i l i t y  o f  t h e  

A d a m  a n d  G i b b s  e q u a t i o n s  t o  d e s c r i b e  t r a n s p o r t  i n  

i o n i c  l i q u i d s  m a y  p r o v e .  F o r  i n s t a n c e ,  t h e  p l o t s  o f  

F i g u r e  1 c a n  o n l y  b e  e x p e c t e d  t o  s u p e r p o s e  a s  i n  F i g u r e  

2  i f  t h e  c o n s t a n t  fc o f  e q  2  h a s  t h e  s a m e  v a l u e  f o r  t h e  

d i f f e r e n t  s y s t e m s .  I n  t h e  A d a m - G i b b s  t h e o r y ,  t h i s  

c o n s t a n t  c o n t a i n s  t h e  e n e r g y  t e r m  A ¡j, ( e q  7 )  a n d  G i b b s  

s u g g e s t s 32 t h a t  f o r  i o n i c  l i q u i d s  A g  s h o u l d  b e  a  s u i t a b l e  

f u n c t i o n  o f  t h e  r e l e v a n t  c a t i o n - c a t i o n  a n d  c a t i o n -  

a n i o n  p a i r  i n t e r a c t i o n  e n e r g i e s  a n d  a n  e f f e c t i v e  c o 

o r d i n a t i o n  n u m b e r .  T h e r e  i s  t h e r e f o r e  s o m e  q u e s t i o n  

a s  t o  w h y  t h e  c o i n c i d e n c e  s h o u l d  b e  a s  g o o d  a s  i t  a p 

p e a r s  t o  b e .  T o  a c c o u n t  f o r  t h e  s i m i l a r  c o n s i s t e n c y

(31) C . A . A ngell, J. P h ys . Chem., 69 , 399 (1965).
(32) J. H . G ibbs, private  com m un ica tion .
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T o r s i o n  E f f u s i o n  S t u d y  o f  R e a c t i o n  o f  G r a p h i t e  w i t h  Hf02 a n d  U02 3141

w a s  c a l i b r a t e d  b y  m e a s u r e m e n t  o f  t h e  v a p o r  p r e s s u r e s  

o f  s i l v e r  a n d  g o l d .  A  c o m b i n e d  c e l l - t o r s i o n  c o n s t a n t  

w a s  a s s i g n e d  b y  c o m p a r i s o n  o f  r e s u l t s  w i t h  p u b l i s h e d  

d a t a  f o r  s i l v e r : 12 4 . 2 7  X  1 0 - 4  ( c e l l  3 ) ,  5 . 4 7  X  1 0 - 4  

( c e l l  4 ) ,  a n d  1 . 7 2 5  X  1 0 - 4  ( c e l l  6 )  a t m  r a d i a n - 1 , r e 

s p e c t i v e l y .  W h e n  t h e s e  v a l u e s  w e r e  u s e d  t o  c o n v e r t  

t o r s i o n  a n g l e s  m e a s u r e d  f o r  g o l d  t o  v a p o r  p r e s s u r e  

e q u i v a l e n t s ,  r e s u l t s  w e r e  f o u n d  t o  a g r e e  r e a s o n a b l y  

w e l l  {ca. 5 % )  w i t h  p u b l i s h e d  d a t a . 13 14 S i l v e r  a n d  g o l d  

w e r e  p a r t i c u l a r l y  c o n v e n i e n t  f o r  c a l i b r a t i o n  s i n c e  t h e i r  

v a p o r  p r e s s u r e s  l i e  i n  t h e  e f f u s i o n  r a n g e  a t  t e m p e r a 

t u r e s  o f  i n t e r e s t  i n  t h e  p r e s e n t  s t u d i e s .

H f 0 2 ( 9 9 . 9 % ,  F a i r m o u n t  C h e m i c a l )  a n d  g r a p h i t e  

( N a t i o n a l  C a r b o n ,  s p e c t r o s c o p i c  g r a d e  p o w d e r ,  L  4 1 1 8 )  

w e r e  m i x e d  i n  a  1 : 3  m o l e  r a t i o ,  t h o r o u g h l y  g r o u n d  

t o g e t h e r ,  a n d  p r e s s e d  ( 0 . 5  t o n )  i n t o  s m a l l  p e l l e t s .  

B e t w e e n  2  a n d  3  g  o f  t h e  r e a c t i o n  m i x t u r e  w a s  p l a c e d  

i n  t h e  c e l l  f o r  e a c h  s e r i e s  o f  r u n s .  A f t e r  b r i n g i n g  t h e  c e l l  

t o  r e a c t i o n  t e m p e r a t u r e  s l o w l y ,  t o  p e r m i t  g r a d u a l  

d e g a s s i n g ,  d i s p l a c e m e n t  a n g l e s ,  u s u a l l y  b e g i n n i n g  a t  

t h e  h i g h e s t  t e m p e r a t u r e ,  w e r e  m o n i t o r e d  c o n t i n u o u s l y  

f o r  p e r i o d s  o f  5 - 1 2  h r ,  d u r i n g  w h i c h  t h e  t e m p e r a 

t u r e s  w e r e  v a r i e d  f r o m  p o i n t  t o  p o i n t  i n  a  r a n d o m  

m a n n e r  o v e r  t h e  r a n g e  g i v i n g  m e a s u r a b l e  a n g l e s .  T h e  

v a c u u m  e x t e r n a l  t o  t h e  c e l l  w a s  a l w a y s  m a i n t a i n e d  

b e l o w  1 0 ~ 4 t o r r  a n d  u s u a l l y  b e l o w  1 0 - 6  t o r r .  R e s u l t s  

w e r e  r e p r o d u c i b l e  t h o u g h  a  s l i g h t  g e n e r a l  f a l l o f f  w a s  

n o t e d  ( u p  t o  a  t o t a l  o f  a b o u t  2 0 % )  o v e r  t h e  t o t a l  

h e a t i n g  p e r i o d .  I t  w a s  o b s e r v e d ,  w h e n  t h e  m i x t u r e  

w a s  r e m o v e d ,  r e g r o u n d ,  a n d  r e p r e s s e d ,  t h a t  p r e s s u r e s  

r e s u m e d  t h e i r  i n i t i a l l y  h i g h e r  v a l u e s ,  b u t  t h e n  a g a i n  

f e l l  s l o w l y  w i t h  t i m e .  T h e  t o t a l  l o s s  o f  C O  a t  t h e  e n d  

o f  a  t y p i c a l  s e r i e s  o f  m e a s u r e m e n t s ,  i n d i c a t e d  b y  w e i g h t  

l o s s  o f  t h e  c e l l  a s  w e l l  a s  e s t i m a t e d  f r o m  t h e  t i m e  a n d  

r a t e  o f  e s c a p e  o f  C O ,  a v e r a g e d  o v e r  t h e  t e m p e r a t u r e  

i n t e r v a l ,  c o r r e s p o n d e d  t o  c o n v e r s i o n  o f  a b o u t  3 5  m o l e  

%  o f  t h e  r e a c t a n t s  i n i t i a l l y  p r e s e n t .

U 0 2 ( d e p l e t e d ,  W .  R .  G r a c e  a n d  C o . ,  8 7 . 7 5 %  U  

( t h e o r y ,  8 8 . 0 2 % ;  p r i n c i p a l  i m p u r i t i e s  ( p p m ) :  A l ,

6 ; C r ,  2 2 ;  F e ,  1 0 ;  M g ,  2 5 ;  N i ,  2 3 ;  S i ,  1 1 ;  Z n ,  2 5 ) ,  

o f  O .8 I -/1 p a r t i c l e  s i z e ,  w a s  s i m i l a r l y  p r e s s e d  i n t o  p e l l e t s  

i n  a  1 : 4  m o l e  r a t i o  w i t h  g r a p h i t e .  R u n s  w e r e  c o n 

d u c t e d  a s  d e s c r i b e d  a b o v e ;  c o n v e r s i o n  o f  t h e  s a m p l e ,  

b a s e d  o n  t h e  s t o i c h i o m e t r y  o f  e q  2 ,  c o r r e s p o n d e d ,  a t  

t h e  e n d  o f  a  t y p i c a l  s e r i e s  o f  m e a s u r e m e n t s ,  t o  a b o u t  

4 0 %  c o n v e r s i o n .  O n  e x p o s u r e  o f  t h e  U 0 2 r e a c t i o n  

p r o d u c t  t o  a i r ,  a n  a c e t y l e n e - l i k e  o d o r  w a s  e a s i l y  d e 

t e c t e d .

T o  a i d  i n  i d e n t i f i c a t i o n  o f  p h a s e s  p r e s e n t ,  r o o m -  

t e m p e r a t u r e  D e b y e - S c h e r r e r  p o w d e r  p h o t o g r a p h s  w e r e  

t a k e n  o f  t h e  r e a c t a n t  m i x t u r e s  b e f o r e  h e a t i n g  a n d  o f  

t h e  p r o d u c t s  a f t e r  c o m p l e t i o n  o f  t h e  e f f u s i o n  m e a s u r e 

m e n t s .

Figure 1. Efusion pressures for the UOi-graphite system in 
comparison with predicted values for various reactions.

R esults and D iscussion

The UOi-Graphite Reaction. T h e  e f f u s i o n  s t u d i e s  

o n  t h e  U 0 2- g r a p h i t e  r e a c t i o n  g a v e  r e s u l t s  s u g g e s t i v e  

o f  a  w e l l - b e h a v e d  e q u i l i b r i u m  s y s t e m .  C O  p r e s s u r e s  

a r e  s h o w n  i n  F i g u r e  1 .  O u r  r e s u l t s  l e a d  t o  t h e  e q u a 

t i o n  l o g  P c o  (atm) =  —  1 6 . 6 0 0 T - 1  —  6 . 1  f o r  t h e  t e m 

p e r a t u r e  i n t e r v a l  1 4 3 0 - 1 6 4 0 ° K .  P r e s s u r e s  w e r e  

c o n s i s t e n t  w h e n  a  g i v e n  p o i n t  w a s  a p p r o a c h e d  f r o m  

h i g h e r  o r  l o w e r  t e m p e r a t u r e s  a n d  n o  s i g n i f i c a n t  c h a n g e  

w a s  s e e n  d u r i n g  c o n v e r s i o n  o f  a b o u t  4 0 %  o f  t h e  i n i t i a l  

r e a c t a n t s .  X - R a y  p o w d e r  p a t t e r n s  o f  t h e  r e a c t i o n  

p r o d u c t  s h e w e d  l i n e s  o f  U 0 2 ( a 0 =  5 . 4 6  A ) ,  U C 2 

( a 0 =  3 . 5 2 ,  c 0 =  6 . 0 0  A ;  t h i s  p h a s e  i s  r e p o r t e d 6 n o t  t o  

b e  s t o i c h i o m e t r i c ,  w i t h  c o m p o s i t i o n  ca. U C i .8 6 ;  w e ,  

h o w e v e r ,  f o r  s i m p l i c i t y ,  r e p r e s e n t  i t  a s  U C 2) ,  U C  

( a 0 =  4 . 9 5  A ) ,  a n d  g r a p h i t e  p h a s e s ,  r e s p e c t i v e l y ;  

t h e  g i v e n  c e l l  p a r a m e t e r s  f o r  t h e  c a r b i d e  p h a s e s  w e r e  

n o t  e s t a b l i s h e d  w i t h  s u f f i c i e n t  a c c u r a c y  f o r  a  m e a n 

i n g f u l  e s t i m a t e  o f  p o s s i b l e  o x y g e n  a n d / o r  c a r b o n  

c o n t e n t ;  s u c h  a n  i n t e r p r e t a t i o n  i s  m a d e  d i f f i c u l t  b y  

t h e  f a c t  t h a t  c e l l  p a r a m e t e r s  a l s o  a p p e a r  t o  b e  s e n s i t i v e  

■to t h e r m a l  h i s t o r y  a n d  s t r e s s e s  i n  t h e  s a m p l e s . 6,14

(12) P . G rieveson , G . W . H oop er, and C . B . A lco ck , “ P hysical 
C hem istry  o f  P rocess M eta llu rgy ,”  Interscien ce  Publishers, In c ., 
N ew  Y o rk , N . Y .,  1961, p p  341-352 .
(13) D . L . H ildenbrand  and W . F . H a ll, J. P h ys. Chem., 66 , 754 
(1962).
(14) S. N am ba, S. Im o to , and T . Sano, Technol. Kept. Osaka U nix., 
1 2  (529) 429 (1962).
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T h e  p a t t e r n s  c l e a r l y  d e m o n s t r a t e  t h e  p r e s e n c e  o f  t h e  

i n d i c a t e d  p h a s e s ,  h o w e v e r .  T h e  U C  p a t t e r n  w a s  b y  

f a r  t h e  m o s t  i n t e n s e  o f  t h e  m i x t u r e  a n d  a p p e a r e d  t o  

b e  t h e  m a j o r  p r o d u c t .  A l l  f o u r  s o l i d  p h a s e s  i n d i c a t e d  

b y  t h e  r o o m - t e m p e r a t u r e  X - r a y  p a t t e r n  a n d  C O  c a n n o t  

s i m u l t a n e o u s l y  b e  i n  e q u i l i b r i u m  o v e r  t h e  t e m p e r a 

t u r e  i n t e r v a l  s t u d i e d  ( p h a s e  r u l e ) .  T h e  o b s e r v e d  b e 

h a v i o r  c o u l d  b e  e x p l a i n e d  i f  t h e  c a r b i d e s  w e r e  i n  a  

s i n g l e  s o l i d - s o l u t i o n  p h a s e  a t  t h e  r e a c t i o n  t e m p e r a t u r e  

a n d  s u b s e q u e n t l y  s e p a r a t e d  o n  c o o l i n g ;  s u c h  a  s t a b l e  

s o l i d  s o l u t i o n  i s  n o t  i n d i c a t e d  f o r  o u r  t e m p e r a t u r e  

r a n g e  o n  c u r r e n t l y  p r o p o s e d  p h a s e  d i a g r a m s  f o r  t h e  

U - C  s y s t e m ,  h o w e v e r . 8 T h e  e x i s t e n c e  o f  U 2C 3 h a s  

b e e n  s u g g e s t e d  b y  a  n u m b e r  o f  a u t h o r s ; 6 w e  d i d  n o t  

f i n d  e v i d e n c e  f o r  t h i s  p h a s e  i n  r o o m - t e m p e r a t u r e  X -  

r a y  d a t a ,  h o w e v e r .  A n  a l t e r n a t i v e  p o s s i b i l i t y  i s  t h a t  

o n e  o r  m o r e  o f  t h e  s o l i d  p h a s e s  i s  n o t  i n  a c t u a l  e q u i 

l i b r i u m  w i t h  t h e  o t h e r s  i n  t h e  e f f u s i o n  c e l l .  V a r i o u s  

p o s s i b l e  r e a c t i o n s ,  s u g g e s t e d  b y  p h a s e s  o b s e r v e d  b y  u s  

a n d  b y  p r e v i o u s  w o r k e r s ,  w i l l  b e  c o n s i d e r e d  b e l o w .  

T h e  e q u i l i b r i u m - l i k e  b e h a v i o r  o f  t h e  C O  p r e s s u r e s  

s u g g e s t s  t h a t  s o m e  r e a s o n a b l y  w e l l - d e f i n e d  r e a c t i o n  

m a y  e s t a b l i s h  t h e  s t e a d y - s t a t e  C O  p r e s s u r e s ;  i t  i s  

p o s s i b l e  t h a t  t h e  s o l i d - s t a t e  p r o d u c t  o f  t h i s  r e a c t i o n  

m a y  b e  m e t a s t a b l e  b u t  t h a t  i t s  c o n v e r s i o n  t o  t h e  

s t a b l e  p r o d u c t  a n d  t h e  i n t e r a c t i o n  o f  t h e  l a t t e r  w i t h  

c a r b o n  m o n o x i d e  i s  k i n e t i c a l l y  s l o w .

T h e  t h e r m o d y n a m i c  p r o p e r t i e s  o f  t h e  u r a n i u m  

c a r b i d e s  a r e  f o u n d  n o t  t o  b e  s u f f i c i e n t l y  d i s s i m i l a r  o r  

w e l l  e n o u g h  e s t a b l i s h e d  t o  s e r v e  a s  a  m e a n s  o f  p o s i t i v e  

i d e n t i f i c a t i o n  o f  t h e  r e a c t i o n  r e s p o n s i b l e  f o r  c o n 

t r o l l i n g  t h e  C O  p r e s s u r e  i n  t h e  e f f u s i o n  c e l l .  H o w e v e r ,  

s o m e  g e n e r a l  c o n c l u s i o n s  c a n  b e  d r a w n .  C o n s t a n t s  

t a b u l a t e d  i n  s t a n d a r d  r e f e r e n c e s  s u c h  a s  r e f  2 c  d i f f e r  

c o n s i d e r a b l y  f r o m  t h o s e  a c c e p t e d  b y  m o s t  o f  t h e  

a u t h o r s  i n  r e f  5 .  R e p r e s e n t a t i v e  o f  t h e  l a t t e r ,  w h i c h  

s e e m  t o  b e  b a s e d  o n  m o r e  r e c e n t  e x p e r i m e n t a l  d a t a ,  

a r e  t h e  e q u a t i o n s  s u m m a r i z e d  b y  A l e x a n d e r ,  W a r d ,  

O g d e n ,  a n d  C u n n i n g h a m , 6 f r o m  w h i c h  w e  h a v e  d e d u c e d  

t h e  v a l u e s  i n  T a b l e  I  f o r  1 5 0 0 ° K ,  t h e  m e a n  t e m p e r a 

t u r e  o f  o u r  s t u d y .

D a t a  i n  T a b l e  I ,  t o g e t h e r  w i t h  v a l u e s  f o r  g r a p h i t e  

a n d  C O  f r o m  t h e  “ J A N A F  T a b l e s , ” 4 w e r e  u s e d  t o

Table I

Substance
A G°,

cal m o le -1
A H ° ,

cal m o le -1

U02(s) -196,700 -260,800
UC2(s) -23,500 -19,000
UC(s) -19,800 -24,000
U2C3(s) -52,000 -72,000

c a l c u l a t e  e q u i l i b r i u m  c a r b o n  m o n o x i d e  p r e s s u r e s  f o r  

t h e  r e a c t i o n s  ( c o n s i d e r e d  s e p a r a t e l y )

W M s )  +  3A C ( g r )  =  y 2U C ( s )  +  C O ( g )  ( 3 )

W M s )  +  7/ 2C ( g r )  =  V 4U 2C 3( s )  +  C O ( g )  ( 4 )

V i U O i f s )  +  3A U C 2 ( 0 2 )  =  2 U C ( o , )  +  C O ( g )  ( 5 )

i n  a d d i t i o n  t o  r e a c t i o n  2 .  R e s u l t s ,  i f  t h e  s o l i d s  a r e  

a s s u m e d  t o  b e  a t  u n i t  a c t i v i t y ,  a r e  s h o w n  i n  c o m p a r i s o n  

w i t h  t h e  e f f u s i o n  d a t a  i n  F i g u r e  1 .  A l l  r e a c t i o n s  g i v e  

p r e s s u r e s  w i t h i n  a  f a c t o r  o f  2 0  w i t h  ( 3 )  a n d  ( 5 )  q u i t e  

c l o s e  t o  t h e  e x p e r i m e n t a l  v a l u e s .  C a l c u l a t e d  r e s u l t s  

f o r  ( 2 )  a n d  ( 3 )  y i e l d  e v e n  h i g h e r  C O  p r e s s u r e s  ( d e v i a t e  

m o r e )  i f  t h e  a c t i v i t i e s  o f  t h e  c a r b i d e s  a r e  a s s u m e d  r e 

d u c e d  b y  f o r m a t i o n  o f  s o l i d  s o l u t i o n s .  O n  t h e  o t h e r  

h a n d ,  t h e  c a l c u l a t e d  ( A G° ( T a b l e  I )  =  —  R T  I n  K )  
C O  p r e s s u r e  f o r  r e a c t i o n  5  i s  i n  g o o d  a g r e e m e n t  w i t h  

e x p e r i m e n t  i f  t h e  a^/aT*  r a t i o  i s  t a k e n  a s  ca 0 . 5  a n d  

« u o 2 =  1 .  G r a p h i t e  d o e s  n o t  a p p e a r  i n  ( 5 ) ,  h o w e v e r ,  

a n d  t h e  c a r b i d e  a c t i v i t i e s  n e c e s s a r y  f o r  ( 5 )  t o  f i t  t h e  

e f f u s i o n  d a t a  a r e  n o t  t h o s e  p r e d i c t e d  f r o m  T a b l e  I  f o r  

e q u i l i b r i u m  b e t w e e n  U C ,  C ,  a n d  U C 2 ; i f  t h i s  w e r e  

s o ,  ( 2 )  a n d  ( 3 )  w o u l d  a l s o  g i v e  t h e  s a m e  C O  p r e s s u r e s  

a n d ,  o f  c o u r s e ,  ( 2 ) ,  ( 3 ) ,  a n d  ( 5 )  w o u l d  a l l  l e a d  t o  t h e  

s a m e  e q u i l i b r i u m  C O  p r e s s u r e .  I f  t h e  e f f u s i o n  d a t a  

a r e  a s s u m e d  c h a r a c t e r i s t i c  o f  s u c h  a  g e n e r a l  e q u i l l i b r i u m  

s y s t e m  ( w i t h  t h e  c a r b i d e s  i n  a  s i n g l e  s o l i d  s o l u t i o n  

p h a s e ) ,  i.e., d i s r e g a r d i n g  v a l u e s  i n  T a b l e  I ,  a n  u n 

r e a s o n a b l y  s m a l l  s t a n d a r d  f r e e  e n e r g y  o f  f o r m a t i o n  o f  

U C  a n d  U C 2 ( c a .  — 1 2  l c c a l  m o l e - 1 )  i s  p r e d i c t e d .  

H e n c e  i t  a p p e a r s  t h a t  g r a p h i t e  f o r m s  t h e  c a r b i d e  

p h a s e  b y  r e a c t i o n  w i t h  U 0 2, b u t  n o t  a t  a  s u f f i c i e n t  r a t e  

t o  e s t a b l i s h  t h e  h i g h e r  C O  p r e s s u r e s  n e c e s s a r y  f o r  e q u i 

l i b r i u m  w i t h  g r a p h i t e .  T h e  o b s e r v e d  s t e a d y - s t a t e  

C O  p r e s s u r e  i s  m o r e  n e a r l y  t h a t  e x p e c t e d  f o r  a n  

e q u i l i b r i u m  s u c h  a s  ( 5 ) .  T h e  a p p a r e n t  e n t h a l p y  

c h a n g e  a n d  e n t r o p y  c h a n g e ,  d e d u c e d  f r o m  t h e  d e 

p e n d e n c e  o f  C O  p r e s s u r e  o n  t e m p e r a t u r e  ( 7 6  k c a l  a n d  

2 8  c a l  d e g - 1  m o l e - 1  o f  C O ) ,  a r e  a l s o  r e a s o n a b l y  c l o s e  t o  

t h o s e  p r e d i c t e d  f r o m  T a b l e  I  f o r  ( 5 )  ( 8 3  k c a l  a n d  3 1  

c a l  d e g - 1 , w i t h  n o  a l l o w a n c e  f o r  p o s s i b l e  s o l i d - s o l u t i o n  

e f f e c t s ) .

S t o o p s  a n d  H a m m e 9 r e p o r t  C O  p r e s s u r e s  i n  e q u i 

l i b r i u m  w i t h  U 0 2, U ( l ) ,  a n d  a n  o x y c a r b i d e  p h a s e  

f o r  w h i c h  t h e y  r e p o r t  t h e  c o m p o s i t i o n  U C 0.75O 0.25- 

T h e y  p r o p o s e  a  p h a s e  d i a g r a m  w h i c h  s h o w s  a  t h r e e -  

p h a s e  e q u i l i b r i u m  r e g i o n ,  c o n n e c t i n g  U 0 2, t h e i r  o x y 

c a r b i d e  p h a s e ,  a n d  a  U C i +a: p h a s e ,  a d j a c e n t  t o  t h e  r e 

g i o n  t h e y  h a v e  s t u d i e d .  W h e r e a s  t h e i r  e x p e r i m e n t s  

w e r e  c o n d u c t e d  a t  a  h i g h e r  t e m p e r a t u r e  ( 1 7 0 0 - 1 9 0 0 ° )  

t h a n  o u r s ,  i t  i s  o f  i n t e r e s t  t o  c o m p a r e  a n  e x t r a p o l a t i o n  

o f  t h e i r  r e s u l t s  w i t h  o u r s  t o  s e e  i f  t h e  e f f u s i o n  r e a c t i o n
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m a y  i n v o l v e  t h e  s a m e  o x y c a r b i d e  p h a s e .  I f  o n e  t a k e s  

a s  t h e i r  r e a c t i o n

U 0 2( s )  +  4U C o .7S0 3.26( s )  =  5 U ( 1 )  +  3 C O ( g j  ( 6 )  

a n d  a s  o u r  r e a c t i o n

2 U 0 2(s)  +  5 U C 2 ( o 5 ) =  8 U C o.7500.25(s)  +  4 C O ( g )  (7 )

w h e r e  a 2 r e p r e s e n t s  t h e  a c t i v i t y  o f  U C 2 i n  t h e  U C i + I  

p h a s e ,  t h e n ,  i f  t h e  o x y c a r b i d e  p h a s e s  a r e  i n  f a c t  t h e  

s a m e  i n  t h e  t w o  c a s e s ,  t h e  t w o  r e a c t i o n s  m a y  b e  s u i t 

a b l y  c o m b i n e d  t o  g i v e

7 2u o 2 +  y 2U C 2( a 2)  =  U ( l )  +  C O ( g )  ( 8 )

T h e  e x p e r i m e n t a l  f r e e  e n e r g i e s  m a y  t h e n  b e  c o m b i n e d  

a n d  c o m p a r e d  w i t h  t h e  v a l u e  e x p e c t e d  f o r  ( 8 ) ;  t h i s  

e l i m i n a t e s  t h e  n e e d  f o r  k n o w l e d g e  o f  t h e  p r o p e r t i e s  

o f  t h e  o x y c a r b i d e  p h a s e .  F o r  t h e  r e s u l t s  t o  g i v e  t h e  

s t a n d a r d  f r e e  e n e r g y  o f  U C 2 i n  T a b l e  I ,  t h e  a c t i v i t y  

a 2 f o r  U C 2 i n  t h e  U C i + I  p h a s e  m u s t  b e  a r o u n d  0 . 0 2 ,  

w h i c h  i s ,  p e r h a p s ,  n o t  u n r e a s o n a b l e .  T h i s  v a l u e  i s ,  

o f  c o u r s e ,  s e n s i t i v e  t o  u n c e r t a i n t y  i n  t h e  s t a n d a r d  

f r e e  e n e r g y  o f  U C 2 ; i f ,  f o r  e x a m p l e ,  A l c o c k  a n d  G r i e v e -  

s o n ’ s  v a l u e  ( A G° =  — 2 7 , 2 0 0 ,  A H ° =  3 2 , 6 0 0  c a l  

m o l e - 1 ) 5,16 i s  u s e d ,  a 2 i s  p r e d i c t e d  t o  b e  a r o u n d  0 . 1 .  

A l s o ,  i f  t h e  a c t i v i t i e s  i n  t h e  o x y c a r b i d e  p h a s e  o f  S t o o p s  

a n d  H a m m e  a r e  n o t  t h e  s a m e  a s  t h o s e  o f  a  s i m i l a r  p h a s e  

f o r m e d  a t  t h e  l o w e r  t e m p e r a t u r e s  o f  t h e  e f f u s i o n  e x 

p e r i m e n t s ,  a  c o r r e c t i o n  f o r  t h i s  d i f f e r e n c e  w i l l  b e  

n e e d e d .  H e n c e ,  o n e  c a n  s a y  o n l y  t h a t  t h e  t w o  e x 

p e r i m e n t a l  r e s u l t s  s e e m  g e n e r a l l y  c o m p a t i b l e .  R e 

a c t i o n  7  is ,, i n  e f f e c t ,  a n  a l t e r n a t i v e  f o r m  o f  ( 5 )  b u t  w i t h  

U C  p r e s e n t  i n  a n  o x y c a r b i d e  a s  w e l l  a s  a  c a r b i d e  

p h a s e .

I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  i f  t h e  o x y c a r b i d e  p h a s e  

i s  a s s u m e d  t o  h a v e  a  c o m p o s i t i o n  o f  U C 0.5O 0.5 i n  b o t h  

S t o o p s  a n d  H a m m e ’ s  a n d  o u r  e x p e r i m e n t ,  c o m b i n a 

t i o n  o f  t h e  r e s u l t s  i n  a  f o r m  s i m i l a r  t o  ( 6 )  a n d  ( 7 )  l e a d s  

t o  r e s u l t s  f o r  ( 8 )  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  

f r e e  e n e r g y  ( 5 4  vs. 5 3 . 6  k c a l ) ,  e n t h a l p y  ( 1 2 2  vs. 1 1 9  k c a l ) ,  

a n d  e n t r o p y  ( 4 5  vs. 4 4  e u )  c h a n g e s  b a s e d  o n  A l c o c k  

a n d  G r i e v e s o n ’ s  v a l u e s  f o r  U C 2 ; t h e  l a t t e r ,  i n  t h i s  

c a s e ,  a p p e a r s  t o  b e  a t  o r  n e a r  u n i t  a c t i v i t y .

I n  s u m m a r y ,  t h e  e f f u s i o n  s t u d y  o f  t h e  r e a c t i o n  o f  

g r a p h i t e  a n d  U 0 2 y i e l d s  C O  p r e s s u r e s  w h i c h  b e h a v e  i n  

a n  e q u i l i b r i u m - l i k e  m a n n e r ;  e x i s t i n g  t h e r m o d y n a m i c  

d a t a  a r e  n o t  s u f f i c i e n t l y  w e l l  e s t a b l i s h e d  t o  p e r m i t  

c e r t a i n  i d e n t i f i c a t i o n  o f  t h e  p r o c e s s  c o n t r o l l i n g  t h e  

C O  p r e s s u r e .  S e v e r a l  p o s s i b i l i t i e s  a p p e a r  c o n s i s t e n t  

w i t h  t h e  e x p e r i m e n t a l  r e s u l t s .  T h e  r e a c t i o n  p r o d u c t  

s e e m s  l i k e l y  t o  b e  a  s o l i d  s o l u t i o n  a n d  i t  a p p e a r s  t h a t  

g r a p h i t e  i s  n o t  i n  e q u i l i b r i u m  w i t h  U 0 2 a n d  t h e  p r i n c i p a l  

p r o d u c t  o f  i t s  r e d u c t i o n .

1 0 ,0 0 0  T ' 1
Figure 2. Effusion pressures for the Hf02-graphite 
system in comparison with predicted values.

The HfOi-Graphite Reaction. T o r s i o n  e f f u s i o n  p r e s 

s u r e s ,  b a s e d  o n  d a t a  f r o m  t w o  c e l l s ,  a r e  s h o w n  i n  

F i g u r e  2 .  T h e  s t e a d y - s t a t e  p r e s s u r e s  a r e  f a r  b e l o w  

( a  f a c t o r  b e t w e e n  1 0 3 a n d  1 0 4)  e q u i l i b r i u m  p r e s s u r e s  

p r e d i c t e d  f r o m  e s t i m a t e d  t h e r m o d y n a m i c  p r o p e r t i e s 2 

( A ( ? i 0 =  1 5 9 , 0 0 0  —  SOT, e s t i m a t e d  f o r  ( 1 )  i n  t h e  

v i c i n i t y  o f  1 7 0 0 ° K )  o r  f r o m  e x t r a p o l a t e d  d a t a  o f  t h e  

R u s s i a n  w o r k e r s 7 {AG1 0 =  1 3 6 , 0 0 0  —  6 8 T ,  i n  t h e  

v i c i n i t y  o f  1 9 0 0 ° K ) .  A  m e a n  o f  o u r  r e s u l t s  f r o m  t h e  

t w o  c e l l s  o v e r  t h e  t e m p e r a t u r e  i n t e r v a l  1 6 5 0 - 1 7 5 0 ° K  

c a n  b 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

l o g P c o i a t m )  =  -16,Q 50T~l +  4 . 7 5

I f  t h e  C O  p r e s s u r e s  a r e  t a k e n  a s  a  m e a s u r e  o f  a n  e q u i 

l i b r i u m  c o n s t a n t  f o r  ( 1 ) ,  t h e  e x p r e s s i o n  AG°i =  1 5 3 , 0 0 0  

—  4 4 7 ’ i s  o b t a i n e d .  A l t h o u g h  t h e  a p p a r e n t  h e a t  o f  

r e a c t i o n  i s  q u i t e  c l o s e  t o  t h e  e x p e c t e d  v a l u e ,  t h e  e n 

t r o p y  c h a n g e  i s  s o  l o w  t h a t  r e a c t i o n  1 c a n n o t  b e  n e a r  

e q u i l i b r i u m  i n  t h e  e f f u s i o n  c e l l .  H o w e v e r ,  t h e  s y s t e m  

b e h a v e s  a s  t h o u g h  s o m e  r e a s o n a b l y  w e l l - d e f i n e d  e q u i 

l i b r i u m  p r o c e s s  i s  c o n t r o l l i n g  t h e  C O  p r e s s u r e .  F o r  

e x a m p l e ,  t h e  r a t e  o f  e s c a p e  o f  C O  f r o m  c e l l  6  i s  n e a r l y  

f o u r  t i m e s  g r e a t e r  t h a n  t h a t  f r o m  c e l l  3 ;  t h i s  w o u l d  n o t  

b e  e x p e c t e d  i f  t h e  r a t e  o f  e f f u s i o n  i s  d e t e r m i n e d  s o l e l y  

b y  t h e  f o r w a r d  r a t e  o f  ( 1 ) ;  t h e  l a t t e r  s h o u l d  b e  e s s e n 

t i a l l y  t h e  s a m e  i n  t h e  t w o  c e l l s .  F u r t h e r m o r e ,  a l 

t h o u g h  f a i r l y  l a r g e  s a m p l e s ,  ca. 2  g ,  w e r e  r e q u i r e d  t o

(15) C . B . A lco3k  and P . G rieveson , “ T h erm od yn a m ics o f  N uclear 
M ateria ls ,”  IA E A , V ienna, 1962, p  563.
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m a i n t a i n  t h e  p r e s s u r e s  a t  t h e  r e p r o d u c i b l e  v a l u e s  

r e p o r t e d ,  w h e n  a m o u n t s  l a r g e r  t h a n  t h i s  w e r e  u s e d ,  

t h e  o b s e r v e d  s t e a d y - s t a t e  C O  p r e s s u r e s  d i d  n o t  v a r y  

i n  p r o p o r t i o n  t o  t h e  q u a n t i t y  o f  r e a c t a n t  m i x t u r e .  

H e n c e  i t  a p p e a r s  t h a t  t h e  s t e a d y - s t a t e  p r e s s u r e  i s  n o t  

d e t e r m i n e d  s o l e l y  b y  t h e  a r e a  o f  i n t e r f a c i a l  c o n t a c t  

o f  t h e  r e a c t i n g  s o l i d  p h a s e s .

W o r k  r e p o r t e d  i n  r e f  6  a n d  7  s h o w s  t h a t  H f C ,  p r e 

p a r e d  u n d e r  c o n d i t i o n s  c o m p a r a b l e  t o  o u r  e x p e r i m e n t  

m a y  b e  e x p e c t e d  t o  h a v e  a p p r e c i a b l e  o x y g e n  c o n t e n t .  

T h e  R u s s i a n  w o r k e r s 7 r e p o r t  a  c o m p o s i t i o n  o f  t h e  

o r d e r  o f  H f C 0.95O 0.05 f o r  t h e  p h a s e  i n  e q u i l i b r i u m  

w i t h  H f 0 2 a n d  g r a p h i t e  a t  t e m p e r a t u r e s  b e t w e e n  1 8 0 0  

a n d  2 8 0 0 ° .  T h e y  a l s o  r e p o r t  t h e  d e p e n d e n c e  o f  C O  

p r e s s u r e s  o n  t h e  c o m p o s i t i o n  o f  t h e  o x y c a r b i d e  p h a s e  

i n  t h e  p r e s e n c e  o f  g r a p h i t e  b u t  i n  t h e  a b s e n c e  o f  H f 0 2. 

T h e  e q u i l i b r i u m  C O  p r e s s u r e s  i n  t h i s  d i v a r i a n t  s y s t e m  

d e c r e a s e d  a s  t h e  c a r b o n  c o n t e n t  a p p r o a c h e d  t h e  l i m i t i n g  

v a l u e  f o r  H f C .  T h e y  d e m o n s t r a t e  t h a t  e q u i l i b r i u m  

c a n  b e  a p p r o a c h e d  f r o m  h i g h e r  a n d  l o w e r  C O  p r e s s u r e s  

a t  v a l u e s  c o n s i d e r a b l y  b e l o w  t h e  e q u i l i b r i u m  C O  

p r e s s u r e  f o u n d  w h e n  H f 0 2 i s  p r e s e n t .  T h e y  c o n c l u d e  

t h a t  a t  t e m p e r a t u r e s  a b o v e  2 3 0 0 ° K  v a r i a t i o n  o f  t h e  

p r e s s u r e  o f  C O  b e t w e e n  2 0  a n d  7 0 0  t o r r  i s  w i t h o u t  s i g 

n i f i c a n t  e f f e c t  o n  t h e  c o m p o s i t i o n  o f  t h e  c a r b i d e  p h a s e  

w h i c h ,  u n d e r  t h e s e  c o n d i t i o n s ,  i s  v i r t u a l l y  o x y g e n  

f r e e .

C o t t e r  a n d  K o h n 6 r e p o r t  p r e p a r a t i o n  o f  a  c o n t i n u o u s  

s e r i e s  o f  s o l i d  s o l u t i o n s  f r o m  H f C  d o w n  t o  m i x t u r e s  

c o n t a i n i n g  a b o u t  o n e - h a l f  t h e  t h e o r e t i c a l  a m o u n t  o f  

c a r b o n .  T h e y  h e a t e d  g r a p h i t e - H f 0 2 p r e s s e d  m i x t u r e s  

i n  a  p r o t e c t i v e  a t m o s p h e r e  o f  h e l i u m  t o  t e m p e r a t u r e s  

b e t w e e n  1 5 0 0  a n d  2 8 0 0 °  b u t  d i d  n o t  s p e c i f y  t h e  p a r t i a l  

p r e s s u r e s  o f  C O  i n  t h e i r  s y s t e m s .  T h e y  r e p o r t  a  c u b i c  

c e l l  d i m e n s i o n  o f  4 . 6 4 1  A  f o r  p u r e  H f C ;  m o s t  o f  t h e i r  

p r e p a r a t i o n s  g a v e  a  c e l l  d i m e n s i o n  a r o u n d  4 . 6 3 2  A .  

T h e s e  w e r e  f o u n d  t o  c o n t a i n  ca. 4 . 9 %  c o m b i n e d  c a r b o n ,  

w h i c h  c o r r e s p o n d s  t o  H f C 0.7s O 0.22. I n  a n  e x p e r i m e n t  

i n  w h i c h  t h e  d i o x i d e  w a s  h e a t e d  i n  a  g r a p h i t e  c r u c i b l e  

w i t h o u t  p r i o r  f o r m a t i o n  o f  a  g r a p h i t e - o x i d e  p r e s s e d  

p e l l e t ,  t h e y  o b t a i n e d  a  p h a s e  w h i c h  a p p e a r e d  t o  b e  

n e a r  H f O  i n  c o m p o s i t i o n  ( c e l l  p a r a m e t e r  4 . 5 8 4  A ) .

X - R a y  p a t t e r n s  o f  o u r  p r o d u c t s  ( c o o l e d  t o  r o o m  

t e m p e r a t u r e )  s h o w e d  l i n e s  o f  H f 0 2, g r a p h i t e ,  a n d  a  

H f C  p h a s e ,  r e s p e c t i v e l y .  T h e  f o r m e r  t w o  a p p e a r e d  

t o  b e  e s s e n t i a l l y  p u r e ;  t h e  l a t t e r  g a v e  a  c u b i c  c e l l  

p a r a m e t e r  ( 4 . 6 3 4 )  n e a r  t h a t  o f  C o t t e r  a n d  K o h n ’ s  

4 . 6 3 2  p h a s e ;  h o w e v e r ,  f r o m  t h e  r e s u l t s  o f  t h e  R u s s i a n  

w o r k e r s  o n e  w o u l d  e x p e c t  o u r  p r o d u c t  t o  h a v e  a  r e l a 

t i v e l y  l o w  o x y g e n  c o n t e n t  s i n c e  t h e  C O  p r e s s u r e s  i n  t h e  

e f f u s i o n  c e l l  w e r e  m a t e r i a l l y  b e l o w  t h a t  e x p e c t e d  f o r  

e q u i l i b r i u m  b e t w e e n  H f 0 2 a n d  g r a p h i t e .

F o r m a t i o n  o f  a  c a r b i d e  p h a s e  w i t h  s o m e  H f O  d i s 

s o l v e d  i n  i t  d o e s  n o t  e x p l a i n  t h e  l o w  C O  p r e s s u r e s  i n  

t h e  e f f u s i o n  c e l l  o n  t h e  b a s i s  o f  r e a c t i o n  1 a l o n e .  T h e  

e x p e c t e d  C O  p r e s s u r e s  f o r  t h e  e q u i l i b r i u m  r e d u c t i o n  

o f  H f 0 2 t o  H f O  i n  s u c h  a  s o l i d  s o l u t i o n  a r e  a l s o  m u c h  

h i g h e r  t h a n  t h e  o b s e r v e d  p r e s s u r e s .  A  m a t e r i a l l y  

r e d u c e d  a c t i v i t y  o f  t h e  r e a c t a n t s  i n  ( 1 )  i s  n e e d e d ;  

h o w e v e r ,  X - r a y  e v i d e n c e  i n d i c a t e s  t h a t  H f 0 2 a n d  

g r a p h i t e  p h a s e s  r e m a i n  i n  e s s e n t i a l l y  p u r e  f o r m .

P o s s i b l y  t h e  e q u i l i b r i u m - l i k e  b e h a v i o r  o f  t h e  C O  

p r e s s u r e s  i n  t h e  e f f u s i o n  c e l l  r e s u l t s  f r o m  a  s e c o n d a r y  

b u t  r e l a t i v e l y  r a p i d  “ e q u i l i b r a t i o n ”  o f  C O  w i t h  t h e  

o x y c a r b i d e  s o l i d  s o l u t i o n  i n  w h i c h  t h e  m o n o x i d e  a n d  

c a r b i d e  a r e  i n t e r c o n v e r t e d ,  i.e.

H f O ( o o )  +  2 C ( g r )  =  H f C ( a 0)  +  C O ( g )  ( 9 )

aQ a n d  a c r e p r e s e n t  t h e  a c t i v i t i e s  0 :  H f O  a n d  H f C ,  

r e s p e c t i v e l y ,  i n  t h e  s o l i d  s o l u t i o n .  R e a c t i o n  9 ,  p r e 

s u m a b l y ,  i s  t h e  s a m e  k i n d  o f  r e a c t i o n  o c c u r r i n g  i n  t h e  

d i v a r i a n t  e q u i l i b r i u m  o b s e r v e d  b y  t h e  R u s s i a n  w o r k e r s ,  

e v e n  t h o u g h ,  i n  o u r  c a s e ,  H f O »  i s  a l s o  p r e s e n t .  T h u s  

w e  m u s t  a s s u m e  t h a t  t h e  i n i t i a l  r e d u c t i o n  o f  H f 0 2 

t o  f o r m  t h e  H f C - H f O  m i x t u r e  d o e s  n o t  p r o c e e d  

r a p i d l y  e n o u g h  t o  b u i l d  u p  t h e  C O  p r e s s u r e  t o  t h e  

p o i n t  w h e r e  r e v e r s a l  o f  ( 1 )  a n d  n o r m a l  e q u i l i b r a t i o n  

o c c u r s .  T h e  d i l e m m a  i n  t h e  p r e s e n t  c a s e  i s  t h a t  t h e  

e f f u s i o n  r e s u l t s  a r e  n o t  i n d i c a t i v e  o f  s u c h  a  r a t e - c o n 

t r o l l e d  p r o c e s s .  A  r e a d i l y  r e v e r s i b l e  p r o c e s s  s u c h  a s

( 9 )  m a y  p r o v i d e  a  s o r t  o f  “ b u f f e r m g ”  a c t i o n .  A n  

“ e x c e s s i v e ”  r a t e  o f  p r o d u c t i o n  o f  C O  b y  ( 1 )  c o u l d  

b e  o f f s e t  b y  c o n v e r s i o n  o f  s o m e  o f  t h e  H f C  t o  H f O ;  

a  “ d e f i c i e n c y ”  i n  r a t e  c o u l d  b e  m a d e  u p  b y  t h e  r e d u c 

t i o n  o f  s o m e  o f  t h e  H f O .  R e a c t i o n  9  i n v o l v e s  e q u i l 

i b r a t i o n  o f  o n l y  t w o  s o l i d  p h a s e s  ( p o s s i b l y  o n l y  o n e  i f  

t h e  r e a c t a n t  c a r b o n  i s  d i s s o l v e d  o r  e f f e c t i v e l y  d i s p e r s e d  

i n  a  r e a c t i v e  m a n n e r  i n  t h e  o x y c a r b i d e  p h a s e )  w i t h  

C O ,  w h e r e a s  ( 1 )  i n v o l v e s  e q u i l i b r a t i o n  o f  t h r e e  s o l i d  

p h a s e s .  O n e  a l s o  e x p e c t s  f r o m  ( 9 )  t h a t  a s  t h e  C O  

p r e s s u r e  d i m i n i s h e s ,  t h e  o x y c a r b i d e  p h a s e  t e n d s  m o r e  

n e a r l y  t o  p u r e  H f C ,  i n  a c c o r d  w i t h  t h e  o b s e r v a t i o n s  

o f  t h e  R u s s i a n  w o r k e r s . 7

F o r  ( 9 )  t o  l e a d  t o  a  C O  p r e s s u r e  r o u g h l y  i n d e p e n d e n t  

o f  t h e  f r a c t i o n  o f  H f 0 2 w h i c h  h a s  b e e n  r e d u c e d ,  t h e  

a c t i v i t i e s  a0 a n d  a 0 m u s t  r e m a i n  n e a r l y  c o n s t a n t .  

T h i s  w o u l d  b e  e x p e c t e d  i f  t h e  o x y c a r b i d e  p h a s e  i s  a t  

a  s a t u r a t i o n  l i m i t  o r  p e r h a p s  i t  m a y  r e s u l t  f o r t u i t o u s l y  

f r o m  t h e  s t e a d y - s t a t e  b a l a n c e  i n  t h e  s y s t e m .  T h e  s l o w  

f a l l o f f  o f  p r e s s u r e s  w i t h  t i m e  w h i c h  w a s  o b s e r v e d  

m a y  r e f l e c t  a  g r a d u a l l y  c h a n g i n g  r a t i o  o f  a c t i v i t i e s .  

I f  ( 9 )  e f f e c t i v e l y  c o n t r o l s  t h e  m a g n i t u d e  o f  t h e  C O  

p r e s s u r e  a n d  i t s  t e m p e r a t u r e  d e p e n d e n c e ,  t h e  t h e r m o 

d y n a m i c  p r o p e r t i e s  e s t i m a t e d  t h e r e f r o m  s h o u l d  b e  

m o r e  n e a r l y  t h o s e  o f  ( 9 )  t h a n  o f  ( 1 ) .  A n  e s t i m a t e d  

s t a n d a r d  e n t r o p y  o f  H f O  o f  3 5  e u  a t  1 7 0 0 ° K ,  i.e.,
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Table I : Rates of Reaction of Atoms with Olefins at Room Temperature

l o - i » * ,
c m 3 m o le - 1  s e c - 1  v------------------------------------------------------------------------------------ R e la t iv e  k-

N “ N « H ft 0 » sd Se» B P

Ethylene ~ 1 .0  ±  0.5 ~ 0 .5 0.56 0.17 0.28 0.38 0.57
Propene 1.9 ±  0.6 1 . 0 1.00 1.00 1.00 1.00 1.00
Butene-1 2.0 ±  0.4 1.1 1.08 1.04 1 . 0 2.7 1.28
f-Butene-2 1.7 ±  0.4 0.9 0.59 4.90 21.6 5.56
Isobutene 4.2 ±  1.0 2.2 2.47 4.35 17.2 21.7
2,3-Dimethyl- 2.4 ±  C.6 1.3 0.81 18.2 >20

butene-2
1,3-Butadiene 3.5 ± 1 . 0 1.8 4.85 5.9 37.8

° This work (estimated uncertainties). 6 K. R. Jenning and R. J. Cvetanovic, J. Chem. Phys., 35, 1233 (1961). c R. J. Cvetanovic, 
■■'■bid., 30, 19 (1959). d H. E. Gunning and O. P. Strausz, Advan. Photochem., 1, 248 (1963). e A. B. Callear and W. J. R. Tyerman, 
Proc. Chem. Soc., 296 (1964). * P. I. Abell, Trans. Faraday Soc., 60, 2214 (1964).

Figure 2. Apparent rate constants for a series of olefins as 
functions of (A /N )0, normalized to a common origin. (The 
data for ethylene were too uncertain to be meaningful 
and have been omitted.)

o f  h y d r o g e n  a t o m s  i n  a d d i t i o n  t o  n i t r o g e n  a t o m s  a n d  

h e n c e  t o  a n  i n c r e a s e  i n  t h e  a p p a r e n t  r a t e  c o n s t a n t .  

S u c h  a n  e f f e c t  i s  o b s e r v e d  a s  s h o w n  i n  F i g u r e  3  w h e r e  t h e  

a p p a r e n t  r a t e  c o n s t a n t  f o r  t h e  p r o p e n e  r e a c t i o n  i s  

g i v e n  a s  a  f u n c t i o n  o f  ( C 3H 6/ N ) 0 f o r  d i f f e r i n g  a m o u n t s  

o f  a d d e d  h y d r o g e n .  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  e x p e r i m e n t s  i s  t h a t  e v e n  w i t h  r e l a t i v e l y  l a r g e  

a m o u n t s  o f  a d d e d  h y d r o g e n ,  t h e  l i m i t i n g  v a l u e  o f  t h e  

r a t e  c o n s t a n t ,  i.e., k a t  ( C 3 H 6 , / N ) o  =  0 ,  i s  u n a f f e c t e d .  

B y  a n a l o g y  w i t h  t h e  m e c h a n i s m  p o s t u l a t e d  f o r  t h e  

e t h y l e n e  r e a c t i o n  ( r e a c t i o n s  1 - 6 ) ,  t h i s  w o u l d  i m p l y  

t h a t  p r o p e n e  i s  r e g e n e r a t e d . 8 T h e  f o l l o w i n g  g e n e r a l  

m e c h a n i s m  i s  p r o p o s e d  t o  a c c o u n t  f o r  t h e s e  o b s e r v a 

t i o n s . 9

N  +  o l e f i n  — i► p r o d u c t s  +  H ? ( 7 )

N  +  p r o d u c t s  - —>■ p r o d u c t s '  +  H ( 8 )

H  +  o l e f i n  R  ( 9 )

H  +  R  — >  R H  ( 1 0 )

N  +  R  — ■> o l e f i n  +  N H  ( 1 1 )

R  +  R  — >  r e c o m b i n a t i o n  a n d

d i s p r o p o r t i o n a t i o n  p r o d u c t s  ( 1 2 )  

N  +  N H  — >  N ,  +  H  ( 1 3 )

A t  l o w  c o n v e r s i o n  w h e r e  H / N  i s  v e r y  s m a l l ,  r e a c t i o n  

1 1  p r e d o m i n a t e s  o v e r  ( 1 0 )  a n d  o l e f i n  l o s t  i n  r e a c t i o n  

9  i s  r e g e n e r a t e d .  A t  h i g h e r  c o n v e r s i o n s  r e a c t i o n s  1 0  

a n d  1 2  b e c o m e  m o r e  i m p o r t a n t  a n d  o l e f i n  i s  l o s t ,  

l e a d i n g  t o  a n  i n c r e a s e  i n  t h e  a p p a r e n t  r a t e  c o n s t a n t .

O n  t h e  b a s i s  o f  t h i s  m e c h a n i s m ,  t h e  t r u e  r a t e  c o n s t a n t  

o f  t h e  r e a c t i o n  w o u l d  b e  t h e  v a l u e  o f  Jc o b t a i n e d  u n d e r  

c o n d i t i o n s  s u c h  t h a t  H / N  a p p r o a c h e s  0 ,  i.e., a t  ( A / N )  

=  0 .  R a t e  c o n s t a n t s  d e r i v e d  b y  e x t r a p o l a t i n g  t h e  a p 

p a r e n t  r a t e  c o n s t a n t s  t o  ( A / N )  =  0  a r e  g i v e n  i n  T a b l e  

I ,  c o l u m n  2 ,  f o r  a  s e r i e s  o f  o l e f i n s .  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  p r o p e n e  r e a c t i o n  a r e  s h o w n  i n  F i g u r e  1 ,  

c u r v e  C .  C u r v e  s h a p e s  f o r  t h e  o t h e r  o l e f i n s  s t u d i e d  a r e  

s h o w n  i n  F i g u r e  3 .

T h i s  m e c h a n i s m  i s ,  o f  c o u r s e ,  q u i t e  s p e c u l a t i v e .  

H o w e v e r ,  i t  m a y  b e  n o t e d  t h a t  f o r  v e r y  s m a l l  v a l u e s  o f  

( A / N ) 0 t h e  r a t e  e x p r e s s i o n  r e d u c e s  t o  t h e  u s u a l  a p p r o x i 

m a t i o n  f o r  a  b i m o l e c u l a r  r a t e  c o n s t a n t  w i t h  o n e  r e a c t 

a n t  i n  g r e a t  e x c e s s ,  i.e.

k  =  I n  ( A ) 0/ ( A ) , / ( N ) f

(8) In  studying the C 3D 6 reaction in the presence of added hydrogen, 
the form ation of C 3D 5H  is observed. It is not certain how much 
of the C 3D 5H  is formed by reactions 9 and 11 and how m uch by 
reaction 12 or by  simple isotopic exchange.
(9) This is a greatly simplified mechanism in which reactions 9 
and 10 have been written only in terms of the form ation of pressure 
stabilized products. For olefins other than ethylene this is approxi
mately correct.
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T h e  d i p o l e  m o m e n t s  o f  e t h y l ,  n - p r o p y l ,  n - b u t y l ,  n - a m y l ,  a n d  m - h e x y l  b r o m i d e  h a v e  b e e n  

m e a s u r e d  i n  t h e  g a s  p h a s e  a t  3 5 ° .  T h e  d i p o l e  m o m e n t s  w e r e  f o u n d  t o  i n c r e a s e  w i t h  i n 

c r e a s i n g  c h a i n  l e n g t h  u p  t o  a n d  i n c l u d i n g  t h e  h e x y l  d e r i v a t i v e .  T h e  i n c r e a s e  i n  d i p o l e  

m o m e n t  u p  t o  s u c h  h i g h  m e m b e r s  o f  t h e  h o m o l o g o u s  s e r i e s  w a s  e x p l a i n e d  a s  d u e  t o  c o n 

f o r m a t i o n s  i n  w h i c h  t h e  “ t a i l ”  o f  t h e  m o l e c u l e  c o m e s  q u i t e  c l o s e  t o  t h e  C —B r  g r o u p .  C a l c u 

l a t i o n s  f o r  a  h i g h l y  s i m p l i f i e d  m o d e l  g a v e  i n c r e a s e s  o f  d i p o l e  m o m e n t  w i t h  c h a i n  l e n g t h  

o f  t h e  r i g h t  o r d e r  o f  m a g n i t u d e .

Introduction

T h e  d i p o l e  m o m e n t s  o f  u - a l k a n e s  b e a r i n g  a  t e r m i n a l  

d i p o l a r  s u b s t i t u e n t  h a v e  b e e n  s t u d i e d  w i d e l y  i n  t h e  

p a s t 2 a n d  a r e  a n  i m p o r t a n t  m e a n s  o f  d e t e r m i n i n g  t h e  

e x t e n t  a n d  r a n g e  o f  t h e  i n d u c t i v e  e f f e c t .  I n  r e c e n t  

y e a r s ,  t h e  d i p o l e  m o m e n t s  o f  a  s e r i e s  o f  n - a l k y l  b r o 

m i d e s  i n  b e n z e n e  s o l u t i o n 3 a n d  o f  n - a l k y n e s  i n  t h e  g a s 

e o u s  s t a t e 4 w e r e  d e t e r m i n e d  i n  t h i s  l a b o r a t o r y  i n  c o n 

n e c t i o n  w i t h  s t u d i e s  o f  t h e  d i p o l e  m o m e n t s  o f  t h e  c o r 

r e s p o n d i n g  c q i o - d i s u b s t i t u t e d  n - a l k a n e s .

I t  h a s  b e e n  s t a t e d  i n  t h e  l i t e r a t u r e  t h a t  t h e  i n c r e a s e  

i n  d i p o l e  m o m e n t  w i t h  c h a i n  l e n g t h ,  i n  a  h o m o l o g o u s  

s e r i e s ,  d o e s  n o t  e x t e n d  a p p r e c i a b l y  b e y o n d  t h e  p r o p y l  

d e r i v a t i v e . 2 T h i s  s t a t e m e n t ,  h o w e v e r ,  i s  b a s e d  l a r g e l y  

o n  m e a s u r e m e n t s  i n  s o l u t i o n ,  w h e r e  t h e  s o l v e n t  w o u l d  

b e  e x p e c t e d  t o  s u p p r e s s  t h e  e f f e c t  o f  i n c r e a s i n g  c h a i n  

l e n g t h .  A l s o ,  m a n y  o f  t h e  a v a i l a b l e  d i p o l e  m o m e n t  

v a l u e s  h a v e  b e e n  r e p o r t e d  w i t h  a  p r e c i s i o n  o f  a  f e w  

h u n d r e d t h s  o f  a  D e b y e  u n i t  o n l y ,  s o  t h a t  f u r t h e r  i n 

c r e a s e  i n  d i p o l e  m o m e n t  w i t h  i n c r e a s i n g  c h a i n  l e n g t h ,  

b e y o n d  t h e  p r o p y l  d e r i v a t i v e ,  c a n n o t  b e  c o n s i d e r e d  

r u l e d  o u t .  S u c h  s m a l l  i n c r e a s e s  i n  d i p o l e  m o m e n t  w i t h  

c h a i n  l e n g t h  a s  a r e  t h u s  s t i l l  p o s s i b l e  a r e  n o t  u n i m 

p o r t a n t  i n  r e l a t i o n  t o  t h e  p r o b l e m  o f  t h e  d i p o l e  m o 

m e n t s  o f  a , c o - d i s u b s t i t u t e d  a l k a n e s  a n d  a l s o  t o  t h e  

t h e o r y  o f  t h e  i n d u c t i v e  e f f e c t  i n  g e n e r a l .

P u b l i s h e d  t h e o r i e s  o f  t h e  i n d u c t i v e  e f f e c t  r a n g e  f r o m  

c o n s i d e r a t i o n  o f  e l e c t r o s t a t i c a l l y  i n d u c e d  m o m e n t s  

t h r o u g h  s e m i e m p i r i c a l  m e t h o d s  t o  q u a n t u m  m e c h a n 

i c a l  c a l c u l a t i o n s . 5 T h e  m o s t  w i d e l y  c o n s i d e r e d  m o d e l  

i n  r e c e n t  y e a r s 2 w a s  t h a t  o f  a  d i p o l a r  s u b s t i t u e n t  p o l a r i z 

i n g  t h e  n e a r e s t  C - C  b o n d  w h i c h ,  i n  t u r n ,  p o l a r i z e s  t o

a  s m a l l e r  e x t e n t  i t s  n e x t  n e i g h b o r ,  a n d  s o  o n .  T h e  i n  

d u c e d  m o m e n t s  d e c r e a s e  r a p i d l y  a l o n g  t h e  c h a i n  a n d  

s e m i e m p i r i c a l  c a l c u l a t i o n s  s h o w  t h a t  t h e y  b e c o m e  i n 

d e e d  v e r y  s m a l l  a f t e r  t h e  t h i r d  c a r b o n  a t o m .  H o w e v e r ,  

i t  w o u l d  s e e m  t h a t ,  e s p e c i a l l y  f o r  f l e x i b l e  m o l e c u l e s ,  t h e  

d i r e c t  i n d u c t i o n  o f  m o m e n t s  b y  t h e  d i p o l a r  s u b s t i t u e n t  

( t h e  s o - c a l l e d  “ f i e l d  e f f e c t ” )  i n  p a r t s  o f  t h e  m o l e c u l e  

f a r t h e r  a l o n g  t h e  c h a i n  c a n n o t  b e  n e g l e c t e d  s i n c e ,  i n  

c e r t a i n  c o n f o r m a t i o n s ,  t h e s e  p a r t s  m i g h t  c o m e  q u i t e  

c l o s e  t o  t h e  d i p o l a r  g r o u p .  I f  t h i s  e f f e c t  i s  i m p o r t a n t ,  

o n e  m i g h t  w e l l  e x p e c t  t h e  d i p o l e  m o m e n t  t o  i n c r e a s e  

b e y o n d  t h e  p r o p y l  d e r i v a t i v e .

R e c e n t l y ,  H a y m a n  a n d  W e i s s  r e m e a s u r e d  t h e  d i 

p o l e  m o m e n t s  o f  s o m e  t e r m i n a l  m o n o a c e t y l e n e s  i n  t h e  

g a s  p h a s e 4 a n d  d i d  i n d e e d  f i n d  a n  i n c r e a s e  i n  d i p o l e  

m o m e n t  w i t h  i n c r e a s i n g  c h a i n  l e n g t h  u p  t o  t h e  a m y l  

d e r i v a t i v e .

W e  c o n s i d e r e d  i t ,  t h e r e f o r e ,  o f  i n t e r e s t  t o  s t u d y  t h i s  

p r o b l e m  f u r t h e r  b y  m e a s u r i n g  t h e  d i p o l e  m o m e n t s  

o f  a  h o m o l o g o u s  s e r i e s  w i t h  a  m o r e  s t r o n g l y  d i p o l a r  

s u b s t i t u e n t  s o  t h a t  t h e  i n d u c t i v e  e f f e c t  w o u l d  b e  

m o r e  p r o n o u n c e d .  T h e  b r o m o a l k y l  s e r i e s  s e e m e d  m o s t  

s u i t a b l e  t o  u s  f o r  t e c h n i c a l  r e a s o n s  a n d  a l s o  b e c a u s e  t h e

(1) D ep artm ent o f C hem istry, P rinceton  U n iversity , P rinceton , N . J .
(2) See, e.g., C . P . S m yth , “ D ie lectr ic  B eh a vior  and S tru ctu re ,”  
M cG ra w -H ill B o o k  C o ., In c ., N ew  Y o rk , N . Y .,  1955, C hapters 
8 and 9 ; J. W . Sm ith , “ E lectric  D ip o le  M o m e n ts ,”  B u tterw orth  
and  C o. L td ., L on d on , 1955, C hapter 7.
(3) H . J. G . H aym an  and I . E liezer, J. Chem. P h ys ., 35 , 644 (1961).
(4 ) H . J. G . H a ym an  and S. W eiss, ib id ., 42 , 3701 (1965).
(5 ) See references m entioned  in ref 2 and, m ore  recen tly , R . P . S m ith  
and  E . M . M ortensen , J. A m . Chem. Soc., 78 , 3932 (1956); S. M a ed a , 
B ull. Chem. Soc. Japan , 31 , 260 (1958).
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Table I : Densities, Refractive Indices, and Polarizations of the Various Bromides Measured

Density, /------- Refractive index0--------• Pe, Pa, Po, P t ,
Compound g/ml D line g line cc6 ccc cce

Ethyl bromide 1.4518
(1.4492)

1.4211
(1.4210)

1.4332 18.49 0.96 84.68 104.13

n-Propyl bromide 1.3463
(1.3452)

1.4310
(1.4317)

1.4429 23.00 1.03 87.83 111.86

n-Butyl bromide 1.2685 
(1.2687)

1.4369
(1.4378)

1.4485 27.55 1.10 87.27 115.92

n-Amyl bromide 1.2124
(1.2119)

1.4419 
(1.4420)

1.4535 32.10 1.17 90.04 123.31

«.-Hexyl bromide 1.1690 
(1.1687)

1.4452
(1.4454)

1.4569 36.62 1.24 91.86 129.72

“ Densities and refractive indices are at 25°. The values in parentheses are from R. R. Dreisbach, “ Physical Properties of Chemical 
Compounds, II,” American Chemical Society, Washington, D. C., 1959. 6 Molar refractions extrapolated tc infinite wavelength.
c Empirical values based on considerations given in the text. d Orientation polarizations are at 35°. '  Total molar polarizations are
at 35°.

a l k y l  b r o m i d e s  a n d  d i b r o m i d e s  h a v e  b e e n  s o  w i d e l y  

s t u d i e d  i n  s o l u t i o n .  T h e  d i p o l e  m o m e n t s  o f  t h e s e  

c o m p o u n d s  h a v e  b e e n  m e a s u r e d  b e f o r e 6 ( e x c e p t  f o r  t h e  

h e x y l  d e r i v a t i v e )  b u t  n o t  w i t h  s u f f i c i e n t  p r e c i s i o n  f o r  

t h e  p u r p o s e  o f  t h i s  s t u d y .  ( A l l  o f  t h e s e  m e a s u r e m e n t s  

a r e  a b o u t  3 0  y e a r s  o l d . )

E x p e r i m e n t a l  S e c t i o n

T h e  h e t e r o d y n e  b e a t  a p p a r a t u s  u s e d  t o  d e t e r m i n e  

t h e  d i e l e c t r i c  c o n s t a n t s  a n d  t h e  e x p e r i m e n t a l  p r o c e d u r e  

a s  w e l l  a s  t h e  m e t h o d s  e m p l o y e d  t o  o b t a i n  t h e  e l e c 

t r o n i c  p o l a r i z a t i o n s  h a v e  b e e n  d e s c r i b e d  p r e v i o u s l y . 4

E t h y l  b r o m i d e  w a s  o b t a i n e d  f r o m  t h e  H o p k i n  a n d  

W i l l i a m s  C o .  ( E n g l a n d )  a n d  t h e  r e s t  o f  t h e  b r o m i d e s  

f r o m  F l u k a  ( S w i t z e r l a n d ) .  E a c h  o f  t h e  s u b s t a n c e s  

w a s  d r i e d  a n d  p u r i f i e d  b y  d i s t i l l a t i o n  f r o m  a n h y d r o u s  

c a l c i u m  s u l f a t e  t h r o u g h  a  T o d d  d i s t i l l i n g  c o l u m n 7 w i t h  

s p i r a l  p a c k i n g  u s i n g  r e d u c e d  p r e s s u r e s  w h e r e  n e c e s s a r y  

t o  a v o i d  e l e v a t e d  t e m p e r a t u r e s  ( w h e r e  t h e  e f f e c t i v e n e s s  

o f  t h e  c a l c i u m  s u l f a t e  f a l l s  o f f ) .  T h e  s u b s t a n c e s  w e r e  

t h e n  f u r t h e r  p u r i f i e d  a n d  t h e i r  d r y n e s s  w a s  c h e c k e d  d u r 

i n g  t h e  m e a s u r e m e n t  a s  h a s  b e e n  d e s c r i b e d . 4

R e s u l t s

T a b l e  I  g i v e s  t h e  m e a s u r e d  v a l u e s  f o r  t h e  d e n s i t i e s  

a n d  r e f r a c t i v e  i n d i c e s  o f  t h e  v a r i o u s  m o n o b r o m i d e s  

( i n  t h e  l i q u i d  f o r m )  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  

e x t r a p o l a t e d  v a l u e s  f o r  t h e  e l e c t r o n i c  p o l a r i z a t i o n .  

T h e  s t a n d a r d  d e v i a t i o n  o f  t h e  e l e c t r o n i c  p o l a r i z a t i o n  

( c a l c u l a t e d  f r o m  t h o s e  o f  t h e  d e n s i t i e s  a n d  r e f r a c t i v e  

i n d i c e s )  w a s  0 . 1 5 % .

T h e  t o t a l  p o l a r i z a t i o n s  t e n d e d  t o  i n c r e a s e  s l i g h t l y  

w i t h  p r e s s u r e  a n d  w e r e  t h e r e f o r e  e x t r a p o l a t e d  g r a p h i 

c a l l y  t o  z e r o  p r e s s u r e  ( e x c e p t  f o r  t h e  t w o  h i g h e s t  m e m 

b e r s  f o r  w h i c h  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  o n l y

o n e  p r e s s u r e  b e c a u s e  o f  l o w  v o l a t i l i t y ) .  T h e  e x t r a p o 

l a t e d  p o l a r i z a t i o n  a l w a y s  a g r e e d  t o  w i t h i n  0 . 3 %  w i t h  

t h a t  m e a s u r e d  a t  l o w  p r e s s u r e .  T h e  r e s u l t 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 .  T h e  s t a n d a r d  d e v i a t i o n  

i n  t h e  m e a s u r e m e n t  o f  t h e  t o t a l  p o l a r i z a t i o n  w a s  0 . 3 %  

e x c e p t  f o r  1 - b r o m o h e x a n e ,  w h e r e ,  b e c a u s e  o f  l o w  

v o l a t i l i t y ,  t h e  s t a n d a r d  d e v i a t i o n  w a s  s o m e w h a t  h i g h e r .

A t o m i c  p o l a r i z a t i o n s  h a v e  b e e n  e s t i m a t e d  b y  a  

m e t h o d  w e  h a v e  u s e d  b e f o r e . 4 T h e  a t o m i c  p o l a r i z a 

t i o n  o f  m e t h y l  b r o m i d e  c a n  b e  e v a l u a t e d  u s i n g  t h e  v a l u e  

r e p o r t e d  f o r  i t s  d i p o l e  m o m e n t  w h i c h  h a s  b e e n  m e a s u r e d  

r a t h e r  a c c u r a t e l y  b y  t h e  m i c r o w a v e  S t a r k  e f f e c t  t e c h 

n i q u e , 6 v a l u e s  f o r  t h e  t o t a l  p o l a r i z a t i o n  r e p o r t e d  i n  t h e  

l i t e r a t u r e , 8 a n d  a  v a l u e  f o r  t h e  e l e c t r o n i c  p o l a r i z a t i o n  

w h i c h  c a n  b e  d e d u c e d  f r o m  o u r  m e a s u r e m e n t s  o n  t h e  

o t h e r  b r o m i d e s  b y  t h e  a d d i t i v i t y  r u l e .  C o m b i n i n g  a l l  

t h e s e  r e s u l t s  w e  o b t a i n e d  t h e  v a l u e  0 . 8 9  c c  f o r  t h e  

a t o m i c  p o l a r i z a t i o n  o f  m e t h y l  b r o m i d e .  T h e  a t o m i c  

p o l a r i z a t i o n s  o f  t h e  h i g h e r  b r o m i d e s  w e r e  t h e n  e v a l u a t e d  

b y  a d d i n g  a  c o n s t a n t  i n c r e m e n t  o f  0 . 0 7  c c / C H 2 g r o u p  

a s  r e c o m m e n d e d  b y  S m y t h . 9 T h e  v a l u e s  o f  t h e  a t o m i c  

p o l a r i z a t i o n s  o b t a i n e d  i n  t h i s  w a y  a r e  l i s t e d  i n  T a b l e  I .

T h e  d i p o l e  m o m e n t s  o f  t h e  v a r i o u s  m o n o b r o m i d e s  

w e r e  t h e n  c a l c u l a t e d  f r o m  t h e  t o t a l ,  e l e c t r o n i c ,  a n d

(6 ) See A . A . M a ry o tt  and F . B u ck ley , N a tion a l B ureau  o f  S tand
ards C ircu lar 537, U . S. G overn m en t P rin ting  O ffice, W ash in gton , 
D . C ., 1953.
(7) F . T o d d , Ind . E ng. Chem ., A nal. E d., 17, 175 (1945).
(8) C . P . S m yth  and  K . B . M cA lp in e , J. Chem. P hys., 2 , 499 (1934); 
L . G . G roves and S. Sugden, J. Chem. Soc., 158 (1937); K . L . R am a- 
sw am y, P roc. Ind ian  A cad. Sci., A 4 , 108 (1936); A . D . B uck ingh am  
and R . J. W . L e F evre, J. Chem. Soc., 3432 (1953).
(9) C . P . S m yth , “ D ie lectr ic  B ehavior and S tru cture ,”  M cG ra w - 
H ill B o o k  C o ., In c ., N ew  Y o rk , N . Y ., 1955, p p  419, 420, and  422. 
T h is  is based on  the average increm ent fou n d  fo r  th e  n -alkane series 
and the assum ption  that it  w ill be o f  com p arab le  m agnitude for  a 
sim ilar series.
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I r o n ( I I I )  c h l o r i d e  s o l u t i o n s  i n  c o n c e n t r a t e d  H C 1  h a v e  

l o n g  b e e n  o f  i n t e r e s t  b e c a u s e  o f  t h e  a b i l i t y  o f  i r o n  ( I I I )  

a n d  n u m e r o u s  o t h e r  m e t a l  ( I I I )  i o n s  t o  b e  e x t r a c t e d  

f r o m  s u c h  s o l u t i o n s  i n t o  o r g a n i c  s o l v e n t s 4 5 6 7 s u c h  a s  d i 

e t h y l  e t h e r .  T h e  s p e c i e s  p r e s e n t  i n  i r o n ( I I I )  c h l o r i d e -  

h y d r o c h l o r i c  a c i d  s o l u t i o n s  h a v e  b e e n  i n v e s t i g a t e d 8' 9 10 11 

e l e c t r o m e t r i c a l l y  a n d  s p e c t r o p h o t o m e t r i c a l l y  a s  w e l l  

a s  b y  s o l v e n t  d i s t r i b u t i o n .  I t  i s  b e l i e v e d  t h a t  t h e  l o w e r  

c h l o r o  c o m p l e x e s  a r e  p r e d o m i n a n t l y  o c t a h e d r a l  w i t h  

w a t e r  m o l e c u l e s  o c c u p y i n g  t h e  s i t e s  n o t  f i l l e d  b y  

c h l o r i d e  i o n s ,  w h i l e  t h e  t e t r a c h l o r o  s p e c i e s  i s  t e t r a 

h e d r a l .  E v i d e n c e  h a s  b e e n  p r e s e n t e d  t h a t  t h e  t e t r a 

c h l o r o  c o m p l e x  i s  t h e  h i g h e s t  o n e  f o r m e d  i n  a q u e o u s  

H C 1  s o l u t i o n s . 1 0 -1 2  F r i e d m a n 12 h a s  g i v e n  t h e  m o s t  

d e f i n i t i v e  e v i d e n c e  f o r  f o u r - c o o r d i n a t i o n  f r o m  u l t r a 

v i o l e t  a n d  v i s i b l e  s p e c t r a  o f  s o l i d  t e t r a c h l o r o f e r r a t e s ,  

e t h y l e n e  b r o m i d e ,  d i i s o p r o p y l  a n d  d i e t h y l  e t h e r  s o l u 

t i o n s ,  a q u e o u s  H C 1  s o l u t i o n s ,  a n d  e t h e r  e x t r a c t s  o f  t h e  

l a t t e r .

R  e c e n t l y ,  t h e  s p e c t r a l  e v i d e n c e  f o r  c o m p l e x  c o n f i g u r a 

t i o n s 13 h a s  b e e n  i n t e r p r e t e d  t o  s u g g e s t  t h a t  t h e  t r i -  

c h l o r o i r o n ( I I I )  s p e c i e s  i n  H C 1  s o l u t i o n s  i s  a l s o  f o u r -  

c o o r d i n a t e d  a n d  t e t r a h e d r a l .  T h e  a r g u m e n t s  p r e 

s e n t e d  t h e r e  a r e  s o m e w h a t  i n d i c a t i v e ,  b u t  h a r d l y  c o n 

c l u s i v e .  W e  m u s t  a s s u m e  t h a t  t h e  c o n f i g u r a t i o n  o f  t h e  

t r i c h l o r o  s p e c i e s  i s  n o t  w e l l  e s t a b l i s h e d ,  a n d  c o n s i d e r  

t h e  p o s s i b i l i t y  t h a t  b o t h  o c t a h e d r a l  a n d  t e t r a h e d r a l  

s p e c i e s  m a y  b e  p r e s e n t ,  d e p e n d i n g  u p o n  c i r c u m s t a n c e s .

I n  t h e  i n t e r p r e t a t i o n  o f  r e s u l t s  o f  t h e  w o r k  r e p o r t e d  

h e r e ,  w e  h a v e  r e l i e d  u p o n  t h e  f o r m a t i o n  c o n s t a n t s  o f  

G a m l e n  a n d  J o r d a n 9 f o r  t h e  t r i c h l o r o  a n d  t e t r a c h l o r o -  

i r o n ( I I I )  s p e c i e s ,  a n d  t h o s e  o f  R a b i n o w i t c h  a n d  S t o c k -  

m a y e r 8 f o r  m o n o c h l o r o  a n d  d i c h l o r o  s p e c i e s .  A c t i v i t i e s  

o f  H C 1  a r e  t h o s e  l i s t e d  b y  R o b i n s o n  a n d  S t o k e s , 14 15 

w h i c h  a r e  s u f f i c i e n t l y  c l o s e  t o  t h o s e  u s e d 16 b y  G a m l e n  

a n d  J o r d a n  t o  e n s u r e  t h a t  t h e  c a l c u l a t i o n  o f  s p e c i e s  c o n 

c e n t r a t i o n s  i s  n o t  s e r i o u s l y  i n  e r r o r .  T h e  a s s u m p t i o n s  

m a d e  i n  t h e  c a l c u l a t i o n s  w e r e  t h e  s a m e  a s  t h o s e  u s e d  

i n  o b t a i n i n g  t h e  c o n s t a n t s ,  t h e  m o s t  n o t a b l e  o f  w h i c h  i s  

t h a t  t h e  r a t i o  o f  a c t i v i t y  c o e f f i c i e n t s  o f  s u c c e s s i v e  m e m 

b e r s  o f  t h e  c o o r d i n a t i o n  s e r i e s  i s  a  c o n s t a n t . 16,17 T h u s  

t h e  f o r m a t i o n  c o n s t a n t s  a r e  n o t  t h e r m o d y n a m i c .  

H o w e v e r ,  s i n c e  o u r  p r i n c i p a l  i n t e r e s t  i s  i n  r e c o v e r i n g  

t h e  s p e c i e s  c o n c e n t r a t i o n s  f r o m  t h e  c o n s t a n t s  l i s t e d  b y  

G a m l e n  a n d  J o r d a n ,  i t  i s  o n l y  n e c e s s a r y  t h a t  w e  f o l l o w  

t h e  s a m e  p r o c e d u r e s  a n d  a s s u m p t i o n s  t h e y  d i d .

I n  t h e  f o l l o w i n g  s e c t i o n s  w e  r e p o r t  t h e  r e s u l t s  o f  e x 

p e r i m e n t a l  i n v e s t i g a t i o n ,  b y  m a g n e t i c  r e s o n a n c e  

m e t h o d s ,  o f  i r o n ( I I I )  c h l o r i d e  s o l u t i o n s  i n  0 . 8 5 - 1 3 . 6  M  
H C 1 .

E x p e r i m e n t a l  S e c t i o n

Reagents. I r o n ( I I I )  p e r c h l o r a t e  w a s  p r e p a r e d  b y

d i s s o l v i n g  c h e m i c a l l y  p u r e  i r o n  i n  c o n c e n t r a t e d  p e r 

c h l o r i c  a c i d .  S m a l l  a m o u n t s  o f  i r o n ( I I )  i o n  w e r e  

o x i d i z e d  t o  i r o n ( I I I )  b y  a d d i t i o n  o f  h y d r o g e n  p e r o x i d e ,  

t h e  e x c e s s  o f  w h i c h  w a s  d e s t r o y e d  b y  h e a t i n g .  C r y s 

t a l s  o f  i r o n ( I I I )  p e r c h l o r a t e  s e p a r a t e d  f r o m  t h e  s o l u 

t i o n  a n d  w e r e  r e c r y s t a l l i z e d  f r o m  p e r c h l o r i c  a c i d  s o l u 

t i o n .  A n a l y s i s  o f  t h e  s a l t  c o r r e s p o n d e d  t o  t h e  f o r m u l a :  

F e ( C 1 0 4 ) s T 0 . 5 H 20 0 . 6 5 H C 1 0 4 .  C o n c e n t r a t e d  H C 1 ,  

B a k e r  A n a l y z e d ,  w a s  u s e d  i n  t h e  p r e p a r a t i o n  o f  a l l  

s o l u t i o n s  e x c e p t  1 3 . 6  M  H C 1 ,  w h i c h  w a s  p r e p a r e d  b y  

s u p e r s a t u r a t i n g  H 20 17 w i t h  M a t h e s o n  t a n k  H C 1  g a s .  

H 20 17 w a s  p r e p a r e d  f r o m  N O 17 b y  r e a c t i o n  w i t h  h o t  

c o p p e r  t o  f o r m  C u O 17, f o l l o w e d  b y  r e d u c t i o n  w i t h  H 2 

t o  f o r m  H 20 17 w h i c h  w a s  r e d i s t i l l e d  a f t e r  a d d i t i o n  o f  a  

s m a l l  a m o u n t  o f  m e t a l l i c  s o d i u m  t o  r e m o v e  a c i d i c  i m 

p u r i t i e s .  A n a l y s i s  f o r  o x y g e n  i s o t o p e s  1 6 ,  1 7 ,  a n d  1 8  

w a s  m a d e  m a s s  s p e c t r o m e t r i c a l l y  a f t e r  c o m p l e t e  c o n 

v e r s i o n  o f  s a m p l e s  o f  w a t e r  t o  C 0 2.

Nuclear Measurements. A l l  m e a s u r e m e n t s  w e r e  

m a d e  u s i n g  a  V a r i a n  w i d e - l i n e  n u c l e a r  r e s o n a n c e  s p e c 

t r o m e t e r .  B o t h  O 17 a n d  C l 35 r e s o n a n c e s  w e r e  o b s e r v e d  

b y  p h a s e  d e t e c t i o n  w i t h  t h e  s p e c t r o m e t e r  f r e q u e n c y  

l o c k e d  o n  8  a n d  5  M c / s e c ,  r e s p e c t i v e l y ,  w i t h  e i t h e r  2 0 -  

o r  4 0 - c p s  f i e l d  m o d u l a t i o n .  T h e  C l 35 r e s o n a n c e  w a s  

b r o a d e n e d  b y  t h e  m o d u l a t i o n  f r e q u e n c y  i n  t h e  m o s t  

d i l u t e  H C 1  b l a n k s  w h e n  p h a s e  d e t e c t i o n  w a s  u s e d  e v e n  

a t  2 0  c p s .  T h e r e f o r e ,  t h e  s i d e - b a n d  t e c h n i q u e  a s  d e -

(4) R . E . C on n ick  and C . P . C op pel, J. A m . Chem. Soc., 81 , 6389 
(1959).
(5 ) E . B la tt, P h .D . T hesis, U niversity  o f  C aliforn ia , A u g  1964 
(U C R L -11 584 , L aw rence R ad ia tion  L a b o ra to ry ). W e w ere unaw are 
o f  the p art o f  th at research dealing w ith  H C I solu tions at h igh con 
centrations un til this w ork  w as com p leted , and  are ind ebted  to  
P rofessor R . E . C on n ick  for su pp ly ing  us w ith  a c o p y  o f  th e  thesis.
(6 ) E . C . B la tt and  R . E . C onn ick , P roceed ings o f  th e  8th  In ter
nation al C ongress on  C oord in ation  C hem istry , V ienna, 1964, p 
284.
(7 ) See, for  instance, R . M . D iam on d , and  D . G . T u ck , P rogr. Inorg. 
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F o r  t h e  e l e c t r o s t a t i c  c a l c u l a t i o n s  s o m e  m o r e  d r a s t i c  

a p p r o x i m a t i o n s  a r e  n e e d e d .  W e  f i r s t  a p p r o x i m a t e  t h e  

a c t u a l  d i p o l e  b y  a  p o i n t  d i p o l e  l o c a t e d  o n  t h e  C - B r  

a x i s .  S e c o n d ,  s i n c e  a  d i p o l e  f i e l d  w i l l  o b v i o u s l y  b e  a  

p o o r  a p p r o x i m a t i o n  f o r  n e a r  a t o m s ,  w e  c o n s i d e r  

o u r  p o i n t  d i p o l e  t o  i n c l u d e  t h e  m o m e n t s  i n d u c e d  i n  t h e  

B r  a n d  a d j a c e n t  C H 2 g r o u p ;  t h a t  i s ,  w e  c o n s i d e r  

i t  t o  r e p r e s e n t  t h e  p r i m a r y  m o m e n t  a n d  i n d u c e d  

m o m e n t s  o f  a n  i s o l a t e d  - C H 2B r  g r o u p .  A s  a n  a p p r o x i 

m a t i o n  f o r  i t s  a c t u a l  m a g n i t u d e ,  w e  t a k e  t h e  v a l u e  o f  

1 . 8 0  D . ,  t h e  d i p o l e  m o m e n t  o f  C H 3B r . 6

N e x t ,  w e  h a v e  n o  r e l i a b l e  w a y  t o  d e t e r m i n e  w h e r e  o n  

t h e  C - B r  a x i s  t h e  d i p o l e  s h o u l d  b e ,  a n d  s o  w e  s h a l l  

h a v e  t o  c a l c u l a t e  i t s  e f f e c t  f o r  d i f f e r e n t  l o c a t i o n s  o n  

t h a t  a x i s .

T h o u g h ,  i n  p r i n c i p l e ,  c a l c u l a t i o n s  c a n  b e  c a r r i e d  o u t  

o n  t h e  b a s i s  o f  t h e  a b o v e  a s s u m p t i o n s ,  t h e  m a t h e m a t i c s  

i s  s t i l l  r a t h e r  c o m p l i c a t e d .  W e  s h a l l  t h e r e f o r e  m a k e  

s o m e  f u r t h e r  r a t h e r  d r a s t i c  a p p r o x i m a t i o n s  n o t i n g  

t h a t  w e  d o  n o t  a i m  a t  a  q u a n t i t a t i v e  p r e d i c t i o n  o f  

o u r  d i p o l e  m o m e n t s ,  b u t  o n l y  a t  a  t e s t  o f  w h e t h e r  o u r  

q u a l i t a t i v e  e x p l a n a t i o n s  c a n  l e a d  t o  p r e d i c t i o n s  o f  t h e  

r i g h t  o r d e r  o f  m a g n i t u d e .  W e  t h u s  c o n s i d e r  m o m e n t s  

i n d u c e d  i n  c a r b o n  a t o m s  o n l y  ( m a k i n g  t h e i r  p o l a r i z a 

b i l i t i e s ,  h o w e v e r ,  e q u a l  t o  t h o s e  o f  C H 2 g r o u p s  ( 1 8 . 2  X  

1 0 - 2 5  Cg s )  o r  C H 3 g r o u p s  ( 2 2 . 4  X  1 0 ~ 26 c g s 12) ,  a s  t h e  

c a s e  m a y  b e ) .  W e  n e g l e c t  m o m e n t s  i n d u c e d  b y  i n 

d u c e d  m o m e n t s  a n d ,  f i n a l l y ,  c o n s i d e r  o n l y  m o m e n t s  

i n d u c e d  i n  t h e  d i r e c t i o n  o f  t h e  p r i m a r y  m o m e n t .  

T h i s  l a s t  a p p r o x i m a t i o n  s e e m s  r e a s o n a b l e  i n  v i e w  o f

t h e  f i r s t  t w o  n o t i n g  t h a t  a  s m a l l  m o m e n t  p e r p e n d i c u l a r  

t o  a  l a r g e  o n e  g i v e s  r i s e  t o  a  t o t a l  m o m e n t  w h i c h  i s  n o t  

v e r y  d i f f e r e n t  f r o m  t h e  l a r g e  o n e .  T h e  s m a l l  d i p o l e  

m o m e n t s  c o n n e c t e d  w i t h  t h e  a l k y l  r e s i d u e  ( a s  e v i 

d e n c e d ,  e.g., b y  t h e  d i p o l e  m o m e n t  o b s e r v e d  f o r  p r o 

p a n e ,  0 . 0 8  D . 13)  a r e  a l s o  n e g l e c t e d .  R e p r e s e n t a t i v e  

r e s u l t s  o f  t h e s e  c a l c u l a t i o n s 14 f o r  v a r i o u s  l o c a t i o n s  o f  

t h e  i n d u c i n g  p o i n t  d i p o l e  a r e  l i s t e d  i n  T a b l e  I I .  T h e  

p e c u l i a r i t i e s  o f  t h e  m e a s u r e d  v a l u e s ,  s u c h  a s  t h e  e q u a l i t y  

( w i t h i n  e x p e r i m e n t a l  e r r o r )  o f  t h e  d i p o l e  m o m e n t s  o f  

t h e  p r o p y l  a n d  t h e  b u t y l  d e r i v a t i v e ,  a r e  n o t  r e f l e c t e d  

i n  t h e  c a l c u l a t e d  v a l u e s  a s  c a n  h a r d l y  b e  e x p e c t e d  c o n 

s i d e r i n g  t h e  m a n y  a p p r o x i m a t i o n s  m a d e .  I t  i s ,  h o w 

e v e r ,  s h o w n  o h a t  t h e  i n c r e a s e  i n  d i p o l e  m o m e n t  w i t h  i n 

c r e a s i n g  c h a i n  l e n g t h  m i g h t  i n d e e d  b e  t e m p o r a r i l y  

h a l t e d  a n d  * h a t  o u r  m o d e l  d o e s  l e a d  t o  i n c r e a s e  i n  

d i p o l e  m o m e n t  w i t h  c h a i n  l e n g t h  o f  t h e  o r d e r  f o u n d  

e x p e r i m e n t a l l y .
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E q u a t i o n s  f o r  t h e  e l e c t r o d e  i m p e d a n c e  a r e  d e r i v e d  f o r  m e t a l  i o n - a m a l g a m  e l e c t r o d e s  a n d  

o t h e r  e l e c t r o d e  r e a c t i o n s  w i t h o u t  a priori s e p a r a t i o n  o f  f a r a d a i c  a n d  d o u b l e - l a y e r  c h a r g i n g  

p r o c e s s e s .  D e r i v a t i o n  s t a r t s  w i t h  t h e  t h r e e  g e n e r a l  e q u a t i o n s  f o r  n o n s t e a d y - s t a t e  p r o c e s s e s  

p r e v i o u s l y  d e r i v e d .  T h e  e l e c t r o d e  i m p e d a n c e  i s  e q u i v a l e n t  t o  a n  R C  p a r a l l e l  c i r c u i t  i n v o l v 

i n g  t h e  experimental q u a n t i t i e s  R  a n d  C. T h i s  i m p e d a n c e  i s  formally s e p a r a t e d  i n  t h e  

u s u a l  f a r a d a i c  i m p e d a n c e  a n d  a  d o u b l e - l a y e r  i m p e d a n c e  i n  p a r a l l e l .  T h e  l a t t e r  i s  e q u i v 

a l e n t  t o  a  r e s i s t a n c e  a n d  a  c a p a c i t y  C d 1 i n  p a r a l l e l .  P r o p e r t i e s  o f  t h e  d o u b l e - l a y e r  i m 

p e d a n c e  a r e  d e r i v e d  a n d  d i s c u s s e d ,  p a r t i c u l a r l y  f o r  C d i .  I t  i s  s h o w n  t h a t ,  f o r  a n y  f i n i t e  

e x c h a n g e  c u r r e n t  d e n s i t y ,  C d i a p p r o a c h e s  t h e  c a p a c i t y  o f  a n  i d e a l  p o l a r i z e d  e l e c t r o d e  a t  

i n f i n i t e  f r e q u e n c y .  C o n v e r s e l y ,  C d i  a p p r o a c h e s  t h e  c a p a c i t y  o f  a n  i d e a l  r e v e r s i b l e  e l e c 

t r o d e  a t  z e r o  f r e q u e n c y .  T h e  l a t t e r  b e h a v i o r  p r e v a i l s  a t  a n y  f r e q u e n c y  f o r  a n  i n f i n i t e  e x 

c h a n g e  c u r r e n t .  T h e  z e r o - f r e q u e n c y  c a p a c i t y  i s  d e r i v e d  i n d e p e n d e n t l y  b y  t h e r m o d y n a m i c  

a r g u m e n t  f o r  t h e  c o n d i t i o n s  p r e v a i l i n g  i n  e l e c t r o d e - i m p e d a n c e  m e a s u r e m e n t s .  T h e  

d o u b l e - l a y e r  c a p a c i t y  i s  f r e q u e n c y  d e p e n d e n t  b e t w e e n  «  =  0  a n d  o> —► ° ° .  F r e q u e n c y  

d e p e n d e n c e  o f  C d i  c a n  b e  p r o n o u n c e d  a t  t h e  u s u a l  f r e q u e n c i e s  u s e d  i n  b r i d g e  m e a s u r e 

m e n t s .  D e t e r m i n a t i o n  o f  C d i a n d  t h e  e x c h a n g e  c u r r e n t  d e n s i t i e s  i s  d i s c u s s e d ,  a n d  c o n d i 

t i o n s  f o r  p r a c t i c a l  v a l i d i t y  o f  S l u y t e r s ’  a n a l y s i s  o f  e x p e r i m e n t a l  d a t a  a r e  e s t a b l i s h e d .  

T h e  T l + - T l ( H g )  a n d  H g 2 + 2 - H g  e l e c t r o d e s  a r e  d i s c u s s e d  i n  p a r t i c u l a r .

T h e  t h e o r y  o f  t h e  e l e c t r o d e  i m p e d a n c e 1 w a s  d e v e l o p e d  

o n  t h e  a s s u m p t i o n  t h a t  f a r a d a i c  a n d  d o u b l e - l a y e r  c h a r g 

i n g  p r o c e s s e s  c a n  b e  s e p a r a t e d  a priori. I t  w a s  r e 

c e n t l y  p o i n t e d  o u t 2 t h a t  s u c h  a priori s e p a r a t i o n  d o e s  

n o t  c o r r e s p o n d  t o  a n y  c o n c e i v a b l e  p h y s i c a l  o p e r a t i o n  

f o r  n o n s t e a d y - s t a t e  p r o c e s s e s .  S e p a r a t i o n  f o r  s u c h  

p r o c e s s e s  i s  n o t  j u s t i f i e d  b e c a u s e  t h e r e  i s  c h a r g e  s e p a 

r a t i o n  o r  r e c o m b i n a t i o n ,  w i t h o u t  e x t e r n a l  c u r r e n t ,  a t  

n o n i d e a l  p o l a r i z e d  e l e c t r o d e s .  T h r e e  g e n e r a l  e q u a t i o n s  

w e r e  a l s o  g i v e n  w h i c h  s h o u l d  a l l o w ,  a f t e r  s o l u t i o n ,  d e 

t a i l e d  a n a l y s i s  o f  t r a n s i t o r y  a n d  p e r i o d i c  e l e c t r o d e  

p r o c e s s e s .  A p p l i c a t i o n  i s  m a d e  h e r e  t o  t h e  e l e c t r o d e  

i m p e d a n c e .  T h e  d o u b l e - l a y e r  i m p e d a n c e  i s  d e r i v e d  f o r  

e l e c t r o d e s  w i t h  c h a r g e - t r a n s f e r  r e a c t i o n ,  a n d  e x p e r i 

m e n t a l  c o n d i t i o n s  f o r  e l e c t r o d e  i m p e d a n c e  m e a s u r e 

m e n t s  a r e  r e e x a m i n e d  w i t h  s o m e  e m p h a s i s  o n  S l u y t e r s ’ 

m e t h o d 3 f o r  s e p a r a t i o n  o f  t h e  d o u b l e - l a y e r  c a p a c i t y .  

R e s u l t s  a r e  d e r i v e d  f o r  m e t a l  i o n - a m a l g a m  e l e c t r o d e s ,  

a n d  o t h e r  t y p e s  o f  e l e c t r o d e  r e a c t i o n s  a r e  d i s c u s s e d  

a f t e r w a r d .

Derivation o f the Electrode Im pedance

Boundary Value Problem. W e  c o n s i d e r  t h e  r e a c t i o n  

M + 2 - f -  ze =  M ( H g )  f o r  t h e  u s u a l  c o n d i t i o n s  o f  e l e c 

t r o d e  i m p e d a n c e  m e a s u r e m e n t s :  m a s s  t r a n s f e r  c o n 

t r o l l e d  b y  s e m i i n f i n i t e  l i n e a r  d i f f u s i o n  i n  t h e  p r e s e n c e  o f  

a  l a r g e  e x c e s s  o f  s u p p o r t i n g  e l e c t r o l y t e  a n d  l o w  o v e r 

v o l t a g e  a l l o w i n g  t h e  u s e  o f  a  l i n e a r i z e d  c u r r e n t - o v e r 

v o l t a g e  c h a r a c t e r i s t i c .  T h e  f i r s t  t w o  g e n e r a l  e q u a t i o n s  

p r e v i o u s l y  g i v e n 2 s t a t e  t h e  b a l a n c e  c o n d i t i o n s  a t  t h e  

i n t e r f a c e  f o r  t h e  p r o d u c t i o n  a n d  a c c u m u l a t i o n  o f  

M + z  a n d  M .  T h u s  w e  h a v e  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

(II R ev iew ed , e.g., b y  P . D elahay, Advan. Electrochem. E lectrochem . 
Eng., 1, 233 (1961).
(2) P . D elah ay , J. P h ys. Chem., 70, 2373 (1966).
(3) M . S luyters-R ehbach  and J. H . S luyters, Rec. Tran. Chim ., 8 2 , 
525 (1963).
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'C u_  

L \ c8m

c+
+  —  ’  

c“+ /x = o  R T V_

w h e r e  it> i s  t h e  e x c h a n g e  c u r r e n t  d e n s i t y ;  t h e  c ’ s  a r e  t h e  

c o n c e n t r a t i o n s ;  t h e  c B’ s  a r e  t h e  b u l k  c o n c e n t r a t i o n s ;  

t h e  D ’s a r e  t h e  d i f f u s i o n  c o e f f i c i e n t s ;  x  i s  t h e  d i s t a n c e  

f r o m  t h e  e l e c t r o d e  w i t h  x  ^  0  i n  s o l u t i o n  a n d  x  ^  0 
i n  t h e  a m a l g a m ;  t i s  t h e  t i m e ;  t h e  T ’ s  a r e  t h e  s u r f a c e  

e x c e s s e s  ( t r u e  o n e s  i d e n t i f i e d  w i t h  r e l a t i v e  s u r f a c e  e x 

c e s s e s ;  d i l u t e  s o l u t i o n  a n d  a m a l g a m ) ;  a n d  y i s  t h e  

o v e r v o l t a g e  ( t? =  E  —  E e, E  b e i n g  t h e  p o t e n t i a l  a n d  E e 
t h e  e q u i l i b r i u m  p o t e n t i a l ) .  T h e  f a r a d a i c  c u r r e n t ,  a s  

e x p r e s s e d  b y  e q  1 , i s  p o s i t i v e  f o r  a  n e t  a n o d i c  p r o c e s s  

(rj >  0 )  a n d  n e g a t i v e  f o r  a  n e t  c a t h o d i c  p r o c e s s  (17 <  0 ) .  

E q u a t i o n s  1 a n d  2  a r e  w r i t t e n  o n  t h e  a s s u m p t i o n  t h a t  

t h e  t h i c k n e s s e s  o f  t h e  d o u b l e  l a y e r  i n  s o l u t i o n  a n d  t h e  

a m a l g a m  c a n  b e  n e g l e c t e d  i n  c o m p a r i s o n  w i t h  t h e  d i f 

f u s i o n  l a y e r  t h i c k n e s s e s .  T h i s  a s s u m p t i o n  i s  e n t i r e l y  

j u s t i f i e d ,  e v e n  f o r  t h e  h i g h e s t  f r e q u e n c i e s  u s e d  i n  i m 

p e d a n c e  m e a s u r e m e n t s .

T h e  d e r i v a t i v e s  o f  l ’ +  a n d  T m  a r e  w r i t t e n  i n  t h e  f o r m  

a p p e a r i n g  i n  e q  1 a n d  2  f o r  t h e  f o l l o w i n g  r e a s o n s . 2 
( a )  T h e  c o n c e n t r a t i o n s  c +  a n d  c m  a t  x  =  0  a r e  n o t  

i n d e p e n d e n t  s i n c e  t h e y  a r e  r e l a t e d  b y  e q  2 .  H e n c e  E  
i s  t h e  s o l e  i n d e p e n d e n t  v a r i a b l e  i n  t h e  w r i t i n g  o f  

d r + / d i  a n d  d r M/ d i  i n  t e r m s  o f  dr]/dt. ( b )  I n  e x p r e s s i n g  

t h e  v a r i a t i o n s  o f  T +  o r  I ' m  w i t h  E  a t  t h e  e q u i l i b r i u m  

p o t e n t i a l ,  w e  n o t e  t h a t  t h e  T ’ s  u n d e r  e q u i l i b r i u m  c o n 

d i t i o n s  d e p e n d  o n  c s+  a n d  c sM . C o n s e q u e n t l y  w e  i n t r o 

d u c e  t h e  t w o  d e r i v a t i v e s  (dT/dE)c*+ a n d  (dT/dE)^M 
a t  t h e  e q u i l i b r i u m  p o t e n t i a l .  W e  n o t e  i n  p a s s i n g  t h a t  

s i n c e  t h e s e  d e r i v a t i v e s  m a y  v a r y  r a p i d l y  w i t h  E ,  t h e  

l o w - o v e r v o l t a g e  a p p r o x i m a t i o n  o f  e q  1 a n d  2  m a y  r e 

q u i r e  e x p e r i m e n t a l  V s  l o w e r  t h a t  t h e  u s u a l  ( a n d  p e r 

h a p s  u n d u l y  h i g h )  u p p e r  l i m i t  o f  5  m v .

E q u a t i o n s  1 a n d  2  a r e  t h e  b o u n d a r y  c o n d i t i o n s  w h i c h  

m u s t  b e  s o l v e d  f o r

?? =  i7a expO'wO (3)

w h e r e  7?a i s  t h e  o v e r v o l t a g e  a m p l i t u d e ,  j  =  (  — 1) ' / 2 , 

a n d  co =  2wf, f  b e i n g  t h e  f r e q u e n c y .  F u r t h e r m o r e ,  w e  

p r e s c r i b e  c+ —► c s+  a n d  c m  -* ■  c sm  f o r  x —*■ ° °  f o r  t '■>, 0 .

S o l u t i o n  o f  t h i s  b o u n d a r y  v a l u e  p r o b l e m  y i e l d s  t h e  

f l u x  o f  M + * a t  x — 0  w h i c h  c a n  n o w  b e  i n t r o d u c e d  i n  

t h e  t h i r d  g e n e r a l  e q u a t i o n , 2 r e l a t i o n s h i p  4  a b o v e

i  =  —zFD +( * )
\à x  J x-_ +

à(q +  zFT+Y  
ÒE

ò(q +  zFT+y  
ÒE +^17 =  0

w h e r e  i  i s  t h e  c u r r e n t  d e n s i t y  b e i n g  m e a s u r e d  a n d  q 
t h e  s u r f a c e  c h a r g e  d e n s i t y  o n  t h e  e l e c t r o d e .  I t  i s  

s u p p o s e d  i n  t h e  w r i t i n g  o f  e q  4  t h a t  d i f f u s i o n  n e e d  b e  

c o n s i d e r e d  c n l y  f o r  s p e c i e s  M + z  a n c  M .  T h e r e  a p p e a r  

i n  e q  4  t h e  d e r i v a t i v e s  o f  q +  zF Y + w i t h  r e s p e c t  t o  E  
a t  t h e  e q u i l i b r i u m  p o t e n t i a l  f o r  c sM c r  c s+  c o n s t a n t .

Electrode Impedance. W e  s o l v e  t h e  a b o v e  p r o b l e m  

f o r  t h e  s t e a d y - s t a t e  p e r i o d i c  c u r r e n t  b y  s e t t i n g  t h e  

c o n c e n t r a t i o n s  a s 4

c +  =  c s+ { l  -  P  exp[-(o>/2D+ ) ' /2 X

( 1  +  j)%] e x p O 'w f ) }  ( 5 )  

c m  =  c 9m { 1 +  N  e x p [ ( c u / 2 Z ) M ) V l  X

(1 +  j)x ]  exp (jut)} ( 6)

T h e  f a c t o r s  P  a n d  N  a r e  d e t e r m i n e d  b y  i n t r o d u c i n g  

c +  a n d  c m  f r c m  e q  5  a n d  6 i n t o  t h e  b o u n d a r y  c o n d i t i o n s  

1 a n d  2  ( A p p e n d i x ) .  T h e  c u r r e n t  d e n s i t y  b e i n g  m e a s 

u r e d ,  a s  g i v e n  b y  e q  4 ,  i s

•A

c % P ( l  +  j )  +

à(q +  zFT+y  
ÒE +

Ò(q +  ; E r + ) 

ÒE X

e x p Q c o f )  ( 7 )

T h e  e l e c t r o d e  i m p e d a n c e  i s  e q u i v a l e n t  t o  a  c a p a c i t y  

C  a n d  a  r e s i s t a n c e  R  i n  p a r a l l e l .  T h e  p r o d u c t  uC  i s  

e q u a l  t o  t h e  c o e f f i c i e n t  o f  t h e  i m a g i n a r y  t e r m  b e t w e e n  

b r a c e s  i n  e q  7 ,  a n d  R  i s  t h e  r e c i p r o c a l  o f  t h e  r e a l  t e r m  

b e t w e e n  b r a c e s  i n  t h a t  e q u a t i o n .  O n e  h a s  a f t e r  i n t r o 

d u c t i o n  o f  P  a n d  N

^  _  X + X m  —  ( X +  +  k M ) f o ] 2 b ~  (X + X m ) 2

IoX+Xm [X+(m+ +  mm +  2 yXm) —
( X +  +  X m ) ( t * o +  M + ) ]

C  =  ( X + / w )  X

X+ X m  [i 'o( m +  +  m m )  —  2 X m m + ]  —

¿ o (X +  +  \ m ) [ L ( m +  ~h  Mm )  +  X m ( 7 2-'o ~  M + ) ] 

[X + X m  —  ( X +  +  X m ) 7 o] 2 +  ( X + X m ) 2

' d (9 +  zFT+y  
ÒE +

—lc8+

0(9  +  z F T + ï
ÒE CsM ^ ?i =  0

w h e r e

7  =  z F / B T

( 8 )

+

( 9 )

( 1 0 )

(4) H . G enscher, Z . P h ysik . Chem. (L eip zig ), 198, 286 (1951).
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3 1 5 2 P a u l  D e l a h a y  a n d  G i l l e s  G . S u s b i e l l e s

A+ =  -z F c \ {w D +/2)lh ( 11)

Am =  — z F c \  (oiDm/2) 1/2 (12)

M + =  zFu[(dF+/ M ) csa +  ( d r + / d £ ) c.+ ], = 0 (13) 

m m  =  zFu, [ (£ » F M/ £ > i ? ) c. M +  ( d r M/ d £ ) c.+ ] , = 0  ( 1 4 )

I t  m a y  b e  n o t e d  t h a t  l i  a n d  C  c a n  o f  c o u r s e  b e  c o n 

v e r t e d  t o  a n  e q u i v a l e n t  c i r c u i t  c o m p o s e d  o f  a  r e s i s t a n c e  

a n d  c a p a c i t y  i n  s e r i e s ,  b u t  e q u a t i o n s  a r e  c u m b e r s o m e  

a n d  t h e  p a r a l l e l  c i r c u i t  i s  m o r e  c o n v e n i e n t .

A  Posteriori S e p a r a t i o n  o f  F a r a d a i c  

a n d  D o u b l e - L a y e r  I m p e d a n c e

Significance. T h e  r e s i s t a n c e  R  a n d  C  o f  e q  8  a n d  9  

a r e  e x p e r i m e n t a l  q u a n t i t i e s  w h i c h  c a n  b e  d e t e r m i n e d  

f r o m  t h e  c e l l  i m p e d a n c e  a f t e r  c o r r e c t i o n  f o r  t h e  e l e c t r o 

l y t e  r e s i s t a n c e .  ( T h e  i m p e d a n c e  o f  t h e  c o u n t e r e l e c 

t r o d e  i s  g e n e r a l l y  n e g l i g i b l e . )  A  s e r i e s  r e s i s t a n c e -  

c a p a c i t y  c o m b i n a t i o n  m a y  a c t u a l l y  b e  u s e d  i n  t h e  

b r i d g e ,  b u t  m e a s u r e m e n t s  c a n  b e  c o n v e r t e d  t o  t h e  

p a r a l l e l  c i r c u i t  i n v o l v i n g  R  a n d  C  o f  e q  8  a n d  9 .  T h i s  

c i r c u i t  r e p r e s e n t s  t h e  e l e c t r o d e  i m p e d a n c e .

We formally d i v i d e  t h e  e l e c t r o d e  i m p e d a n c e  i n t o  t w o  

p a r t s :  ( a )  t h e  c l a s s i c a l  f a r a d a i c  i m p e d a n c e  w h i c h  i s

d e r i v e d  b y  n e g l e c t i n g  d o u b l e - l a y e r  c h a r g i n g  a n d  ( b )  

t h e  r e m a i n i n g  p a r t  w h i c h  i s  t h e  d o u b l e - l a y e r  i m p e d a n c e .  

I t  s h o u l d  b e  s t r e s s e d  t h a t  t h i s  a 'posteriori s e p a r a t i o n  

d o e s  n o t  c o r r e s p o n d  t o  a n y  c o n c e i v a b l e  p h y s i c a l  o p e r a 

t i o n  b e c a u s e  t h e  f a r a d a i c  p r o c e s s  a n d  d o u b l e - l a y e r  

c h a r g i n g  c a n n o t  b e  s e p a r a t e d . 2 Only the total electrode 
impedance has an experimental significance. H o w e v e r ,  

s u c h  a  s e p a r a t i o n  i s  u s e f u l  i n  b r i n g i n g  o u t  t h e  f e a t u r e s  

o f  d o u b l e - l a y e r  c h a r g i n g  i n  t e r m s  o f  t h e  f a m i l i a r  m o d e l  

i n  w h i c h  t h e  f a r a d a i c  i m p e d a n c e  a n d  t h e  d o u b l e  l a y e r  

a r e  s e p a r a t e d .

Faradaic Impedance. T h e  e l e m e n t s  R i  a n d  Ct 
o f  t h e  e q u i v a l e n t  p a r a l l e l  c i r c u i t  o f  t h e  f a r a d a i c  i m p e d 

a n c e  a r e  d e r i v e d  b y  c o n v e r s i o n  o f  t h e  s e r i e s  e q u i v a l e n t  

c i r c u i t  c o m p o s e d  o f  t h e  c h a r g e - t r a n s f e r  r e s i s t a n c e  a n d  

t h e  W a r b u r g  r e s i s t a n c e  a n d  c a p a c i t y .  V a l u e s  o f  R i 
a n d  Ct d e r i v e d  i n  t h i s  w a y  a r e  t h o s e  g i v e n  b y  e q  8  a n d  

9  i n  w h i c h  m +  a n d  m m  a r e  s e t  e q u a l  t o  z e r o  a n d  t h e  l a s t  

t e r m  o n  t h e  r i g h t - h a n d  s i d e  i s  d r o p p e d  ( n o  d o u b l e  l a y e r ) .  

T h u s

[A + A m  —  (A+ +  A m ) î'o] 2 +  (A + A m ) 2 

v A + A m '̂o [2 A + A m  —  fo(A+ +  A m ) ]
( 1 5 )

A + \  y A m ( A +  +  A m ) îo 2

\ co / [ A + A m  —  (A+ +  A m K o ] 2 +  (A + A m ) 2
(16)

T h e  p a r a l l e l  R(C{  e q u i v a l e n t  c i r c u i t  o f  t h e  f a r a d a i c  

i m p e d a n c e  i s  w e l l  k n o w n 1’ 4 a n d  n e e d  n o t  b e  d i s c u s s e d .  

Double-Layer Impedance. T h e  t e r m s  c o n t a i n i n g  m +

a n d  m m  i n  e q  8  a n d  9  a n d  t h e  l a s t  t e r m  o n  t h e  r i g h t - h a n d  

s i d e  c o r r e s p o n d  t o  c h a r g i n g  o f  t h e  d o u b l e  l a y e r .  T h u s

Ri\  =
[A + A m  — (A+ +  A m )  t o ] 2 +  ( A + A m ) 2 

A + A m (A + m m  —  A m m + K o
(17)

C a i  =  ( A + / u )  X

A + A m [ ( m+  +  m m ) î'o —  2 A m m + ]  —

(A+ T  A m ) [ ( m +  T  yu)io —  A m m + ] * o

[A + A m  —  (A+ +  A m ) Î o] 2 +  ( A + A m ) 2
+

ò(q +  zFT+y
ÒE +

-lcs+

0(q +  zFT+y  
ÒE

( 1 8 )
n = 0

A c c o r d i n g  t o  c l a s s i c a l  v i e w s ,  o n e  w o u l d  w r i t e  R a  <» 

a n d  C d i =  (dq/dE)v = 0 ( n e g l e c t i n g  t h e  f a c t  t h a t  E  d e 

p e n d s  o n  c B+  a n d  c sM ) f o r  a n  i d e a l  p o l a r i z e d  e l e c t r o d e ;  

i.e., C d i  w o u l d  b e  f r e q u e n c y  i n d e p e n d e n t .  E q u a t i o n s  

17  a n d  18 s h o w  t h a t  R a  a n d  Cdi a r e  f r e q u e n c y  d e p e n d 

e n t .  T h i s  f r e q u e n c y  e f f e c t  r e s u l t s  f r o m  t h e  i n t e r p l a y  

o f  d i f f u s i o n  o f  M + z  a n d  M  a n d  t h e  c h a r g e - t r a n s f e r  

r e a c t i o n  i n  d o u b l e - l a y e r  c h a r g i n g .

T h e  e q u i v a l e n t  c i r c u i t  f o r  t h e  e l e c t r o d e  i m p e d a n c e  i s  

s h o w n  i n  F i g u r e  1 a s  t h e  p a r a l l e l  c o m b i n a t i o n  o f  t h e  

f a r a d a i c  a n d  d o u b l e - l a y e r  i m p e d a n c e .

D o u b l e - L a y e r  I m p e d a n c e

Limiting Values of the Capacity C d i- O n e  w o u l d  

e x p e c t  f r o m  a  p r e v i o u s  p a p e r 2 t h a t  C d i  a p p r o a c h e s  a  

c a p a c i t y  s i m i l a r  t o  t h a t  f o r  a n  i d e a l  p o l a r i z e d  e l e c t r o d e  

a t  i n f i n i t e  f r e q u e n c y  f o r  a n y  f i n i t e  in a n d  a p p r o a c h e s  t h e  

c a p a c i t y  f o r  a n  i d e a l  r e v e r s i b l e  e l e c t r o d e  a t  z e r o  f r e 

q u e n c y .  T h i s  i s  i n d e e d  t h e  c a s e .  T h u s ,  t h e  r a t i o  o f  

t h e  t e r m s  o f  t h e  h i g h e s t  d e g r e e  i n  co (<J '!)  i n  t h e  n u m e r 

a t o r  a n d  d e n o m i n a t o r  i n  e q  1 8  i s  e q u a l  t o

- z F [ ( d r + / d £ ) c% +  ( d r + / d E ) c. J , = o

a n d  c o n s e q u e n t l y ,  f o r  a n y  f i n i t e  f r e q u e n c y

w h e r e  t h e  d e r i v a t i v e s  a r e  t a k e n  a t  t h e  e q u i l i b r i u m  p o 

t e n t i a l .  T h i s  c a p a c i t y  i s  t h e  s a m e  a s  f o r  a n  i d e a l  

p o l a r i z e d  e l e c t r o d e ,  e x c e p t  t h a t  E  n e w  d e p e n d s  o n  c 8+

Figure 1. Equivalent parallel circuit for 
the electrode impedance.
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D o u b l e - L a y e r  I m p e d a n c e  o f  E l e c t r o d e s  w i t h  C h a r g e - T r a n s f e r  R e a c t i o n 3153

a n d  csm- H e n c e  t w o  d e r i v a t i v e s  a p p e a r  i n  e q  19, 
w h e r e a s  o n e  s i m p l y  h a s  dq/dE  f o r  a n  i d e a l  p o l a r i z e d  

e l e c t r o d e .

C o n v e r s e l y ,  t h e  r a t i o  o f  t h e  t e r m s  o f  l o w e s t  d e g r e e  

i n  a) (n ja/l)  i n  t h e  n u m e r a t o r  a n d  d e n o m i n a t o r  i n  e q  1 8  

i s  e q u a l  t o  —  [X + / ( X +  +  X M ) ] [ ( p +  +  p m ) / co]  f o r  a n y  

f i n i t e  in-

(Cd.)co—►O

ò(q +  z E r + ) '

ÒE +
C +

à(q +  z F T + ) 

ÒE

Ò(r+ + rM)'
ÒE

zF
c’mJ t =  0 1 c sm  / D m \

ca+\ D +J

*/2 X

+
ò(r+ + rMy

ÒE
( 2 0 )

c  m ' v  =  0

O n e  o b t a i n s  a f t e r  r e p l a c i n g  y, y, a n d  t h e  X ’ s  f r o m  e q  

3  a n d  1 0 - 1 2

R T  d  I n  [ ( c m ) i  =  o L = o d E  ( 2 3 )

H e n c e  e q  2 1  b e c o m e s

d o -  = ( ?  +  zF T +)
zF(T+  +  rM)

1 +
c sm /  D m \  / '

T + K d + J

d E ( 2 4 )

T h e  s e c o n d  d e r i v a t i v e  o f  cr w i t h  r e s p e c t  t o  E  i s ,  b y  

d e f i n i t i o n ,  t h e  d i f f e r e n t i a l  c a p a c i t y  o f  t h e  i d e a l  r e v e r s i b l e  

e l e c t r o d e .  T h i s  c a p a c i t y  i s  e x a c t l y  t h a t  g i v e n  b y  e q  2 0  

p r o v i d e d  o n e  n o t e s  t h a t

W h e n  ¿o 0 0 , C d i  a t  a n y  f r e q u e n c y  i s  a l w a y s  g i v e n  

b y  e q  2 0 ,  a n d  t h i s  p r o c e s s  e x h i b i t s  c h a r g i n g  b e h a v i o r  

a s  a n  i d e a l  r e v e r s i b l e  e l e c t r o d e ,  r e g a r d l e s s  o f  t h e  f r e 

q u e n c y .  T h i s  i s  n o t  s u r p r i s i n g .

T h e  p h y s i c a l  i n t e r p r e t a t i o n  o f  t h e  l i m i t i n g  v a l u e s  o f  

e q  1 9  a n d  2 0  i s  i d e n t i c a l  w i t h  t h e  o n e  p r e v i o u s l y  a d 

v a n c e d : 2 t h e r e  i s  n o  t i m e  f o r  c h a r g e  s e p a r a t i o n  o r  

r e c o m b i n a t i o n  t o  o c c u r  f o r  w  —► <d a n d  f o r  a  f i n i t e  i0; 
c o n v e r s e l y ,  d o u b l e - l a y e r  c h a r g i n g  o c c u r s  e n t i r e l y  b y  

c h a r g e  s e p a r a t i o n  o r  r e c o m b i n a t i o n  f o r  «  0 .

Differential Capacity of the Ideal Reversible Electrode. 
E q u a t i o n  2 0  i s  a  s i g n i f i c a n t  r e s u l t  b e c a u s e  i t  g i v e s  t h e  

d i f f e r e n t i a l  c a p a c i t y  o f  a n  i d e a l  r e v e r s i b l e  e l e c t r o d e  f o r  

t h e  c o n d i t i o n s  p r e v a i l i n g  i n  e l e c t r o d e  i m p e d a n c e  m e a s 

u r e m e n t s .  T h i s  r e s u l t  c a n  b e  d e r i v e d  d i r e c t l y  b y  

s t a r t i n g  w i t h  t h e  b a s i c  t h e r m o d y n a m i c  e q u a t i o n 6 ' 6 

f o r  a n  i d e a l  p o l a r i z e d  e l e c t r o d e  a s  w r i t t e n  f o r  a  c o n s t a n t  

c h e m i c a l  p o t e n t i a l  o f  t h e  s u p p o r t i n g  e l e c t r o l y t e .  T h u s

d o -  =  - ( g  +  zFT+) d E  —  (r+ +  Tu)R T  d I n  c M ( 2 1 )

w h e r e  cL E  r e s u l t s  f r o m  a  v a r i a t i o n  o f  c+ a t  c o n s t a n t  c m . 

T h e r e  a i s  t h e  i n t e r f a c i a l  t e n s i o n ,  R  t h e  g a s  c o n s t a n t ,  

a n d  T  t h e  a b s o l u t e  t e m p e r a t u r e ;  t h e  T ’ s  a r e  t h e  r e l a 

t i v e  s u r f a c e  e x c e s s e s  w i t h  r e s p e c t  t o  t h e  s o l v e n t  a n d  

m e r c u r y .  E q u a t i o n  2 1  i s  w r i t t e n  w i t h  c m  r a t h e r  t h a n  t h e  

a c t i v i t y  o f  M ,  i n  a g r e e m e n t  w i t h  t h e  u s e  o f  c o n c e n t r a 

t i o n s  r a t h e r  t h a n  a c t i v i t i e s  i n  t h e  w r i t i n g  o f  t h e  f a r a d a i c  

c u r r e n t  o f  e q .  1 .  S i n c e  t h e  c o n c e n t r a t i o n s  o f  M + 2 a n d  

M  a t  t h e  i n t e r f a c e  a r e  n o t  i n d e p e n d e n t ,  w e  e x p r e s s  d  I n  

c M a t  a: =  0  a s  a  f u n c t i o n  o f  d E  f o r  i m p e d a n c e  m e a s 

u r e m e n t s  f o r  co 0 .  T h e  d e r i v a t i o n  i s  a s  f o l l o w s .

W e  e x p r e s s  ( c .m ) x =  o f o r  a  s i m p l e  W a r b u r g  i m p e d a n c e  

a n d  f o r  co —► 0 ;  t h a t  i s ,  w e  w r i t e  e q  6  f o r  x =  0 ,  p +  

=  p M =  0 ,  a n d  i 0 -*•  <=°. T h u s

[ ( c m ) *  =  o L ~ o =  c 8M | l  -  T i?ax  X m |  e x p  (jut) ( 2 2 )

d V / d i , 2 =  ( Ò V / < V ) cs+  +  ( Ò V / i V ) c » M

E q u a t i o n  2 0  d o e s  n o t  h a v e  t h e  c u s t o m a r y  t h e r m o d y 

n a m i c  f o r m  f o r  a n  i d e a l  r e v e r s i b l e  e l e c t r o d e  b e c a u s e  

b o t h  c o n c e n t r a t i o n s  o f  M + z  a n d  M  v a r y  s i m u l t a n e o u s l y  

w h e r e a s  o n l y  o n e  o f  t h e s e  c o n c e n t r a t i o n s  v a r i e s  i n  t h e  

u s u a l  t r e a t m e n t .  F u r t h e r m o r e ,  D + a n d  D u  a p p e a r  i n  

e q  2 0  b e c a u s e  t h e  c o n c e n t r a t i o n s  a t  x  =  0  d e p e n d  o n  

t h e s e  d i f f u s i o n  c o e f f i c i e n t s .

T h e  d i f f e r e n c e  b e t w e e n  t h e  v a l u e s  o f  C d i g i v e n  b y  e q  

1 9  a n d  2 0  d e p e n d s  o n  t h e  q u a n t i t y  p  d e f i n e d  b y

£
zF ■  + (

Ò T + N

ò E j c 77 =  0

j T  d(r+ +  Tm)
+

CB+

d(r+ +  Tm)
1

I L  ÒE  J L ÒE  JCSM' 77 =  0

1 +
csm /  D m  ^ ' '

T A d +

(25)

T h e  q u a n t i t y  [ ( d r + / d E ) cS+ +  ( d r + / d E ) c»M) ,  =  0 c a n  b e  

e v a l u a t e d  f r o m  t h e  d i f f u s e  d o u b l e - l a y e r  t h e o r y  ( n o  

s p e c i f i c  a d s o r p t i o n  o f  M + * )  a s  s h o w n  i n  t h e  A p p e n d i x ,  

b u t  t h e  d r M/ d E ’ s a r e  n o t  k n o w n  i n  g e n e r a l .  I f  w e  

m o m e n t a r i l y  n e g l e c t e d  t h e  d r m / cX E  t e r m s  a n d  a s s u m e  

c sM =  c s+  a n d  D m =  D + , w e  f i n d  ( A p p e n d i x )  t h a t  p  

c a n  e a s i l y  b e  o f  t h e  o r d e r  o f  1 0 0  p f  c m - 2  i n  0 . 1  M  u n i 

v a l e n t  s u p p o r t i n g  e l e c t r o l y t e  a n d  a b o u t  7  p f  c m - 2  i n  

1 M  u n i v a l e n t  s u p p o r t i n g  e l e c t r o l y t e .  A c t u a l  v a l u e s  

o f  p  s h o u l d  b e  d i f f e r e n t  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  

f r o m  t h e  d r M / d E  t e r m s  a n d  m a y  b e  s m a l l e r  ( o r  l a r g e r ! )  

t h a n  t h e  a b o v e  v a l u e s .  A n y h o w ,  i t  a p p e a r s  t h a t  t h e  

d i f f e r e n c e  b e t w e e n  t h e  i n f i n i t e  f r e q u e n c y  ( e q  1 9 )  a n d  

z e r o  f r e q u e n c y  ( e q  2 0 )  c a p a c i t i e s ,  in  the absence of 
specific adsorption, c a n  b e  s i g n i f i c a n t  o r  e v e n  l a r g e

(5) D . C . G raham e and R . R . W h itn ey , J . A m . Chem. Soc., 64 , 1548 
(1942).
(6) D . M . M ohilner, J . P h ys. Chem., 66 , 724 (1962).
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( f o r  0 . 1  M  s u p p o r t i n g  e l e c t r o l y t e ) .  S p e c i f i c  a d s o r p t i o n  

o f  M + z p r o b a b l y  e n h a n c e s  p a n d  r e n d e r s  t h e  d i f f e r e n c e  

b e t w e e n  t h e  c a p a c i t i e s  o f  e q  1 9  a n d  2 0  e v e n  m o r e  

s i g n i f i c a n t  t h a n  i n  t h e  a b s e n c e  o f  s p e c i f i c  a d s o r p t i o n .

H i g h  v a l u e s  o f  p, i n  t h e  a b s e n c e  o f  s p e c i f i c  a d s o r p t i o n ,  

a r e  s u r p r i s i n g  u p o n  s u p e r f i c i a l  e x a m i n a t i o n  b e c a u s e  

c s+  i s  q u i t e  s m a l l  i n  c o m p a r i s o n  w i t h  t h e  s u p p o r t i n g  

e l e c t r o l y t e  c o n c e n t r a t i o n .  H e n c e  zF T + i s  s m a l l  in  

c o m p a r i s o n  w i t h  q. H o w e v e r ,  c 7 8+ , a t  c o n s t a n t  csm, 
v a r i e s  r a p i d l y  w i t h  E  ( N e m s t  e q u a t i o n ) ,  a n d  c o n s e 

q u e n t l y  i t  i s  n o t  s u r p r i s i n g  t h a t  p, w h i c h  d e p e n d s  o n  t h e  

d e r i v a t i v e s  o f  t h e  T ’ s  w i t h  r e s p e c t  t o  E ,  c a n  b e  q u i t e  

c o m p a r a b l e  t o  q.
I t  s h o u l d  a l s o  b e  n o t e d  t h a t  p i n  e q  2 5  m a y  n o t  h a v e  

t h e  s a m e  s i g n  a s  q. I n d e e d  t h e  c a s e  m a y  b e  e n c o u n 

t e r e d  w h e r e  q a n d  p c h a n g e  s i g n  a t  d i f f e r e n t  p o t e n t i a l s .  

I n  t h a t  e v e n t  t h e  c a p a c i t y  o f  e q  2 0  m a y  e x h i b i t  a  c o m 

p l i c a t e d  a n d  p e r h a p s  r a p i d  v a r i a t i o n  w i t h  p o t e n t i a l .

Frequency Dependence of C d i- V a r i a t i o n s  o f  C a i  w i t h  

f r e q u e n c y  a r e  s h o w n  i n  F i g u r e  2  f o 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  i n  a c t u a l  m e a s u r e m e n t s .  T h e  c o r r e s p o n d i n g  

f a r a d a i c  c a p a c i t y  o f  e q  1 6  i s  p l o t t e d  i n  F i g u r e  3  f o r  

c o m p a r i s o n  p u r p o s e .  W e  n o t e  t h a t  c h a r g i n g  a s  a n  

i d e a l  p o l a r i z e d  e l e c t r o d e  n e a r l y  p r e v a i l s  f o r  i 0 1 0 - 3  

a m p  c m - 2  a t  o r  a b o v e  1 0 3 H z  a n d  t h a t  t h e  f a r a d a i c  

c a p a c i t y  ( F i g u r e  3 )  i s  t h e n  q u i t e  n e g l i g i b l e .  C o n 

v e r s e l y ,  c h a r g i n g  a s  a n  i d e a l  r e v e r s i b l e  e l e c t r o d e  p r a c 

t i c a l l y  h o l d s  u p  t o  1 0 6 H z  f o r  i 0 ^  1 a m p  c m - 2 . M o r e 

o v e r ,  t h e r e  i s  a  p r o n o u n c e d  f r e q u e n c y  d e p e n d e n c e  o f  

C d i ,  e s p e c i a l l y  f o r  1 0 ~ 3 <  i 0 1 0 - 1  a m p  c m - 2 , i n  t h e  

u s u a l  f r e q u e n c y  r a n g e  ( 1 0 2- 1 0 6 H z )  u s e d  i n  e l e c t r o d e 

i m p e d a n c e  m e a s u r e m e n t s .  T h i s  r a n g e  o f  i<¡ p r e c i s e l y  

c o r r e s p o n d s  t o  a  n u m b e r  o f  p r o c e s s e s  w h i c h  h a v e  b e e n  

s t u d i e d  b y  t h i s  m e t h o d .

Selection of Experimental Frequencies. A n a l y s i s  i s  

s i m p l i f i e d  w h e n  C<u c a n  b e  a s s u m e d  t o  b e  f r e q u e n c y  i n 

d e p e n d e n t  f o r  a l l  p r a c t i c a l  p u r p o s e s  s i n c e  t h e  S l u y t e r s  

m e t h o d 3 t h e n  c a n  b e  a p p l i e d  ( s e e  b e l o w ) .  F u r t h e r 

m o r e ,  i n  t h e  d e t e r m i n a t i o n  o f  to ,  t h e  W a r b u r g  r e s i s t a n c e  

s h o u l d  n o t  o v e r w h e l m  t h e  c h a r g e - t r a n s f e r  r e s i s t a n c e ;  

i.e., s u f f i c i e n t l y  h i g h  f r e q u e n c i e s  s h o u l d  b e  u s e d  s i n c e  

t h e  W a r b u r g  r e s i s t a n c e  v a n i s h e s  f o r  « —* ■ < » .  T h e s e  

t w o  r e q u i r e m e n t s  a r e  m e t  f o r  u s u a l  e l e c t r o d e  i m p e d a n c e  

b r i d g e s  ( u p  t o  1 0 0  k H z )  f o r  r a t h e r  s l o w  c h a r g e - t r a n s f e r  

r e a c t i o n  ( e.g. ,  t 0 =  1 0 ~ 3 a m p  c m - 2  i n  F i g u r e  2 ) .  F a s t e r  

p r o c e s s e s  r e q u i r e  f r e q u e n c i e s  t o o  h i g h  f o r  u s u a l  b r i d g e s 7’ 8 

i f  t h e  C d i  f o r  «  —*- ° °  i s  t o  b e  r e a c h e d .  F r e q u e n c i e s  l o w  

e n o u g h  t o  a l l o w  t h e  u s e  o f  Cdi f o r  to —► 0  m a y  u n f o r t u 

n a t e l y  b e  i n  a  r a n g e  w h e r e  t h e  W a r b u r g  i m p e d a n c e  i s  

p r o h i b i t i v e l y  h i g h  i n  c o m p a r i s o n  w i t h  t h e  c h a r g e - t r a n s 

f e r  r e s i s t a n c e .  I f  t h e  t w o  l i m i t i n g  v a l u e s  o f  Cdi a r e  

q u i t e  d i f f e r e n t ,  c o m p l e t e  a n a l y s i s ,  i n c l u d i n g  t h e  f r e 

q u e n c y  d e p e n d e n c e  o f  t h e  d o u b l e - l a y e r  i m p e d a n c e ,

Figure 2. Capacity Cdi of the double-layer impedance 
as a function of frequency for different io’s (amp cm-2) 
and for the following data: z = 2, T =  25°, 
c'+ = c‘m =  10“ 6 mole l.-1, D+ = Z)M = I0-6 cm2 sec-1. 
[(5g/dF >+ +  (di/&F)caM], = 0 = 20 pi cm-2, 
zF[(dr+/dA)es+ +  (d r+ /d£ )c.M], = 0= 50 Mf cm-2, 
d rM/bA  = 0 at c”+ or c“m constant.

Figure 3. Capacity Ci of the faradaic impedance as a 
function of frequency for the data of Figure 2.

c a n n o t  b e  a v o i d e d .  T h i s  c u m b e r s o m e  p r o b l e m  i s  n o w  

b e i n g  e x a m i n e d .

Phase Shift. T h e  p h a s e  s h i f t  <p f o r  t h e  d o u b l e - l a y e r  

i m p e d a n c e  w h i c h  i s  d e f i n e d  b y

t a n  <p =  w K d i C d i  ( 2 6 )

c a n  b e  r e a d i l y  c a l c u l a t e d  f r o m  e q  1 7  a n d  1 8 .  O n e  

f i n d s  t h a t  t a n  <p —»- <» b o t h  f o r  w  -*■  0  a n d  to —►. co  ; i.e.,

(7) Electrode impedances have been measured up to 1 MHz (approxi
mately) by means of a T bridge.8
(8) W. Lorenz, Z. Physik. Ghem. (Frankfurt), 26, 424 (1960).
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t h e  d o u b l e - l a y e r  i m p e d a n c e  i s  p u r e l y  c a p a c i t i v e  f o r  

t h e s e  t w o  l i m i t s .  T a n  <p a s  a  f u n c t i o n  o f  u e x h i b i t s  a  

m i n i m u m  f o r

B y  i n t r o d u c i n g  wmin i n  e q  1 7 ,  1 8 ,  a n d  2 6  o n e  f i n d s  t h a t  

t a n  <p a t  com i „  i s  i n d e p e n d e n t  o f  i0. F o r  i n s t a n c e ,  

t a n  ¡pmin — 7  f o r  t h e  d a t a  o f  F i g u r e  2 ,  a n d  c o n s e q u e n t l y  

t h e  c a p a c i t i v e  c o m p o n e n t  o f  t h e  d o u b l e - l a y e r  i m p e d a n c e  

i s  p r e d o m i n a n t .  I n  t h a t  e x a m p l e  com in c o r r e s p o n d s  t o  

/  =  1 4 . 4  H z ,  1 . 4 4  k H z ,  a n d  1 4 4  k H z  f o r  i 0 =  1 0 ~ 3, 

1 0 ~ 2, a n d  1 0 - 1  a m p  c m - 2 , r e s p e c t i v e l y .

O n e  c a n  a l s o  s h o w  t h a t  t a n  <p —► ° °  f o r  co —*■ 0  a n d  

cu — co f r o m  t h e  l i m i t s  o f  R,n o f  e q  1 7  a n d  C d i  f o r  

co 0  a n d  co ° ° . T h u s ,  R<n —► 00 f o r  co —► 0 ,  w h e r e a s  

Cdi i s  f i n i t e ;  i.e., t a n  <p-+ co f o r  co -►  <= . C o n v e r s e l y ,  

R ai f o r  co —► co i s  p r o p o r t i o n a l  t o  co _ I  , w h e r e a s  C d i  

i s  f i n i t e ,  a n d  t a n  <p -*■  <*> f o r  co —► c o ,

M eta l Io n -P u re  M e ta l E lectrodes and  
O ther Electrode Reactions

T h e  f o r e g o i n g  t r e a t m e n t  c a n  b e  a p p l i e d  d i r e c t l y  t o  

a n  o x i d a t i o n - r e d u c t i o n  e l e c t r o d e  r e a c t i o n  i n v o l v i n g  

t w o  s o l u b l e  s p e c i e s  i n  s o l u t i o n .  T r a n s p o s i t i o n  t o  t h e  

m e t a l  i o n - p u r e  m e t a l  e l e c t r o d e  r e a c t i o n ,  M + z  +  ze =  
M ,  i s  i m m e d i a t e  b y  l e t t i n g  X M -+■ 0 0 , a im  -►  0 ,  a n d  

( d r + / d £ % » M -►  0 .  O n e  c a n  a l s o  d e r i v e  t h e  i m p e d a n c e  

d i r e c t l y  a s  f o l l o w s :  t h e  b o u n d a r y  c o n d i t i o n  i s  i d e n t i c a l  

w i t h  e q  1 i n  w h i c h  ( c sM/ c s+ ) a: =  o  i s  s e t  e q u a l  t o  u n i t y  a n d  

( d r + / d F / ) c8+  v a n i s h e s .  T h e  c o n c e n t r a t i o n  c+ i s  g i v e n  

b y  e q  5  w h e r e  P  i s  d e t e r m i n e d  b y  s a t i s f y i n g  t h e  b o u n d 

a r y  c o n d i t i o n .  T h u s  e q  8  a n d  9  a r e  r e p l a c e d  b y

R  = ( k + _  +  k + 2

c =

f 0X + [ 2 y A +  —  (y i0 +  m + ) ]

^ X + ^ 2 X + ;n +  H - yep2 —  ß+io

( 2 8 )

co/ (X+ — fo)2 +  X+2
+

~ d (g  +  zFT+Y  
d E

( 2 9 )

w h e r e  y+ i s  g i v e n  b y  e q  1 3  i n  w h i c h  ( d r + / d / i ) c>+  v a n 

i s h e s .  T h e  d o u b l e - l a y e r  i m p e d a n c e  i s  r e p r e s e n t e d  b y  

t h e  p a r a l l e l  c i r c u i t  c o m p o s e d  o f

ß d l  =  —
(X+ — fi,)2 +  X+2

C d !  =  -
____^ + M + (2 X +  —  Ip)

w[(X+ — fi,)2 +  X+

X + m + I o

d ( g  +  z F r + Y

( 3 0 )

+ d E -V = 0

( 3 1 )

O n e  r e a d i l y  v e r i f i e s  t h a t  t h e  l i m i t i n g  v a l u e  o f  C d i  f o r  

a) oo i s  t h a t  o f  a n  i d e a l  p o l a r i z e d  e l e c t r o d e  (dq/dE),

w h e r e a s  t h e  l i m i t  f o r  co 0  i s  [ d ( g  +  zFT+)/d E ]v=0, 
i n  a g r e e m e n t  w i t h  t h e r m o d y n a m i c s  ( s e e  e q  2 1  w i t h o u t  

t h e  t e r m  d  I n  c M) .  P r e v i o u s  c o m m e n t s  a b o u t  t h e  

f r e q u e n c y  d e p e n d e n c e  o f  t h e  d o u b l e - l a y e r  i m p e d a n c e  

c a n  b e  t r a n s p o s e d  t o  t h i s  c a s e .

Reexam ination o f the Sluyters M eth od  
and Som e R esults O btained by It

Conditions for Validity of the Method. T h e  S l u y t e r s  

a n a l y s i s 3 o f  e x p e r i m e n t a l  d a t a  f o r  s e p a r a t i o n  o f  t h e  

f a r a d a i c  i m p e d a n c e  f r o m  t h e  d o u b l e - l a y e r  i m p e d a n c e  i s  

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  l a t t e r  i n v o l v e s  o n l y  a  

f r e q u e n c y - i n d e p e n d e n t  c a p a c i t y .  T h e  f a r a d a i c  i m p e 

d a n c e  i s  s u p p o s e d  t o  o b e y  t h e  c l a s s i c a l  t r e a t m e n t .  

T h i s  m e t h o d  a n d  i t s  e x t e n s i o n  u s i n g  g r a p h i c  a n a l y s i s  

o f  d a t a 9 r e p r e s e n t  a  d e f i n i t e  p r o g r e s s  o v e r  p r e v i o u s  

w o r k  i n  w h i c h  t h e  d o u b l e - l a y e r  c a p a c i t y  w i t h  M + 3 

w a s  s u p p o s e d  t o  b e  t h e  s a m e  a s  f o r  t h e  s u p p o r t i n g  e l e c 

t r o l y t e .  W e  c o n c l u d e  f r o m  t h e  t h e o r y  i n  t h i s  p a p e r  

t h a t  t h e  b a s i e  a s s u m p t i o n  o f  a  f r e q u e n c y - i n d e p e n d e n t  

c a p a c i t y  m a d e  b y  S l u y t e r s  i s  v a l i d  u n d e r  t h e  f o l l o w i n g  

c o n d i t i o n s :  ( a )  r i g o r o u s l y  o n l y  f o r  co =  0  a n d  co - >  co ;

( b )  p r a c t i c a l l y  w h e n  ( C 'd i ) aJ =  o  a n d  ( C d i ) ^ „  a r e  t h e  s a m e  

f o r  a l l  p r a c t i c a l  p u r p o s e s ;  ( c )  w h e n  e x p e r i m e n t a l  d a t a  

a r e  o b t a i n e d  i n  a  r a n g e  o f  f r e q u e n c y  i n  w h i c h  C d i  

r e m a i n s  c l o s e  t o  ( C d i ) u  =  o o r  ( C d i ) „ = „ .  T h e  S l u y t e r s  

m e t h o d  c a n n o t  b e  a p p l i e d  i n  i t s  p r e s e n t  f o r m  w h e n e v e r  

C d i  v a r i e s  s i g n i f i c a n t l y  w i t h  f r e q u e n c y .

T h e  p r e v i o u s  a n a l y s i s  a l s o  a c c o u n t s  f o r  s o m e  r e s u l t s  

o b t a i n e d  b y  S l u y t e r s  w h i c h  h o w e v e r  h a d  n o t  b e e n  i n t e r 

p r e t e d  b y  h i m .  S o m e  o f  S l u y t e r s ’  i n f e r e n c e s  ( d o u b l e 

p u l s e  g a l v a n o s t a t i c  m e t h o d ,  f a r a d a i c  r e c t i f i c a t i o n ) ,  

b a s e d  o n  h i s  r e s u l t s ,  m u s t  b e  r e e x a m i n e d  i n  t h e  l i g h t  

o f  t h e  a b o v e  t h e o r y .

Analysis of T l+ Data. K i n e t i c  a n d  d o u b l e - l a y e r  d a t a  

r e p o r t e d  b y  S l u y t e r s  a n d  c o - w o r k e r s  c a n  b e  d i v i d e d  i n t o  

t w o  g r o u p s :  t h o s e  f o r  w h i c h  C d i  i s  e s s e n t i a l l y  t h a t  o f  

t h e  s u p p o r t i n g  e l e c t r o l y t e  a l o n e  a n d  t h o s e  f o r  w h i c h  

C d i  i s  s i g n i f i c a n t l y  h i g h e r .  T o  g r o u p  I  c o r r e s p o n d  

Z n + 2 i n  1 M  K C 1  o r  1 M  K I  a n d  C d + 2 i n  1 M  K C 1 ; 10 11 

i n  t h e s e  c a s e s ,  ( C d i ) w = o  ~  ( C d i ) „ = „ 11 e x c e p t  f o r  C d + 2  i n  

1 M  K C 1  f o r  w h i c h  C d i  e x c e e d e d  s o m e w h a t  t h e  c a p a c i t y  

o f  t h e  s u p p o r t i n g  e l e c t r o l y t e  f o r  E  <  —  0 . 7  v  vs. n e e .  

T o  g r o u p  I I  b e l o n g 12’ 13 t h e  d i s c h a r g e  o n  T 1 +  a n d  H g 2 + 2 . 

S i n c e  t h e s e  p r o c e s s e s  a r e  v e r y  f a s t ,  w re  c a n  t e n t a t i v e l y

(9) R . de L evie, Electrochim . A cta , 10, 395 (1965).
(10) M . S luyters-R ehbach  and J. H . S luyters, Rec. Trav. Chim., 82, 
535 (1963).
(11) T h is  should  n o t  be the  case fo r  0.1 M  K C 1; m easurem ents are 
now  being  m ade.
(12) M . S luyters-R ehbach , B . T im m er, and J. H . Sluyters, Rec. 
Trav. Chim., 82 , 553 (1963).
(13) M . S luyters-R ehbach  and J. H . Sluyters, ibid., 83 , 217, 967 
(1963).

Volum e 70, N um ber 10 October 1966



3156 P a u l  D e l a h a y  a n d  G i l l e s  G .  S u s b i e l l e s

a s s u m e  t h a t  t h e  d o u b l e - l a y e r  c a p a c i t i e s  o b t a i n e d  b y  

S l u y t e r s ,  et al., f o r  t h e  f r e q u e n c y  r a n g e  h e  u s e d  a r e  

n e a r l y  t h e  i d e a l  r e v e r s i b l e  e l e c t r o d e  c a p a c i t i e s  ( C a i ) ^  =  o- 

E q u a t i o n  2 0  t h e n  a p p l i e s  t o  t h e  c a p a c i t y  f o r  T 1 +  a n d  

t h e  c a p a c i t y  f o r  H g 2 + 2  i s  e q u a l  t o  d ( g  +  zFT+)/d E  
( a n d  n o t  t o  dq/dE\). R e s u l t s  f o r  T 1 +  w i l l  b e  e x a m i n e d  

f i r s t .

E q u a t i o n  2 0  w i l l  f i r s t  b e  w r i t t e n  i n  t h e  f o r m

t h e  a v a i l a b l e  e x p e r i m e n t a l  d a t a  w o u l d  b e  d i f f i c u l t .  

T h e  s u p p o r t i n g  e l e c t r o l y t e  u s e d  b y  S l u y t e r s ,  et al. 
( 1  M  K N 0 3 +  0 . 1  M  K C 1 ) ,  e x h i b i t s  s t r o n g  a n i o n  s p e c i 

f i c  a d s o r p t i o n  w h i c h  i m m e d i a t e l y  c o m p l i c a t e s  t h e  

a n a l y s i s  o f  a d s o r p t i o n .  T h e  e x p e r i m e n t  s h o u l d  b e  

r e p e a t e d  w i t h  T 1 F  i n  N a F .

Analysis of Hg2+ 2 Data. 1 3  I f  o n e  a s s u m e s  t h a t  H g 2+ 2 

i s  t h e  s o l e  m e r c u r y  s p e c i e s  i n  s o l u t i o n ,  o n e  h a s

( C d i ) .

w i t h

{

ò

ÒE
szF(T+  +  rM) +  Z zjFTj

jV M «

J >

Id E
szF(T+  +  rM) +  E z /T ,

jV M * '

l -
( 3 2 )

s  =  }  1  +  e x p  [ -  (z F /R T )(E  -  E ‘ a )  ] }  - »  ( 3 3 )

w h e r e  E i/t i s  t h e  h a l f - w a v e  p o t e n t i a l  a n d  z} i s  t h e  i o n i c  

v a l e n c e  o f  e a c h  i o n ,  e x c e p t  M + z , a s  t a k e n  w i t h  i t s  s i g n .  

T h e  v a l u e  o f  s i n  e q  3 3  i s  w r i t t e n  f o r  g e n e r a t i o n  o f  M  

in  situ u n d e r  r e v e r s i b l e  p o l a r o g r a p h i c  c o n d i t i o n s .  T h e  

2  t e r m s  c o r r e s p o n d  t o  t h e  s u p p o r t i n g  e l e c t r o l y t e  a l o n e  

a n d  t h e  a n i o n  o f  t h e  s a l t  o f  M + z .

F o r  E  >  Ei/, w i t h E  —  E i / t »  R T /zE ,  o n e  h a s  s  -*■  1 ,  

r M -*■  0  ( h a r d l y  a n y  m e t a l  d e p o s i t i o n ) .  T h e  t e r m s  i n  

r +  i n  e q  3 2  b e c o m e  s i g n i f i c a n t  w h e n  s p e c i f i c  a d s o r p t i o n  

o f  T 1 +  b e c o m e s  s t r o n g  e n o u g h  f o r  t h e  l o w  c o n c e n t r a t i o n s  

( 1 0 - 5  t o  1 0 ~ 3 M) i n  S l u y t e r s  w o r k .  T h i s  o c c u r s  a t  

p o t e n t i a l s  m o r e  n e g a t i v e  t h a n  — 0 . 3  v  vs. n e e .

C o n v e r s e l y ,  f o r  E  <  E l / '1 w i t h  |E — Ei/t | »  R T /zF , 
o n e  h a s  s  —9-  0  a n d  r+ -*■  0  ( d i f f u s i o n  c u r r e n t  r a n g e ) .  

T h e  c a p a c i t y  ( C d i ) u  =  0 1S e s s e n t i a l l y  t h a t  o f  t h e  s u p p o r t 

i n g  e l e c t r o l y t e  e x c e p t  i f  z F T m  i s  s i g n i f i c a n t .  I n  t h e  

c a s e  o f  T l ( H g ) ,  r T i <  0  a t  s u f f i c i e n t l y  n e g a t i v e  p o t e n 

t i a l s ,  a n d  ( C d i ) „ = o  i s  s l i g h t l y  l a r g e r  t h a n  f o r  t h e  s u p 

p o r t i n g  e l e c t r o l y t e  ( s e e  e q  3 2 ) .

S l u y t e r s ,  et al. , 12  f o u n d  t h a t  t h e  i n c r e a s e  o f  c a p a c i t y  

d u e  t o  t h e  p r e s e n c e  o f  T 1 +  i s  p r o p o r t i o n a l  t o  t h e  b u l k  

c o n c e n t r a t i o n  o f  T 1 +  a t  c o n s t a n t  p o t e n t i a l .  T h e y  i n 

t e r p r e t e d  t h i s  l i n e a r  r e l a t i o n s h i p  a s  t h e  i s o t h e r m  f o r  

a d s o r p t i o n  o f  T 1 + .  A c t u a l l y ,  m a t t e r s  a r e  m o r e  c o m p l e x  

f o r  t w o  r e a s o n s :  ( a )  ( C d i ) u = o  d e p e n d s  o n  T +  a n d  r M

w h i c h  b o t h  a r e  p r o b a b l y  s i g n i f i c a n t ,  e x c e p t  f o r  t h e  

l i m i t i n g  c a s e s  d i s c u s s e d  a b o v e ;  ( b )  s p e c i f i c  a d s o r p t i o n  

o f  T 1 +  e n h a n c e s  a n i o n  a d s o r p t i o n ,  a n d  c o n s e q u e n t l y  

t h e  R  c o r r e s p o n d i n g  t o  t h e  a n i o n  i n  e q  3 2  a l s o  c h a n g e s  

w h e n  t h e  T 1 +  c o n c e n t r a t i o n  i s  v a r i e d .  I f  o n e  a s s u m e s  

l i n e a r i t y ,  w h i c h  i s  r e a s o n a b l e  a t  l o w  c o n c e n t r a t i o n  f o r  

a l l  s p e c i f i c  a d s o r p t i o n  p r o c e s s e s  ( M + *, M ,  a n d  a n i o n  e n 

h a n c e d  a d s o r p t i o n ) ,  o n e  i n d e e d  c a n  a c c o u n t  f o r  e x 

p e r i m e n t .  T h i s  i d e a  c a n  b e  e x p r e s s e d  q u a n t i t a t i v e l y  

b y  u s i n g  a s  v a r i a b l e s  t h e  b u l k  c o n c e n t r a t i o n  o f  T 1 +  a n d

E . T h i s  w i l l  n o t  b e  d o n e  h e r e  b e c a u s e  a p p l i c a t i o n  t o

( C d i ) u = o
d ( g  +  z F T + )  

d E
( 3 4 a )

, 7 , T^ZjFTj 
d f t  M + !

( 3 4 b )

i.e., t h e  s u r f a c e  e x c e s s  o f  H g 2+ 2 d o e s  n o t  a p p e a r  i n  

e q  3 4 b .  I f  o n e  a s s u m e s  t h a t  R  o f  t h e  a n i o n  ( C I O 4R  

i n c r e a s e s  l i n e a r l y  w i t h  I ’ +  o f  H g 2+2 o n e  f i n d s  b y  a p p l i 

c a t i o n  o f  t h e  N e r n s t  e q u a t i o n  t h a t  t h e  i n c r e a s e  o f  

c a p a c i t y  d u e  t o  t h e  p r e s e n c e  o f  H g 2+ 2 i s  p r o p o r t i o n a l  t o  

e x p [{zF/R T )E }.  T h i s  r e l a t i o n s h i p  i s  o n l y  v e r y  a p 

p r o x i m a t e .  I t  i n v o l v e s  t h e  a b o v e  r a t h e r  d r a s t i c  a s 

s u m p t i o n  a n d ,  m o r e o v e r ,  c o r r e c t i o n  f o r  t h e  s u p p o r t i n g  

e l e c t r o l y t e  a l o n e  i s  q u i t e  u n c e r t a i n .  A n y h o w ,  t h e  

c o r r e c t  t r e n d  i n  t h e  d a t a  o f  S l u y t e r s ,  et al., i s  o b t a i n e d .

Use of ( C 'd i ) u  =  o at High Frequencies or Short Pulses. 
S l u y t e r s  a n d  c o - w o r k e r s  u s e d  t h e i r  m e a s u r e d  c a p a c i t i e s  

f o r  H g 2+2 i n  a n  a n a l y s i s  o f  p r e v i o u s  r e s u l t s  o b t a i n e d  b y  

t h e  d o u b l e - p u l s e  g a l v a n o s t a t i c  a n d  f a r a d a i c  r e c t i f i c a t i o n  

m e t h o d s .14’15 I t  i s  p o s s i b l e  t h a t  f 0 f o r  t h e  d i s c h a r g e  o f  

H g 2+2 i s  s o  h i g h  t h a t  t h e  u s e  o f  ( C d i ) M= o  i n  t h e  a n a l y s i s  

o f  d a t a  o b t a i n e d  i n  t h e  m i c r o s e c o n d  r a n g e  o r  u p  t o  5 0  

M H z  i s  j u s t i f i e d  ( s e e  F i g u r e  2 ) .  H o w e v e r ,  t h e  e x c h a n g e  

c u r r e n t  d e n s i t i e s  t h a t  h a v e  b e e n  r e p o r t e d ,  a n d  w h i c h  

a r e  c e r t a i n l y  o p e n  t o  q u e s t i o n ,  a r e  t o o  l o w  t o  j u s t i f y  

t h e  u s e  o f  ( C < n ) «  =  o  u n d e r  t h e s e  c o n d i t i o n s .  T h i s  r e 

m a r k  a l s o  a p p l i e s  t o  a  s i m i l a r  c o m p a r i s o n  m a d e  f o r  K +  

d i s c h a r g e 16 o n  H g .  I n  g e n e r a l ,  i t  s e e m s  n e c e s s a r y  t o  

t a k e  i n t o  a c c o u n t  t h e  f r e q u e n c y  d e p e n d e n c e  o f  t h e  

d o u b l e - l a y e r  i m p e d a n c e  i n  t h e  i n t e r p r e t a t i o n  o f  f a r a 

d a i c  r e c t i f i c a t i o n  m e a s u r e m e n t s ,  a n d  t h i s  w i l l  c o m p l i 

c a t e  m a t t e r s .  F u r t h e r  c o m m e n t  m u s t  a w a i t  t h e  r e 

v i s i o n  o f  t h e  t h e o r y  o f  t h e s e  m e t h o d s .

Acknowledgment. T h i s  w o r k  w a s  s u p p o r t e d  i n  p a r t  

b y  t h e  O f f i c e  o f  N a v a l  R e s e a r c h .
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Derivation of the Electrode Impedance. T h e  b o u n d a r y

(14) M . S luyters-R ehbach  and J. H . S luyters, Rec. Trav. Chim ., 83 , 983 
(1964).
(15) D . J. K o o ijm a n  and J. H . Sluyters, J. E lectroanal. Chem ., in  
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(16) M . S luyters-R ehbach  and J. H . S luyters, Electrochim . A cta , 11, 
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The Journal o f  P hysica l Chem istry



D o u b l e -L a y e r  I m p e d a n c e  o f  E l e c t r o d e s  w i t h  C h a r g e - T r a n s f e r  R e a c t i o n 3157

c o n d i t i o n s  o f  e q  1 a n d  2  b e c o m e  a f t e r  i n t r o d u c t i o n  o f  

c +  a n d  c M a t  x =  0  f r o m  e q  5  a n d  6

i 0(N  +  P  +  yva) =  ( 1  +  i ) X + P  +  jp + v  a ( 3 5 )

( 1  +  j)\w N  =  ( 1  +  j)X + P  +  j(p+  +  m)vn  ( 3 6 )

H e n c e ,  a f t e r  e l i m i n a t i o n  o f  N

P  _ V* 2 X m (7 & c —  jp+) +  ip(ji+ +  Mm ) ( 1  +  j)
2 X+Xm — ?o(X+ +  Xm) +  jX+Xm 

o r ,  a f t e r  s e p a r a t i o n  o f  t h e  r e a l  a n d  i m a g i n a r y  p a r t s

P  =  ( „ a/ 2  ) ( P : / P 2)  ( 3 8 )

w i t h

Pi =  ¿ o( 2 7 X m  +  M+ +  Mm )  [X + X m  — f o ( X +  +  X m ) ]  — 

X + X m [ 2 X m m +  —  io(p+ +  mm)] —  

j {  [ 2 X m m +  —  fo (M +  +  m m ) ] [ X + X m  —  

f o (X +  +  X m ) ]  +  ï ’oX + X m ( 2 7 X m  +  M+ +  X m ) }  ( 3 9 )  

P 2 =  [X + X m  — fo(X+ +  X m ) ] 2 +  ( X + X m ) 2 ( 4 0 )

Evaluation of p of Eq 25 in  the Absence of Specific 
Adsorption. W e  e v a l u a t e  p  f o r  a t t r a c t i o n  o f  M +z 
i n  t h e  d i f f u s e  d o u b l e  l a y e r  i n  t h e  a b s e n c e  o f  s p e c i f i c  

a d s o r p t i o n .  O n e  h a s 17

w h e r e  fa i s  t h e  p o t e n t i a l  i n  t h e  p l a n e  o f  c l o s e s t  a p p r o a c h  

a n d  e i s  t h e  d i e l e c t r i c  c o n s t a n t  i n  t h e  d i f f u s e  d o u b l e  

l a y e r .  O n e  h a s  a t  2 5 ° ,  A =  5 . 8 7 ( c B+ ) 1/8 w i t h  zF F +

i n  / ¿ c o u l o m b  c m - 2  a n d  c %  i n  m o l e  l . “ 1. S i n c e  b o t h  

c s+  a n d  fa v a r y  w i t h  E ,  o n e  h a s  a t  c o n s t a n t  c sM

/òr±\ = / Ò I V \  d c %  /ÔTA dfa
\ ò e ) c*m \òcs+JH:C’m d E  \òfa / c' + ,c‘ m d P

( 4 3 )

A t  c o n s t a n t  c s+  a n d  f o r  v a r y i n g  c aM o n l y  t h e  t e r m  w i t h  

dfa/dE  i n  t h e  e q u a t i o n  s i m i l a r  t o  e q  4 3  n e e d s  b e  r e 

t a i n e d  s i n c e  t h e  d e r i v a t i v e  ( d r + / d c SM )02C«M s h o u l d  

g e n e r a l l y  b e  s m a l l  i n  c o m p a r i s o n  w i t h  (dr+/dcs+) 2̂,c=+. 
H e n c e

(à r+ \  , ' ò r A  =  / Ò T + \  d c %

V  ÒE J C' m +  \  ÒE ) c.+ \dcaJ ^ M d E

^ / d r + X  dfa
\àfa ) c" + ,c"m d P

( 4 4 )

T h e  d e r i v a t i v e  dfa/dE  i s  k n o w n  f r o m  d o u b l e - l a y e r  

s t u d i e s  a n d  d c s+ / d P  =  (zF/R T)c3+ f r o m  t h e  N e r n s t  

e q u a t i o n .  T h u s

( 4 5 )

A s  a n  e x a m p l e  w e  t a k e  t h e  f o l l o w i n g  d a t a  w h i c h  c o r 

r e s p o n d  a p p r o x i m a t e l y  t o  Z n + 2 d i s c h a r g e  o n  z i n c  

a m a l g a m  i n  a  0 . 1  M  u n i v a l e n t  s u p p o r t i n g  e l e c t r o l y t e  

( n o  c o m p l e x  f o r m a t i o n ) :  z — 2 ,  c s+  =  1 0 - 3  m o l e  l . _ 1 , 

fa = — 0 . 0 9  v ,  dfa/d E  = 0 . 0 8 .  T h e n  zF  [ (dr+/dP)c»M +  
(br+/dP)]c«+ = 1 9 4  pi c m - 3 . F o r  a  1 M u n i v a l e n t  

s u p p o r t i n g  e l e c t r o l y t e  (fa =  — 0 . 0 3  v ,  dfa/dE =  0 . 0 5 ) ,  

t h e  c o r r e s p o n d i n g  c a p a c i t y  i s  1 3 . 9  pi c m - 2 .

(17) See, e.g., P . D elah ay , “ D ou b le  L ayer and E lectrode  K in etics ,”  
Interscience Publishers, In c ., N ew  Y o rk , N . Y .,  1965, p 47. T h e  
m ore general equ ation  for  e lectro ly te  m ixtures should  be  applied  bu t 
eq  41 suffices, as a first approx im ation , since c+ is qu ite  sm all in 
com p arison  w ith  the  supportin g  e lectro ly te  concentration .
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T h e  H g 6 ( 3P i ) - p h o t o s e n s i t i z e d  d e c o m p o s i t i o n  o f  G e H 4 a p p e a r s  t o  p r o c e e d  b y  r u p t u r e  o f  a  

G e - H  b o n d .  H y d r o g e n ,  d i g e r m a n e ,  t r i g e r m a n e ,  t e t r a g e r m a n e ,  a n d  p o l y m e r  w e r e  o b 

s e r v e d  p r o d u c t s .  T h e  H  a t o m s  f o r m e d  i n  t h e  p r i m a r y  p r o c e s s  w e r e  n o t  s c a v e n g e d  b y  5 %  

a d d e d  p r o p y l e n e .  T h e  e f f e c t  o f  a d d e d  h e l i u m  o n  t h e  ( H D ) / ( H 2)  r a t i o  o b t a i n e d  f r o m  t h e  

p h o t o l y s i s  o f  a  G e H 4- C 2D 6 s y s t e m  s u g g e s t s  t h e  p a r t i c i p a t i o n  o f  “ h o t ”  h y d r o g e n  a t o m s  i n  

t h e  r e a c t i o n  m e c h a n i s m .

Introduction

S t u d i e s  o f  t h e  m e r c u r y - p h o t o s e n s i t i z e d  d e c o m p o s i -  

t i l n  o f  p a r a f f i n - t y p e  h y d r o c a r b o n s  h a v e  r e v e a l e d  q u a n 

t u m  e f f i c i e n c i e s  n e a r  u n i t y  a t  p r e s s u r e s  c o r r e s p o n d i n g  

t o  a l m o s t  c o m p l e t e  q u e n c h i n g . 2 - 4  A  n o t a b l e  e x c e p t i o n  

i s  m e t h a n e  f o r  w h i c h  t h e  q u a n t u m  y i e l d s  o f  p r o d u c t  

f o r m a t i o n  a r e  q u i t e  l o w . 5 - 7  R e c e n t  i n v e s t i g a t i o n s  

o f  t h e  m e r c u r y - p h o t o s e n s i t i z e d  d e c o m p o s i t i o n  o f  m o n o 

s i l a n e  i n  t h i s  l a b o r a t o r y 8 a n d  e l s e w h e r e 9 h a v e  s h o w n  

t h a t  t h i s  s i l i c o n  a n a l o g  b e h a v e s  v e r y  d i f f e r e n t l y  

f r o m  m e t h a n e ,  t h e  q u a n t u m  y i e l d s  o f  p r o d u c t  f o r m a 

t i o n  e x c e e d i n g  u n i t y .  I n  o r d e r  t o  e x t e n d  t h i s  s e q u e n c e  

o f  i n v e s t i g a t i o n s 6' 8 t o  a d d i t i o n a l  g r o u p  I V  h y d r i d e s ,  

t h e  m e r c u r y - p h o t o s e n s i t i z e d  d e c o m p o s i t i o n  o f  m o n o -  

g e r m a n e  w a s  s t u d i e d .  T h e  m o s t  r e c e n t  s t u d y  o f  t h e  

m e r c u r y - p h o t o s e n s i t i z e d  d e c o m p o s i t i o n  o f  m o n o g e r -  

m a n e ,  a s i d e  f r o m  a  p r e p a r a t i v e  i n v e s t i g a t i o n , 10 w a s  

r e p o r t e d  b y  R o m e y n  a n d  N o y e s 11 i n  1 9 3 2 .

R o m e y n  a n d  N o y e s  p r o p o s e d  t h e  f o l l o w i n g  over-all 
e q u a t i o n  t o  d e s c r i b e  t h e  p h o t o d e c o m p o s i t i o n  o f  m o n o -  

g e r m a n e  i n  t h e  p r e s s u r e  r a n g e  0 . 0 1 - 5  t o r r

HgpPi)
G e H 4 -------------- >  G e  +  2 H 2 ( 1 )

T h e  r a t e  o f  t h e  p r o p o s e d  p r i m a r y  p r o c e s s ,  viz.

H g ô e P ! )  +  G e H 4 — >  G e H 3 +  H  +  H g 6 ( > S 0)  ( 2 )

s u g g e s t e d  a  q u e n c h i n g  c r o s s  s e c t i o n  o f  G e H 4 f o r  H g 6  

( 3P i )  a t o m s  o f  1 4 0  A 2 5.

T h e  p r e s e n t  s t u d y  w a s  u n d e r t a k e n  t o  e x t e n d  t h e  

i n v e s t i g a t i o n  o f  R o m e y n  a n d  N o y e s  t o  a  w i d e r  r a n g e  

o f  e x p e r i m e n t a l  c o n d i t i o n s  a n d ,  u s i n g  G e D 4 a s  a  t r a c e r ,  

t o  d e t e r m i n e  w h e t h e r  o r  n o t  t h e  p r i m a r y  p r o c e s s  i n 

v o l v e d  t h e  p r o d u c t i o n  o f  h y d r o g e n  a t o m s  a s  p r o p o s e d .

Experim ental Section

T h e  c y l i n d r i c a l  q u a r t z  r e a c t i o n  v e s s e l s ,  7  c m  i n  

d i a m e t e r  a n d  1 0  c m  l o n g ,  w e r e  f i l l e d  w i t h  G e H 4 t o  

t h e  d e s i r e d  p r e s s u r e  a f t e r  a d d i t i o n  o f  a  d r o p  o f  c l e a n  

m e r c u r y  a n d  e v a c u a t i o n  u s i n g  a  h i g h - v a c u u m  a p 

p a r a t u s .  T h e  f i l l e d  v e s s e l s  w e r e  i r r a d i a t e d  w i t h  a  

l o w - p r e s s u r e  m e r c u r y  l a m p ,  H a n o v i a  S C  2 5 3 7 ,  d e 

s c r i b e d  p r e v i o u s l y . 8 T h e  t e m p e r a t u r e  o f  t h e  r e a c 

t i o n  v e s s e l  w a s  m a i n t a i n e d  a t  2 5 °  b y  f l o w i n g  a i r  f r o m  

t h e  a i r - c o n d i t i o n e d  l a b o r a t o r y  o v e r  t h e  c e l l - l a m p  s y s 

t e m .  U n l e s s  s t a t e d  o t h e r w i s e ,  a l l  e x p e r i m e n t s  w e r e  

p e r f o r m e d  i n  d u p l i c a t e .  A  n e u t r a l  d e n s i t y  f i l t e r  a n d  

a  V y c o r  n o .  7 9 1 0  f i l t e r  w e r e  i n t e r p o s e d  b e t w e e n  t h e  

r e a c t i o n  v e s s e l  a n d  t h e  l a m p  t o  r e d u c e  t h e  l i g h t  f l u x  

a n d  t o  p r e v e n t  a p p r e c i a b l e  1 8 4 9 - A  r a d i a t i o n  f r o m  

e n t e r i n g  t h e  r e a c t i o n  v e s s e l .  U s i n g  a  n i t r o u s  o x i d e -  

b u t a n e  a c t i n o m e t e r ,  t h e  2 5 3 7 - A  r a d i a t i o n  a b s o r b e d  i n  

t h e  v e s s e l  w a s  f o u n d  t o  b e  0 . 1 6  , u e i n s t e i n / m i n .  A

(1) D ep artm ent o f C hem istry , U niversity  o f D etro it , D etro it , M ich .
(2 ) R . A . B ack , Trans. Faraday Soc., 54 , 512 (1958).
(3 ) R . A . B ack , Can. J. Chem., 37 , 1834 (1959).
(4) R . J. C v eta n ov ic, W . E . F alconer, and  K . R . Jennings, J. Chem. 
P h ys., 35 , 1225 (1961).
(5 ) K .  M orik a w a, W . S. B ened ict, and  H . S. T a y lo r , ibid., 5 , 212 
(1937).
^6) G . J. M ains and A . S. N ew ton , J. P h ys. Chem., 65 , 212 (1961).
(7 )  R . A . B a ck  and D . van  der A uw era, Can. J . Chem., 40 , 2339 
1 9 6 2 ) .
(8 ) H . N ik i and G . J. M ains, / .  P h ys . Chem ., 68 , 304 (1964).
(9) M . A . N a y , G . N . C . W ood a ll, O . P . Strausz, and  H . E . G unning, 
J. A m . Chem. Soc., 87 , 179 (1965).
(10) G . G ib b on , Y . R ousseau, C . H . V an  D y k e , and G . J. M ains, 
Inorg. Chem., 5 , 114 (1966).
(11) H . R om ey n  and W . A . N oyés, Jr., J. A m . Chem. Soc., 54 , 4143 
(1932).
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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 11 o f  \p — (k — ks)/ 
( 1  -  a), f o r  t o b a c c o  m o s a i c  v i r u s ,  t o g e t h e r  w i t h  t h e  

s a m e  v a l u e  o f  f t 0, g a v e  a  v a l u e  o f  0 . 1 2 5  g / c m ~ 4 f o r  t h e  

e f f e c t i v e  d e n s i t y  g r a d i e n t .

B e c a u s e  v a l u e s  o f  f  w e r e  n o t  a v a i l a b l e  i n  K B r  a n d  

R b B r  s o l u t i o n s  f o r  a n y  p r o t e i n  a n d  b e c a u s e  t h e  g r a 

d i e n t s  o b t a i n e d  b y  t h e  t w o  p r o c e d u r e s  o u t l i n e d  a b o v e  

f o r  C s C l  w e r e  s u b s t a n t i a l l y  t h e  s a m e ,  t h e  e f f e c t i v e  

d e n s i t y  g r a d i e n t s  f o r  t h e  f i r s t  t h r e e  s a l t s  l i s t e d  i n  T a b l e  

V I I I  w e r e  c o m p u t e d  u s i n g  t h e  s e p a r a t e  t e r m s  i n  e q  4 .

T h e  m o l e c u l a r  w e i g h t  o f  t h e  s o l v a t e d  p r o t e i n - s a l t  

c o m p l e x  w a s  c a l c u l a t e d  f r o m  t h e  r e l a t i o n 9

T fs .O
R T  p0

o-2( d p / d r ) e f f « 2r 0
( 2 0 )

w h e r e  po i s  t h e  d e n s i t y  a t  t h e  a c t u a l  p r e s s u r e  i n  t h e  e x 

p e r i m e n t  o f  t h e  s o l u t i o n  a t  b a n d  c e n t e r .  I t  i s  r e c o g 

n i z e d  t h a t  a  t e r m  w h i c h  e x p r e s s e s  t h e  v a r i a t i o n  o f  z x y  

w i t h  d i s t a n c e  i n  t h e  b a n d  s h o u l d  h a v e  b e e n  i n c l u d e d  

i n  t h e  f o r m u l a t i o n  o f  t h e  e f f e c t i v e  d e n s i t y  g r a d i e n t .  

T h e  s a l t  b i n d i n g  i n c r e a s e s  w i t h  d i s t a n c e  i n  t h e  b a n d  

a n d  c a u s e s  t h e  s p e c i e s  t o  b e c o m e  d e n s e r  o n  t h e  d e n s e  

s i d e  a n d  l i g h t e r  o n  t h e  l i g h t  s i d e  t h a n  a t  b a n d  c e n t e r .  

T h e  a n t i c i p a t e d  e f f e c t  i s  t h u s  t o  l o w e r  t h e  e f f e c t i v e  

d e n s i t y  g r a d i e n t .  T h i s  e f f e c t  h a s  n o t  b e e n  i n c l u d e d  

i n  t h e  n u m e r i c a l  c a l c u l a t i o n s  o f  t h e  m o l e c u l a r  w e i g h t .  

T h e  m a g n i t u d e  o f  t h e  e r r o r s  i n c u r r e d  a r e  e s t i m a t e d  

i n  t h e  d i s c u s s i o n .  T h e  m o l e c u l a r  w e i g h t  o f  t h e  a n h y 

d r o u s  p r o t e i n  w a s  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

M-b.O
1 +  IV  +  Zx y

( 2 1 )

Results

Anion Binding. T h e  r e s u l t s  o f  t h e  a n i o n  b i n d i n g  

e x p e r i m e n t s  a r e  c o l l e c t e d  i n  T a b l e  I V .  T h e  d e n s i t i e s  

o f  t h e  s o l u t i o n s  i n  w h i c h  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 r e  g i v e n  i n  t h e  s e c o n d  c o l u m n .  T h e s e  c o r r e s p o n d  t o  

w i t h i n  0 . 0 1 0  g / m l  o f  t h e  b u o y a n t  d e n s i t i e s .  I n  c o n 

c e n t r a t e d  s a l t  s o l u t i o n s  t h e  a n i o n  b i n d i n g  b y  b o v i n e  

a l b u m i n  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  s a l t  c o n c e n t r a t i o n . 21

T h e  r e s u l t s  f o r  C s B r  a n d  R b B r  a r e  t h e  l e a s t  a c c u r a t e .  

T w o  s e t s  o f  A p H ’ s  d i f f e r i n g  b y  a b o u t  0 . 2  p H  u n i t  w e r e  

o b t a i n e d  i n  e a c h  c a s e .  T h e  v a l u e  s e l e c t e d  f o r  C s B r  

w a s  t h a t  g i v e n  b y  t h r e e  o u t  o f  f i v e  m e a s u r e m e n t s .  

T h e  v a l u e  g i v e n  f o r  R b B r  w a s  t h a t  w h i c h  w a s  c o n 

s i s t e n t  w i t h  t h e  o t h e r  t w o  b r o m i d e s .  S c a t c h a r d  a n d  

B l a c k 8 h a v e  s h o w n  t h a t  t h e  n a t u r e  o f  t h e  a l k a l i  c a t i o n  

h a s  l i t t l e  e f f e c t  o n  t h e  e x t e n t  o f  a n i o n  b i n d i n g .

Refractive Index-Density Relations. T h e  r e f r a c t i v e  

i n d e x - d e n s i t y  r e l a t i o n s  a r e  p r e s e n t e d  i n  T a b l e  V  a s  

c o e f f i c i e n t s  o f  t h e  l i n e a r  r e l a t i o n  p 26 =  a(n25d )  —  b. 
E q u a t i o n s  f o r  K B r  a n d  R b B r  g i v e  d e n s i t i e s  a c c u r a t e

t o  ± 0 . 0 0 1  g / m l .  T h e  p r e c i s i o n  f o r  t h e  o t h e r  s a l t s  

i s  ± 0 . 0 0 2  g / m l .

Table IV: Anion Binding from pH Shifts 
in Isoionic Protein Solutions

N o . o f  
a n io n s

S a lt p VI W 5 p H V b o u n d

CsCl 1.278 2 . 2 2 0.0153 0.71 53 53
KBr 1.306 2.98 0.0138 0.81 67 67
RbBr 1.315 2.40 0.0149 0.85 66 66
CsBr 1.306 2.04 0.0158 0.96 70 70
Csl 1.331 1.93 0.0162 1.10 78 78
C S 2S O 4 1.237 2.31 0.0151 0.64 49 25

Table V : Density vs. Refractive Index Relations 
for Several Aqueous Salt Solutions

p25 = a(n26 d) — 6

S a lt
✓------- P a ra m e te rs  o f  e q u a tio n s ---------

a  b
D e n s ity

ra n g e

CsCl 10.8601 13.4974 1.25-1.90'
KBr 6.4786 7.6431 1.10-1.35
RbBr 9,1750 11.2410 1.15-1.65
CsBr 9.9667 12.2876 1.25-1.35
Csl 8.8757 10.8381 1.20-1.55
C.S2S O 4 12.1200 15.1662 1.15-1.40

“ A more accurate relation for 1.10 <  p 1.38, p426 10.2402, 
n26d —12.6483, has recently been evaluated for CsCl solutions: 
R. Bruner and J. Vinograd, Biochim. Biophys. Acta, 108, 18 
(1965).

Density Gradient Experiments. T h e  b u o y a n t  d e n s i 

t i e s ,  s t a n d a r d  d e v i a t i o n s ,  a n d  t h e  n e t  h y d r a t i o n  o f  s a l t -  

f r e e  p r o t e i n  f o r  t h e  s i x  s a l t s  a r e  g i v e n  i n  T a b l e  V I .

Table VI: Buoyant Densities, Standard Deviation, and Net 
Hydrations of BMA in Several Salt Solutions

Salt po° PO o"av r'

CsCl 1.278 1.282 0.106 0 . 2 0 0
CsAc 1.291
KBr 1.295 1.302 0.147 0.138
RbBr 1.302 1.310 0.103 0.115

1.302 1.310 0.106 0.115
CsBr 1.306 1.315 0.084 0.102
Csl 1.331 1.347 0.071 0.025
CS2SO4 1.237 1.241 0.071 0.359

(21) G . Scatch ard , Y . V . W u , and  A . L . Shen, J. Am. Chem. Soc., 
81 , 6014 (1959).
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c r o s s  s e c t i o n  i s  a s  h i g h  a s  t h e  1 4 0  A 2 s u g g e s t e d  b y  

R o m e y n  a n d  N o y e s .

T h e  r a t e  o f  f o r m a t i o n  o f  G e 2H 6 a s  a  f u n c t i o n  o f  i r 

r a d i a t i o n  t i m e  i s  p l o t t e d  i n  F i g u r e  3  a l o n g  w i t h  t h e  r a t e  

o f  f o r m a t i o n  o f  h y d r o g e n  f o r  c o m p a r i s o n .  T h e s e  d a t a  

s u g g e s t  t h a t  t h e  initial r a t e s  o f  h y d r o g e n  a n d  d i g e r m a n e  

p r o d u c t i o n  a r e  e q u a l .  T h e  d e c r e a s e  i n  t h e  r a t e  o f  

G e 2H 6 p r o d u c t i o n  m a y  b e  a t t r i b u t e d  t o  t h e  c o n s u m p 

t i o n  o f  t h i s  c o m p o u n d  i n  t h e  f o r m a t i o n  o f  t r i g e r m a n e ,  

t e t r a g e r m a n e ,  a n d  p o l y m e r .

T a b l e  I  s h o w s  t h e  e f f e c t  o f  p r o p y l e n e  o n  t h e  r a t e  o f  

h y d r o g e n  p r o d u c t i o n .  I t  s h o u l d  b e  n o t e d  t h a t  t h e  

a d d i t i o n  o f  5 . 3 %  p r o p y l e n e  h a s  l i t t l e  e f f e c t  o n  t h e  r a t e  

o f  h y d r o g e n  f o r m a t i o n .  T a b l e  I I  r e p o r t s  t h e  i s o t o p i c  

d i s t r i b u t i o n  o f  h y d r o g e n s  o b t a i n e d  f r o m  t h e  i r r a d i a 

t i o n  o f  G D 4 a n d  a  m i x t u r e  o f  G e H 4 a n d  G e D 4. F i g u r e  

4  d e p i c t s  t h e  e f f e c t  o f  h e l i u m  o n  t h e  r a t i o  o f  H 2 t o  H D  

o b t a i n e d  f r o m  t h e  m e r c u r y - p h o t o s e n s i t i z e d  d e c o m p o 

s i t i o n  o f  a  m i x t u r e  o f  G e H 4 a n d  C 2D 6. T h e  s i g n i f i c a n c e  

o f  t h e s e  o b s e r v a t i o n s  w i l l  b e  t r e a t e d  i n  t h e  s u b s e q u e n t  

d i s c u s s i o n .

Table I : Effect of Propylene on H2 in (3Pt) 
Hg-Sensitized Photolysis of GeH4 at 25°

BGeH4, PCsH,, % decom
torr torr position /jîriüle/mm

43 0 0.07 0.152
44 5.3 0.07 0.147

IRRADIATION TIME (m in u tes )

Figure 3. Effect of irradiation time on the rates 
of H2 and GeH4 production at 25°.

Figure 4. Effect of He pressure on the ratio 
(H2)/(H D ) at 25°.

Table II: Isotopic Hydrogen Yields in the (3Pi)Hg-Sensitized 
Photolysis of a GeH4-GeD4 Mixture at 25°

PGeDt ,
torr

i'GeH4,
torr %Hi %HD %d2

%
decom
position

17 2.3 4.0 93.7 0.2
15.9 14.8 30.7 46.2 23.1 0.1

Discussion
T h e  p r i m a r y  p r o c e s s ,  i.e., t h e  q u e n c h i n g  o f  6 ( 8P i ) H g  

a t o m s  b y  G e H 4, c o u l d  c o n c e i v a b l y  b e  r e p r e s e n t e d  b y  

a n y  o f  t h e  f o l l o w i n g  r e a c t i o n s  a s  t h e y  a r e  a l l  e n e r g e t i 

c a l l y  f e a s i b l e .

6 ( sP i ) H g  +  G e H 4 G e H 3 +  H  +  6 0 S 0) H g  ( 2 )

>  G e H 2 - p  H 2 +  6 ( 1S 0) H g  ( 3 )

— ■> G e H  +  H 2 +  H  +  6 ( 1S 0) H g

(4)

— >  G e  +  2 H 2 +  6 ( IS 0) H g  ( 5 )

S i n c e  t h e r e  i s  n o  e v i d e n c e  f o r  ( o r  a g a i n s t )  t h e  p a r t i c i 

p a t i o n  o f  6 ( 3P 0) H g  a t o m s  i n  t h i s  s y s t e m ,  t h e s e  m e t a 

s t a b l e  a t o m s  a r e  n o t  i n c l u d e d  i n  t h e  r e a c t i o n  s e q u e n c e .

T h e  o b s e r v e d  q u a n t u m  y i e l d  o f  h y d r o g e n ,  0 . 9 2 ,  r u l e s  

o u t  r e a c t i o n s  4  a n d  5  a s  t h e  exclusive p r i m a r y  r e a c t i o n s  

s i n c e  t h e s e  w o u l d  r e s u l t  i n  q u a n t u m  y i e l d s  i n  e x c e s s  o f  

u n i t y .  F u r t h e r m o r e ,  t h e  s i g n i f i c a n t  y i e l d  o f  H D  o b 

s e r v e d  f r o m  t h e  i r r a d i a t i o n  o f  a  1 : 1  m i x t u r e  o f  G e H 4 

a n d  G D 4 ( T a b l e  I I )  a l s o  r u l e s  o u t  h y d r o g e n  p r o d u c 

t i o n  b y  e i t h e r  r e a c t i o n  3  o r  5  a l o n e  a n d  s u g g e s t s  t h a t  

t h e  p r i m a r y  q u e n c h i n g  a c t  i s  b e s t  r e p r e s e n t e d  b y  r e 

a c t i o n s  2  a n d  4 .  S i n c e  t h e  d i s t r i b u t i o n  o f  H 2, H D ,  a n d  

D 2 o b s e r v e d  f r o m  i r r a d i a t i o n  o f  t h e  G e H 4- G e D 4 

m i x t u r e  i s  n e a r l y  r a n d o m  ( s e e  T a b l e  I I ) ,  i t  w o u l d  a p p e a r  

t h a t  r e a c t i o n  2 ,  a s  p o s t u l a t e d  b y  R o m e y n  a n d  N o y e s ,  

b e s t  r e p r e s e n t s  t h e  p r i m a r y  c h e m i c a l  q u e n c h i n g  p r o c e s s .  

H o w e v e r ,  c o n t r i b u t i o n s  o f  a  f e w  p e r  c e n t  f r o m  r e a c t i o n s

3 , 4 ,  a n d  5  c a n n o t  b e  r u l e d  o u t .

A c c e p t a n c e  o f  r e a c t i o n  2  a s  t h e  p r i m a r y  p r o c e s s  

r e q u i r e s  t h e  p a r t i c i p a t i o n  o f  h y d r o g e n  a t o m s  i n  t h e  

p h o t o l y s i s  m e c h a n i s m  a n d  s u g g e s t s  t h a t  t h e  f o l l o w i n g  

a b s t r a c t i o n  r e a c t i o n ,  p r o p o s e d  b y  R o m e y n  a n d  N o y e s

The Journal o f  P h ysica l Chem istry



T h e  ( 3P i) M e r c u r y - P h o t o s e n s i t i z e d  D e c o m p o s i t i o n  o f  M o n o g e r m a n e 3161

H  +  G e H 4 — >  H 2 +  G e H s ( 6 )

m u s t  o c c u r  w i t h  h i g h  c o l l i s i o n  e f f i c i e n c y  t o  p r o d u c e  t h e  

o b s e r v e d  0 . 9 2  q u a n t u m  y i e l d  f o r  H 2 p r o d u c t i o n  i n  t h e  

p r e s e n c e  o f  5 . 3 %  p r o p y l e n e  ( T a b l e  I ) .  N i k i  a n d  

M a i n s 8 f o u n d  t h a t  o l e f i n s  w e r e  a l s o  i n e f f e c t i v e  i n  s c a v 

e n g i n g  h y d r o g e n  a t o m s  i n  t h e i r  S i H 4 s t u d y  a n d  s u g 

g e s t e d  t h a t  t h e  s i l a n e  a n a l o g  o f  r e a c t i o n  6  w a s  r a p i d  

b e c a u s e  o f  a  v e r y  l o w  a c t i v a t i o n  e n e r g y .  G u n n i n g ,  

et al. , 9 o n  t h e  o t h e r  h a n d ,  s u p p o r t e d  a n  a c t i v a t i o n  

e n e r g y  f o r  t h e  s i l a n e  a n a l o g  w h i c h  w a s  o n l y  a  f e w  

k i l o c a l o r i e s  p e r  m o l e  l o w e r  t h a n  r e p o r t e d  f o r  a l k a n e s .  

S i n c e  t h e  q u e s t i o n  o f  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  s i l a n e  

a n a l o g  o f  r e a c t i o n  6  i s  c o n t r o v e r s i a l ,  t h e  i n t e r p r e t a 

t i o n  o f  t h e  h i g h  c o l l i s i o n  e f f i c i e n c y  f o r  t h e  g e r m a n e  

s y s t e m  m e r i t s  f u r t h e r  c o n s i d e r a t i o n  h e r e .

A  h i g h  c o l l i s i o n  e f f i c i e n c y  f o r  r e a c t i o n  6  m a y  b e  d u e  

t o  a  l o w  a c t i v a t i o n  e n e r g y ,  a s  s u g g e s t e d  b y  N i k i  a n d  

M a i n s ,  i f  t h e r m a l  H  a t o m s  a r e  i n v o l v e d  o r  t h e  h i g h  

e f f i c i e n c y  m a y  n o t  d e p e n d  u p o n  t h e  a c t i v a t i o n  e n e r g y  a t  

a l l  i f  e n e r g e t i c ,  i.e., “ h o t ”  h y d r o g e n  a t o m s  a r e  p o s t u 

l a t e d .  T h e  l a t t e r  e x p l a n a t i o n ,  t h e  p a r t i c i p a t i o n  o f  

“ h o t ”  h y d r o g e n  a t o m s  i n  t h e s e  s y s t e m s ,  i s  n o t  e n t i r e l y  

u n r e a s o n a b l e  s i n c e  t h e  r u p t u r e  o f  a  G e - H  b o n d  r e 

q u i r e s  o n l y  7 0  k c a l / m o l e  a n d  r u p t u r e  o f  t h e  S i - H  

b o n d  r e q u i r e s  a p p r o x i m a t e l y  7 5  k c a l / m o l e . 1 3 -1 6  T h u s ,  

a b o u t  4 2  k c a l / m o l e  m u s t  a p p e a r  a s  t r a n s l a t i o n a l  e n e r g y  

o f  H ,  G e H 3, a n d  H g ,  a n d  a s  i n t e r n a l  e n e r g y  o f  G e H 3 

a s  a  r e s u l t  o f  t h e  c h e m i c a l  q u e n c h i n g  o f  6 ( 3P i ) H g  b y  

G e H 4 a s  p o s t u l a t e d  i n  r e a c t i o n  2 .  U n d e r  t h e s e  c i r 

c u m s t a n c e s ,  t h e  p r o d u c t i o n  o f  h y d r o g e n  a t o m s  w i t h  

e n e r g i e s  i n  e x c e s s  o f  1 0  k c a l / m o l e  i s  q u i t e  c o n c e i v a b l e .

I n  o r d e r  t o  d i s t i n g u i s h  b e t w e e n  t h e  a b o v e  p o s s i b l e  

a l t e r n a t i v e  e x p l a n a t i o n s  f o r  t h e  h i g h  c o l l i s i o n  e f f i c i e n c y  

o f  r e a c t i o n  2 ,  i t  i s  n e c e s s a r y  t o  r e s o r t  t o  a  t e s t  w h i c h  

i s  u n i q u e  t o  “ h o t ”  a t o m  r e a c t i o n s ,  s u c h  a s  c o l l i s i o n a l  

d e a c t i v a t i o n

H *  +  H e  — >  H  +  H e  ( 7 )

b e c a u s e  t h e  a b s e n c e  o f  a  t e m p e r a t u r e  c o e f f i c i e n t  i s  n o t  

d e f i n i t i v e .  T h e  e f f e c t  o f  h e l i u m  i n  t h e  m e r c u r y - p h o t o 

s e n s i t i z e d  d e c o m p o s i t i o n  o f  G e H 4 i n  t h e  p r e s e n c e  o f  

C 2D 6 p r o v i d e s  s u c h  a  t e s t .  S i n c e  t h e  q u e n c h i n g  c r o s s  

s e c t i o n s  o f  C 2D 6 a n d  H e  a r e  v e r y  s m a l l , 13 14 15 16 r e a c t i o n  2  

r e p r e s e n t s  t h e  p r i m a r y  p r o c e s s  i n  t h i s  m i x t u r e .  I n  

a d d i t i o n  t o  r e a c t i o n  7 ,  t h e  f o l l o w i n g  r e a c t i o n s  m a y  b e

e x p e c t e d  t o  o c c u r

H *  +  G e H 4 — >  H  +  G e H 4 ( 8 )

H *  +  G e H 4 — >  H 2 +  G e H 3 ( 9 )

H  +  G e H 4 — ►  H 2 +  G e H 3 ( 6 )

H *  +  C 3D 6 — ►  H  +  C 2D 6 ( 1 0 )

H *  +  C 2D 6 — >  H D  +  C 2D 5 ( 1 1 )

H  +  C 2D 6 — >  H D  +  C 2D 6 ( 1 2 )

R e a c t i o n s  7 ,  8 ,  a n d  1 0  a r e  d e a c t i v a t i o n  p r o c e s s e s  a n d  

p r o b a b l y  o c c u r  t h r o u g h  a  s e q u e n c e  o f  c o l l i s i o n s  o f  t h e  

“ h o t ”  h y d r o g e n  a t o m ,  H * .  I f  t h e r m a l  h y d r o g e n  a t o m s  

a r e  s o l e l y  r e s p o n s i b l e  f o r  t h e  h y d r o g e n  p r o d u c t i o n ,  o n l y  

r e a c t i o n s  6  a n d  1 2  n e e d  b e  c o n s i d e r e d  a n d ,  s i n c e  r e a c 

t i o n  1 2  h a s  a n  a c t i v a t i o n  e n e r g y  o f  1 3  k c a l / m o l e , 17 

t h e  r a t i o  o f  H 2 t o  H D  w o u l d  b e  e x p e c t e d  t o  b e  q u i t e  

l a r g e  a n d  i n d e p e n d e n t  o f  a d d e d  H e .  I f  “ h o t ”  h y d r o 

g e n  a t o m s  p a r t i c i p a t e  i n  t h e  f o r m a t i o n  o f  h y d r o g e n ,  

t h e  r a t i o  o f  H 2 t o  H D  s h o u l d  b e  s m a l l e r  a n d  i n c r e a s e  

w i t h  t h e  a d d i t i o n  o f  h e l i u m .  T h e  r e s u l t s  a r e  s h o w n  i n  

F i g u r e  4 .  I t  s h o u l d  b e  n o t e d  t h a t  D 2 w a s  n o t  d e 

t e c t e d  a m o n g  t h e  h y d r o g e n  p r o d u c t s .

T h e  ( H 2) / ( H D )  r a t i o  d o e s  i n c r e a s e  a s  t h e  p r e s s u r e  o f  H e  

i s  i n c r e a s e d  a s  p r e d i c t e d  i f  “ h o t ”  h y d r o g e n  a t o m s  a r e  

i n v o l v e d  i n  t h e  s y s t e m .  T h e  m e c h a n i s m  c i t e d  a b o v e  

p r e d i c t s  a  l i n e a r  i n c r e a s e  i f  i t  i s  a s s u m e d  t h a t  r e a c t i o n  

1 2  i s  n e g l i g i b l e ,  i.e., ( H 2) / ( H D )  =  [fc7( H e )  +  (fc8 +  

fc9) ( G e H 4)  +  f c i o ( C 2D e ) ] / f c i i ( C 2D 6) .  T h u s ,  i t  s e e m s  

r e a s o n a b l e  t o  c o n c l u d e  t h a t  “ h o t ”  h y d r o g e n  a t o m s  a r e  

p r e s e n t  i n  t h e  m e r c u r y  p h o t o s e n s i t i z a t i o n  o f  G e H 4 a n d  

m a y  b e  c i t e d  t o  e x p l a i n  t h e  h i g h  c o l l i s i o n  e f f i c i e n c y  o f  

r e a c t i o n  2 .  W e  h a v e  a t t e m p t e d  t o  o b t a i n  f u r t h e r  e v i 

d e n c e  f o r  “ h o t ”  h y d r o g e n  a t o m s  b y  a d d i n g  l a r g e  

a m o u n t s  o f  h e l i u m  t o  a  m i x t u r e  o f  G e H 4 a n d  p r o p y l e n e  

( 2 0 : 1 ) .  T h e  r e s u l t s  o f  t h e  l a t t e r  e x p e r i m e n t s  w e r e  

i n c o n c l u s i v e  b e c a u s e  o f  t h e  a n a l y t i c a l  p r o b l e m s  i n 

v o l v e d .  I f ,  a s  t h e  a b o v e  r e s u l t s  s u g g e s t ,  “ h o t ”  h y 

d r o g e n  a t o m s  a r e  i n v o l v e d  i n  t h e  m e r c u r y - p h o t o 

s e n s i t i z e d  d e c o m p o s i t i o n  o f  G e H 4, a  s i m i l a r  m e c h 

a n i s m  m a y  b e  i n v o k e d  i n  t h e  c o n t r o v e r s i a l  S i H 4 

e x p e r i m e n t s  a n d  t h i s  s y s t e m  s h o u l d  b e  r e e x a m i n e d .

T h e  f o r m a t i o n  o f  d i g e r m a n e ,  t r i g e r m a n e ,  a n d  t e t r a -  

g e r m a n e  p r o b a b l y  i n v o l v e s  a  s e q u e n c e  o f  r a d i c a l  c o m b i 

n a t i o n  a n d  h y d r o g e n  a b s t r a c t i o n  s t e p s  a s  p o s t u l a t e d  

f o r  t h e  S i H 4 a n d  C H 4 a n a l o g s ,  viz.

2 G e H 3 — >  G e J E h  ( 1 3 )

H  +  G e 2H 6 — >  G e 2H 6 +  H 2 ( 1 4 )

G e H 3 T  G e 2H s G e 3H s  ( 1 5 )

2 G e 2H 6 — ►  G e 4H i o  ( 1 6 )

e t c .  t o  p o l y m e r  d e p o s i t i o n .

(13) F . E . Saalfeld  and H . J. S vec, Inorg . Chem., 2 , 46  (1963).
(14) S. R . G u nn and L . G . G reen, J . P h ys. Chem., 65 , 729 (1961).
(15) M . L . H uggins, J . A m . Chem. Soc., 78 , 546 (1956).
(16) Y . R ousseau and H . G unning, Can. J . Chem., 41 , 465 (1963).
(17) V . V . V oev od sk y  and V . N . K on d ra tiev , Progr. R eaction  K inetics, 
1, 54 (1961).
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3162 E d w i n  F. M e y e r  a n d  R o b e r t  E. W a g n e r

W h i l e  t h e  a b o v e  s e q u e n c e  q u a l i t a t i v e l y  d e s c r i b e s  

t h e  s y s t e m ,  i t  s h o u l d  b e  e m p h a s i z e d  t h a t  f u r t h e r  s t u d y  

i s  r e q u i r e d  b e f o r e  t h e  r e a c t i o n  s e q u e n c e  i s  a c c e p t e d  i n  

d e t a i l .  F o r  e x a m p l e ,  t h e  i s o t o p i c  d i s t r i b u t i o n s  o f  

d e u t e r i u m  i n  d i g e r m a n e  a n d  t r i g e r m a n e  p r o d u c t s  f r o m  

t h e  i r r a d i a t i o n  o f  t h e  G e H 4- G e D 4 m i x t u r e  s t r o n g l y  

s u g g e s t  f o r m a t i o n  via r e a c t i o n s  1 3  a n d  1 5 .  H o w e v e r ,  

t h e  a b s t r a c t i o n  r e a c t i o n  w h i c h  p r o d u c e s  G e 2H 6 c o u l d  

i n v o l v e  G e H 3 a s  w e l l  a s  t h e  H  a t o m s  a s  s u g g e s t e d  i n  

r e a c t i o n  1 4 .

E x a m i n a t i o n  o f  t h e  m a s s  s p e c t r u m  o f  G e H 4- G e D 4 

after i r r a d i a t i o n  s h o u l d ,  i n  p r i n c i p l e ,  p e r m i t  a  d e c i s i o n  

a s  t o  w h e t h e r  G e H 3 r a d i c a l s  w e r e  i n v o l v e d  i n  a b s t r a c 

t i o n  r e a c t i o n s .  B e c a u s e  o f  t h e  l o w  c o n v e r s i o n s  u s e d

i n  t h e s e  e x p e r i m e n t s  a n d  t h e  l a r g e  n u m b e r  o f  i s o t o p e s  

o f  g e r m a n i u m ,  w e  c o u l d  n o t  f i n d  e v i d e n c e  f o r  G e H 3D  

a n d  G e D 3H  f o r m a t i o n .  F u t u r e  e x p e r i m e n t s ,  u t i l i z i n g  

a  h i g h - r e s o l u t i o n  m a s s  s p e c t r o m e t e r ,  m a y  p e r m i t  a  

c o n c l u s i o n  r e g a r d i n g  t h e  p a r t i c i p a t i o n  o f  G e H 4 i n  

a b s t r a c t i o n  r e a c t i o n s .
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A  m e t h o d  w h i c h  a l l o w s  q u a n t i t a t i v e  e s t i m a t i o n  o f  t h e  d i p o l e - d i p o l e  ( o r i e n t a t i o n ) ,  d i p o l e -  

i n d u c e d  d i p o l e  ( i n d u c t i o n ) ,  a n d  d i s p e r s i o n  e n e r g i e s  i n  p o l a r  o r g a n i c  l i q u i d s  i s  p r e s e n t e d  

a n d  i l l u s t r a t e d  w i t h  t h e  m e t h y l  n - a l k y l  k e t o n e s .  U s e  i s  m a d e  o f  t h e  t e m p e r a t u r e  v a r i a t i o n  

o f  d e n s i t y  a n d  v a p o r  p r e s s u r e  f o r  h o m o l o g o u s  s e r i e s  o f  o r g a n i c  c o m p o u n d s .  D a t a  w e r e  

o b t a i n e d  f o r  t h e  o d d - n u m b e r e d  2 - k e t o n e s  f r o m  C 5 t o  C i 3. A s  a n  e x a m p l e  o f  t h e  r e s u l t s ,  

i t  i s  e s t i m a t e d  t h a t  t h e  c o h e s i o n  i n  l i q u i d  2 - b u t a n o n e  a t  4 0 °  i s  c o m p r i s e d  o f  8 %  o r i e n t a t i o n ,  

1 4 %  i n d u c t i o n ,  a n d  7 8 %  d i s p e r s i o n  e n e r g i e s .  T h e  r e l a t i v e l y  h i g h  v a l u e  f o r  i n d u c t i o n  i s  

s u r p r i s i n g  i n  v i e w  o f  t h e  g e n e r a l  o p i n i o n  i n  t h e  l i t e r a t u r e ,  b u t  r e c o n s i d e r a t i o n  o f  t h e  u s u a l  

e x p r e s s i o n s  f o r  t h e s e  e n e r g i e s  a s  a p p l i e d  t o  t h e  l i q u i d s  i n  q u e s t i o n  m a k e s  i t  n o t  u n r e a s o n a b l e .  

T h e  c o n t r i b u t i o n  o f  i n d u c t i o n  t o  c o h e s i o n  i s  l a r g e r  t h a n  i s  g e n e r a l l y  a p p r e c i a t e d .

A  k n o w l e d g e  o f  t h e  r e l a t i v e  a m o u n t s  o f  t h e  d i f f e r e n t  

t y p e s  o f  c o h e s i v e  e n e r g i e s  i n  l i q u i d s  w i l l  l e a d  t o  a  b e t t e r  

u n d e r s t a n d i n g  o f  l i q u i d  p r o p e r t i e s ,  p a r t i c u l a r l y  s o l u 

b i l i t i e s ,  a s  w e l l  a s  p r o v i d e  n e c e s s a r y  i n f o r m a t i o n  f o r  t h e  

d e v e l o p m e n t  o f  a  s a t i s f a c t o r y  t h e o r y  o f  t h e  l i q u i d  s t a t e .  

I t  c a n  b e  s h o w n  t h a t  s u c h  k n o w l e d g e  i s  o b t a i n a b l e  f r o m  

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  v a p o r  p r e s s u r e s  a n d  

d e n s i t i e s  f o r  h o m o l o g o u s  s e r i e s  o f  o r g a n i c  c o m p o u n d s .

Theoretical Section

W e  a s s u m e  h e r e i n  t h a t  t h e  c o h e s i v e  e n e r g y  ( t h e  

e n e r g y  r e q u i r e d  t o  s e p a r a t e  t h e  c o m p o n e n t  m o l e c u l e s  t o  

i n f i n i t y  w i t h o u t  c h a n g i n g  t h e  a v e r a g e  i n t e r n a l  e n e r g y  o f

(1) C orrespondence should  be d irected  to  C ap t. E . F . M ey er, 
N A S -N R C  P ostd octora l R esearch A ssociate, at the  U . S. N a v a l 
R esearch  L aboratory , W ashington , D . C.
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C o h e s i v e  E n e r g i e s  i n  P o l a r  O r g a n i c  L i q u i d s 3 1 6 3

t h e  i n d i v i d u a l  m o l e c u l e s ) ,  E e, m a y  b e  a p p r o x i m a t e d  b y  

t h e  e n e r g y  o f  v a p o r i z a t i o n .  I n  c a s e s  w h e r e  a p p r e c i a b l e  

f o r c e s  o f  a t t r a c t i o n  r e m a i n  i n  t h e  v a p o r  p h a s e ,  t h e  a d d i 

t i o n a l  e n e r g y  n e e d e d  t o  s e p a r a t e  t h e  m o l e c u l e s  t o  i n 

f i n i t y  m a y  b e  c a l c u l a t e d  f r o m  a p p r o p r i a t e  c o m p r e s s i 

b i l i t y  d a t a .

C o n s i d e r  f i r s t  a  l i q u i d  c o m p o s e d  o f  n o n p o l a r  m o l e 

c u l e s  s u c h  a s  n - h e x a n e .  I t s  c o h e s i v e  e n e r g y  r e s u l t s  

f r o m  t h e  a t t r a c t i o n  o f  t h e  i n d i v i d u a l  a t o m s  o f  o n e  

m o l e c u l e  f o r  t h o s e  o f  a n o t h e r ,  t h e  s o - c a l l e d  d i s p e r s i o n  

a t t r a c t i o n .  B y  i n c r e a s i n g  t h e  l e n g t h  o f  t h e  h y d r o c a r b o n  

c h a i n ,  m o r e  a t o m s  p e r  m o l e c u l e  a t t r a c t  e a c h  o t h e r ,  w i t h  

t h e  r e s u l t  t h a t  t h e  m o l e c u l e s  a r e  d r a w n  c l o s e r  t o g e t h e r  

a n d  t h e  c o h e s i v e  e n e r g y  i s  i n c r e a s e d .  T h e  i n c r e m e n t  i n  

E c p e r  C H 2 g r o u p  i n s e r t e d  ( t h e  “ C H 2 i n c r e m e n t ” )  i s  n o t  

c o n s t a n t  f o r  t h e  p a r a f f i n  s e r i e s ,  s i n c e  t h e  e n e r g y  o f  i n t e r 

a c t i o n  d e p e n d s  h e a v i l y  o n  t h e  d i s t a n c e s  b e t w e e n  i n t e r 

a c t i n g  c e n t e r s ,  a n d  t h e s e  d e c r e a s e  u p o n  i n s e r t i o n  o f  

e a c h  C H 2 g r o u p  a t  c o n s t a n t  t e m p e r a t u r e .  T h e  C H 2 

i n c r e m e n t  m i g h t  b e  e x p e c t e d  t o  b e  c o n s t a n t  u n d e r  t h e  

c o n d i t i o n  o f  c o n s t a n t  t i m e - a v e r a g e  d i s t a n c e s  b e t w e e n  

i n t e r a c t i n g  c e n t e r s .  T h i s  c o n d i t i o n  c a n  b e  r e a l i z e d  i n  

t w o  w a y s :  b y  c o n s i d e r i n g  a l l  m o l e c u l e s  a t  a b s o l u t e  

z e r o  o r  b y  c h o o s i n g  a  f i x e d  m o l a r  v o l u m e  p e r  C H 2 

g r o u p  a n d  a d j u s t i n g  t h e  t e m p e r a t u r e  o f  e a c h  h o m o l o g  

u n t i l  t h i s  m o l a r  v o l u m e  i s  a c h i e v e d .  T h a t  t h e  f o r m e r  

p r o d u c e s  a  c o n s t a n t  C H 2 i n c r e m e n t  i s  k n o w n ; 2 t h a t  

t h e  l a t t e r  d o e s  t h e  s a m e  i s  i l l u s t r a t e d  b y  t h e  l o w e r  c u r v e  

i n  F i g u r e  1 .  T h e  f i x e d  m o l a r  v o l u m e  p e r  C H 2 h a s  b e e n  

a r b i t r a r i l y  s e t  a t  1 9 . 0 8  c c / m o l e ,  c h a r a c t e r i s t i c  o f  n- 
h e x a n e  a t  0 ° .  T h e  v a l u e  i s  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 ,  1 2 7 . 3  c c / m o l e ,  a n d  t h e  r e l a t i v e  v a n  d e r  

W a a l s  v o l u m e s  f o r  C H 3 a n d  C H 2 ( 1 3 . 6 7  a n d  1 0 . 2 3 ,  

r e s p e c t i v e l y )  g i v e n  b y  B o n d i . 3 T h e  t e m p e r a t u r e s  a t  

w h i c h  e a c h  m e m b e r  o f  t h e  s e r i e s  d i s p l a y s  1 9 . 0 8  c c / m o l e  

o f  C H 2 g r o u p s  i s  c a l c u l a t e d  f r o m  t h e r m a l  e x p a n s i o n  

d a t a ,  a n d  E c i s  c a l c u l a t e d  f o r  e a c h  m e m b e r  a t  i t s  a p p r o 

p r i a t e  t e m p e r a t u r e .  T h e  c o n t r i b u t i o n  o f  e a c h  C H 2 

g r o u p  t o  E c i s  g i v e n  b y  t h e  s l o p e  o f  t h e  E c vs. n c u r v e ,  

w h e r e  n i s  t h e  n u m b e r  o f  C H 2 g r o u p s  i n  t h e  m o l e c u l e .

I t  s h o u l d  b e  p o i n t e d  o u t  t h a t  H i j m a n s 4 h a s  d e v e l o p e d  

a  p h e n o m e n o l o g i c a l  a p p r o a c h  t o  t h e  p r i n c i p l e  o f  c o r 

r e s p o n d i n g  s t a t e s  f o r  c h a i n  m o l e c u l e s ,  w h e r e i n  t h e r m o 

d y n a m i c  p r o p e r t i e s  m a y  b e  e x p r e s s e d  a s  l i n e a r  f u n c t i o n s  

o f  t h e  n u m b e r  o f  s e g m e n t s  i n  t h e  c h a i n .  T h e  r e s u l t s  

o b t a i n e d  w i t h  t h e  s i m p l i f i e d  a p p r o a c h  u s e d  h e r e  a g r e e  

w i t h  t h o s e  o b t a i n e d  w i t h  h i s  m o r e  e l a b o r a t e  s c h e m e .  

F o r  e x a m p l e ,  h i s  m o l e c u l a r  u n i t s  f o r  v o l u m e  a s  a  f u n c 

t i o n  o f  c h a i n  l e n g t h  a r e  c o m p a r e d  i n  T a b l e  I  t o  a n a l 

o g o u s  f i g u r e s  o b t a i n e d  a s  d e s c r i b e d  a b o v e .  I n  a d d i 

t i o n ,  o f  c o u r s e ,  t h e  t e m p e r a t u r e s  a t  w h i c h  t h e  a l k a n e s  

d i s p l a y  o u r  v a l u e s  f o r  t h e  v o l u m e s  c o r r e s p o n d  t o  t h e  

s a m e  r e d u c e d  t e m p e r a t u r e  i n  H i j m a n s ’  s c h e m e .  T h u s  a

Figure 1. Paraffin densities from “International Critical 
Tables,”  vapor pressures from API Project 44.

f i x e d  v o l u m e  p e r  C H 2 g r o u p  p u t s  t h e  a l k a n e s  i n  “ c o r 

r e s p o n d i n g  s t a t e s , ”  a n d  a d d i t i o n  o f  a  C H 2 g r o u p  u n d e r  

t h i s  c o n d i t i o n  i n c r e a s e s  E c b y  a  f i x e d  a m o u n t .

Table I : Ratio of Molar Volume to That of n-IIexane 
for re-Alkanes in Corresponding States

V (n ) /V (6 )
n Hijmans This work

5 0.858 0.851
6 1.000 1.000
7 1.144 1.149
8 1.292 1.299
9 1.441 1.448

10 1.585 1.600
11 1.732 1.748

C o n s i d e r  n o w  a  l i q u i d  c o m p o s e d  o f  p o l a r  m o l e c u l e s  

s u c h  a s  2 - p e n t a n o n e .  I n  a d d i t i o n  t o  t h e  d i s p e r s i o n  

e n e r g y  p r e s e n t  i n  t h e  p a r a f f i n s ,  o r i e n t a t i o n  a n d  i n d u c 

t i o n  e n e r g i e s  c o n t r i b u t e  t o  c o h e s i o n .  S t i p u l a t i n g  t h e  

s a m e  v o l u m e  p e r  C H 2 g r o u p  a n d  a s s i g n i n g  a  c o n s i s t e n t  

v o l u m e  t o  t h e  c a r b o n y l  g r o u p  ( 1 1 . 7 0 ) , 3 h o w  m i g h t  w e  

e x p e c t  t h e s e  e n e r g i e s  t o  v a r y  w i t h  i n s e r t i o n  o f  s u c c e s 

s i v e  C H 2 g r o u p s  t o  f o r m  h i g h e r  2 - k e t o n e s ?

T h e  c o n t r i b u t i o n  o f  d i s p e r s i o n  t o  t h e  C H 2 i n c r e m e n t ,  

s h o u l d  b e  t h e  s a m e  a s  i n  t h e  p a r a f f i n  s e r i e s ,  e v e n  t h o u g h  

t h e  a b s o l u t e  v a l u e  o f  t h e  d i s p e r s i o n  e n e r g y  f o r  a  k e t o n e

(2) E . A . M oelw yn -H u gh es, “ P hysica l C h em istry ,”  T h e  M acm illan  
C o ., N ew  Y o rk , N . Y .,  1964, p  702.
(3) A . B on d i, J . P h ys. Chem ., 68 , 441 (1964).
(4 ) J . H ijm ans, P hysica , 27 , 433 (1961).
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2824 F . F l e t c h e r , B. R a b i n o v t i c h , K. W a t k i n s , a n d  D. L o c k e r

T e c h n i q u e s  f o r  t h e  s t u d y  o f  e n e r g y  t r a n s f e r  f r o m  v i -  

b r a t i o n a l l y  e x c i t e d  s p e c i e s  i n c l u d e  s o u n d  d i s p e r s i o n , 9 

k i n e t i c  s p e c t r o s c o p y , 10 a n d  f l a s h  p h o t o l y s i s , 11 s h o c k  

w a v e  s t u d i e s , 12 f l u o r e s c e n c e  s t a b i l i z a t i o n , 13’ 14 p h o t o 

c h e m i c a l  s y s t e m s , 15 a n d  c h e m i c a l  a c t i v a t i o n 7 ,16 a n d  

l o w - p r e s s u r e  t h e r m a l  u n i m o l e c u l a r  s y s t e m s . 8,17 T h e  

e x i s t i n g  i n f o r m a t i o n  o n  t h e  d e a c t i v a t i o n  i n  b i n a r y  c o l 

l i s i o n s  o f  c o m p l e x  m o l e c u l e s  a b o v e  t h e  l o w - e n e r g y  

r e g i o n  m a y  b e  r e a d i l y  s u m m a r i z e d .

F l u o r e s c e n c e  s t u d i e s  o n  a r o m a t i c  s p e c i e s  ( a t  e n e r g i e s  

u p  t o  < ~ 2 5  k c a l  m o l e - 1 )  i n d i c a t e  t h a t  a m o u n t s  o f  e n e r g y  

u p  t o  s e v e r a l  k c a l  m o l e - 1  m a y  b e  t r a n s f e r r e d  t o  f o r e i g n  

g a s e s . 13 T h e  a m o u n t  o f  e n e r g y  t r a n s f e r r e d  s e e m s  t o  

i n c r e a s e  w i t h  i n c r e a s i n g  m o l e c u l a r  w e i g h t  a n d  p o l a r i t y  

o f  t h e  d e a c t i v a t o r  ( p a r a l l e l i n g  t h e  t h e r m a l  u n i m o l e c u -  

u l a r  r e a c t i o n  s i t u a t i o n — s e e  b e l o w ) .  T h e s e  r e s u l t s  

c o n t r a s t  w i t h  e n e r g y  t r a n s f e r  s t u d i e s  w i t h  h i g h l y  e x 

c i t e d  i o d i n e 14a w h i c h  i n d i c a t e ,  i n  p a r t ,  t h a t  l i g h t e r  m o l e 

c u l e s  m a y  b e  m o r e  e f f e c t i v e  i n  p r o d u c i n g  v i b r a t i o n a l  

t r a n s i t i o n s  ( s o m e w h a t  r e s e m b l i n g  s o u n d  d i s p e r s i o n  

r e s u l t s  a t  l o w  e n e r g i e s ) .

A t  s t i l l  h i g h e r  e n e r g i e s ,  c h e m i c a l l y  a c t i v a t e d  e t h y l  

a n d  s e c - b u t y l  r a d i c a l s ,  v i b r a t i o n a l l y  e x c i t e d  t o  ~ 4 0  

k c a l  m o l e - 1 , w e r e  f o u n d  t o  l o s e  ^ 2  k c a l  m o l e - 1  o n  

c o l l i s i o n  w i t h  t h e  r a r e  g a s e s ,  ^ 2 . 5  k c a l  m o l e - 1  o n  c o l 

l i s i o n  w i t h  d i a t o m i c  g a s e s ,  a n d  ^  9  k c a l  m o l e - 1  o n  

c o l l i s i o n  w i t h  p o l y a t o m i c  m o l e c u l e s . 78, T h e  d e a c t i v a 

t i o n  o f  c h e m i c a l l y  a c t i v a t e d  v i b r a t i o n a l l y  e x c i t e d  c y c l o 

p r o p a n e  a n d  d i m e t h y l c y c l o p r o p a n e  ( > 1 0 0  k c a l  m o l e - 1 )  

b y  e t h y l e n e  a n d  b u t e n e 16 17 i n d i c a t e s  t h a t  l a r g e  a m o u n t s  

o f  e n e r g y  m a y  b e  t r a n s f e r r e d  o n  c o l l i s i o n ,  ^  1 2 - 1 5  

k c a l  m o l e - 1 .

T h e  m o s t  d e f i n i t i v e  a n d  o u t s t a n d i n g  t h e r m a l  s t u d y  

h a s  b e e n  t h a t  o f  J o h n s t o n  a n d  V o l p e , 8b w h o  a n a l y z e d  

t h e  e f f e c t  o f  1 6  c h a p e r o n  g a s e s  o n  t h e  u n i m o l e c u l a r  d e 

c o m p o s i t i o n  o f  n i t r y l  c h l o r i d e .  I n  o r d e r  t o  m e a s u r e  

r e l a t i v e  c o l l i s i o n a l  t r a n s i t i o n  p r o b a b i l i t i e s  m o s t  s i m p l y ,  

t h e y  h a v e  p o i n t e d  o u t  t h a t  s t u d i e s  s h o u l d  b e  m a d e  i n  

t h e  l o w - p r e s s u r e ,  s e c o n d - o r d e r  r e g i o n  o f  a  t h e r m a l  

u n i m o l e c u l a r  r e a c t i o n .  I n  t h i s  n o n e q u i l i b r i u m  r e g i o n ,  

t h e  r a t e  o f  r e a c t i o n  i s  t h e  r a t e  o f  a c t i v a t i o n  b y  c o l l i s i o n .  

I n  p r a c t i c e ,  t h e  b e h a v i o r  o f  i n e r t  m o l e c u l e s  h a s  u s u a l l y  

b e e n  e x p r e s s e d  a s  e f f i c i e n c y  r e l a t i v e  t o  t h e  r e a c t a n t  

i t s e l f .  I t  w a s  r e m a r k e d  b y  T r o t m a n - D i c k e n s o n 18 

t h a t  t h e  m a x i m u m  e f f i c i e n c y  o f  e n e r g y  t r a n s f e r  i s  

r e a c h e d  f o r  c o m p l e x  m o l e c u l e s .  J o h n s t o n 19 h a s  s u g 

g e s t e d  t h a t  e f f i c i e n c y  m a y  b e  c o r r e l a t e d  w i t h  t h e  

b o i l i n g  p o i n t s  o f  t h e  i n e r t  g a s e s  a n d  w i t h  L e n n a r d -  

J o n e s  p a r a m e t e r s  i n  t e r m s  o f  c o l l i s i o n  f o r c e .  T h e  d e 

a c t i v a t i o n  p r o b a b i l i t y  p e r  c o l l i s i o n  s h o u l d  b e  b e l o w  

u n i t y  (i.e., f a r  f r o m  s a t u r a t i o n )  t o  s h o w  d i r e c t  p r o 

p o r t i o n a l i t y  t o  m o l e c u l a r  p a r a m e t e r s .

U p  t o  t h e  p r e s e n t  t i m e ,  m o s t  t h e r m a l  s t u d i e s  o f  t h i s

k i n d  h a v e  b e e n  r e l a t i v e l y  u n p r o d u c t i v e .  T h e  r e s u l t s  

o f  v a r i o u s  w o r k e r s  h a v e  u s u a l l y  b e e n  o b t a i n e d  a t  d i 

v e r s e  t e m p e r a t u r e s ,  t o t a l  e n e r g y  l e v e l ,  e x c e s s  e n e r g y  

l e v e l ,  a n d  e n e r g y  d i s t r i b u t i o n ,  a n d  w i t h  r e a c t a n t  m o l e 

c u l e s  o f  w i d e l y  v a r y i n g  m o l e c u l a r  c o m p l e x i t y ,  f r e q u e n c y  

p a t t e r n ,  a n d  p o l a r i t y .  W i d e l y  d i f f e r e n t  s y s t e m s  h a v e  

o f t e n  b e e n  u n c r i t i c a l l y  c o m p a r e d  a n d  n o  s y s t e m a t i c  

v a r i a t i o n  o f  r e a c t i o n  p a r a m e t e r s  h a s  b e e n  i n v e s t i g a t e d  

f o r  a  s i n g l e  s y s t e m . 20 I t  h a s  b e e n  p o i n t e d  o u t  a n d  i l 

l u s t r a t e d  p r e v i o u s l y 715 t h a t  t h e  u s u a l  d e f i n i t i o n  o f  i n e r t  

g a s  e f f i c i e n c y  i s  a  p r a g m a t i c  o p e r a t i o n a l  o n e ;  c o m 

p a r i s o n s  o f  e f f i c i e n c i e s  b e t w e e n  v a r i o u s  s y s t e m s  w h i c h  

i g n o r e  t h i s  l i m i t a t i o n  a r e  n o t  n e c e s s a r i l y  h e l p f u l .  

F o r  e x a m p l e ,  s c a r c e l y  a n y  s t u d y  i n  t h e  l i t e r a t u r e  h a s  

d e f i n e d  t h e  a v e r a g e  e n e r g y  e x c e s s  o f  t h e  r e a c t i n g  m o l e 

c u l e s 2013 a b o v e  t h e  c r i t i c a l  t h r e s h o l d ;  t h e  c o m p a r i s o n s  

i n  q u e s t i o n  t h u s  h a v e  n o t  b e e n  w e l l  d e f i n e d .  U s u a l l y ,  

n o  a t t e m p t  h a s  b e e n  m a d e  t o  c o r r e l a t e  d a t a  w i t h  

m o l e c u l a r  p a r a m e t e r s  o r  i n t e r a c t i o n  p o t e n t i a l s .  S o m e  

e x p e r i m e n t a l  l i m i t a t i o n s  i n  m a n y  e x i s t i n g  s t u d i e s  

s h o u l d  a l s o  b e  r e c o g n i z e d :  w o r k  i n  t h e  h i g h e r  r e g i o n s  

o f  f a l l o f f  j u s t  b e l o w  t h e  h i g h - p r e s s u r e  l i m i t  m a y  l e a d  

t o  i n c o r r e c t  r e s u l t s  b e c a u s e  t h e  p r e s s u r e  d e p e n d e n c e

(9) (a) T. L. Cottrell and J. C. McCoubrey, “ Molecular Energy 
Transfer in Gases,” Butterworth and Co. Ltd., London, 1961;
(b) K. F. Herzfeld and T. A. Litovitz, “Absorption and Dispersion 
of Ultrasonic Waves,” Academic Press Inc., New York, N. Y., 1959;
(c) J. D. Lambert and R. Salter, Proc. Roy. Soc. (London), A 253 , 
277 (1959); J. D. Lambert, D. G. Parks-Smith, and J. L. Stretton, 
ibid., A282, 380 (1964).
(10) J. D. McKinley, Jr., D. Garvin, and M. Boudart, J. Chem% 
Phys., 23 , 785 (1955); J. C. Polanyi, ibid , 31 , 1338 (1959).
(11) See, for example, the reviews by N. Basco and R. G. W. Nor- 
rish, Can. J. Chem., 38, 1769 (1960); Discussions Faraday Soc., 33, 
99 (1962). For a summary of iodine atom recombination reactions, 
see G. Porter, ibid., 33 , 198 (1962).
(12) R. C. Millikan and D. R. White, J. Chem. Phys., 39, 3209
(1963) , and references cited; R. C. Millikan, ibid., 40 , 2594 (1964).
(13) (a) B. Stevens, Can. J. Chem., 37 , 831 (1959); Mol. Phys., 3 ,
589 (1960); (b) M. Boudart and J. T. Dubois, J. Chem. Phys., 23, 
223 (1955); B. Stevens and M. Boudart, Ann. N. Y. Acad. Sci., 67 , 
570 (1957); B. S. Neporent and S. O. Mirumyants, Opt. Spectry. 
{USSR), 8, 336, 414 (I960); (c) E. J. Bowen and S. Yeljkovic,
Proc. Roy. Soc. (London), A 236 , 1 (1956).
(14) (a) R. L. Brown and W. Klemperer, J. Chem. Phys., 41 , 3072
(1964) ; J. I. Steinfeld and W. Klemperer, ibid., 42 , 3475 (1965); 
(b) R. C. Millikan, ibid., 38, 2855 (1963).
(15) G. A. Taylor and G. B . Porter, ibid., 36, 1353 (1962).
(16) D. W. Setser, J. W. Simons, and B. S. Rabinovitch, Bull. Soc. 
Chim. Beiges, 71, 662 (1962); J. Chem. Phys., 40 , 1751 (1965); 
41, 800 (1965).
(17) D. E. Hoare, J. B. Protheroe, and A. D. Walsh, Trans. Faraday 
Soc., 55, 548 (1959); R. R. Baldwin and D. Brattan, 8th Combustion 
Symposium, Pasadena, Calif., 1960, p 110; W. Forst, Can. J. Chem., 
36 , 1308 (1958).
(18) A. F. Trotman-Dickenson, “ Gas Kinetics,” Butterworth and 
Co. Ltd., London, 1955.
(19) H. S. Johnston, Ann. Rev. Phys. Chem., 8, 249 (1957).
(20) (a) For a comparison table of relative collision efficiencies in
thermal unimolecular reactions, see ref 9a, p 186; (b) see D. W.
Placzek, B. S. Rabinovitch, G. Z. Whitten, and E. Tschuikow-Roux, 
J. Chem. Phys., 43, 4071 (1965), for some delineation of excess energy.
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E n e r g y  T r a n s f e r  i n  T h e r m a l  M e t h y l  I s o c y a n i d e  I s o m e r i z a t i o n 2825

o f  c o n v e n t i o n a l  u n i m o l e c u l a r  r e a c t i o n s  i s  i n s e n s i t i v e  

t o  c o l l i s i o n a l  t r a n s i t i o n  p r o b a b i l i t i e s , 21 a n d  o n l y  i n 

d i r e c t l y  r e l a t e d  t o  t h e s e , 8 a n d  b e c a u s e  o f  e x p e r i m e n t a l  

i n a c c u r a c y . 2 2 -2 4

A t  t h e  l o w - p r e s s u r e  l i m i t  t h e  s i t u a t i o n  i s  v a s t l y  i m 

p r o v e d ,  b u t  s t i l l  n o t  s i m p l e ,  a n d  m u s t  b e  t r e a t e d  o n  a  

s t o c h a s t i c  m o d e l . 25a H o w e v e r ,  t h e  l o w - p r e s s u r e  r a t e s  

c a n ,  i n  p r i n c i p l e ,  b e  m a d e  t o  y i e l d  a  c o n n e c t i o n  b e t w e e n  

t h e  a m o u n t  o f  e n e r g y  t r a n s f e r r e d  o n  t h e  a v e r a g e  p e r  

c o l l i s i o n  a n d  t h e  m e a s u r e d  e f f i c i e n c i e s  o f  a c t i v a t i o n . 25b

E a r l i e r  w o r k  f r o m  t h i s  l a b o r a t o r y 26 27 28 h a s  s h o w n  t h a t  

t h e  t h e r m a l  u n i m o l e c u l a r  i s o m e r i z a t i o n  o f  m e t h y l  

i s o c y a n i d e  t o  a c e t o n i t r i l e  i s  a  s i m p l e ,  c l e a n ,  a n d  

h o m o g e n e o u s  r e a c t i o n .  T h i s  r e a c t i o n  o f f e r s  u n i q u e  

a d v a n t a g e s  i n  t h a t  a  s y s t e m a t i c  v a r i a t i o n  o f  m a n y  

r e a c t i o n  p a r a m e t e r s  i s  p o s s i b l e . 2 6 -2 8  V a r i a t i o n  o f  

t e m p e r a t u r e  w i l l  b e  a t t e m p t e d  o v e r  t h e  w i d e s t  a c c e s 

s i b l e  r a n g e .  M o r e  i m p o r t a n t ,  t h e  s t r u c t u r e  o f  t h e  

r e a c t a n t  m o l e c u l e  a s  w e l l  a s  t h e  n a t u r e  o f  t h e  d e 

a c t i v a t o r  c a n  b e  a l t e r e d ,  w i t h o u t  a l t e r i n g  s i g n i f i c a n t l y  

t h e  r e a c t i o n  p a r a m e t e r s ,  t o  p r o v i d e  a n  i n t e r n a l l y  

c o n s i s t e n t  r e a c t i o n  s e r i e s ,  e.g., C H 3N C ,  C 2H 5N C ,  

C F 3C H 2N C ,  a n d  t h e  e f f e c t s  o f  t h e  f r e q u e n c y  p a t t e r n  

c h a n g e ,  i n t e r n a l  r o t a t i o n ,  a n d  l o w - f r e q u e n c y  b e n d i n g  

m o d e s ,  t o t a l  n u m b e r  o f  v i b r a t i o n  m o d e s ,  e t c . ,  o n  t h e  

c o l l i s i o n a l  t r a n s i t i o n  p r o b a b i l i t i e s  c a n  b e  q u a n t i t a t i v e l y  

e v a l u a t e d .

T h e  p r e s e n t  p a p e r  d e a l i n g  w i t h  t h e  C H 3N C  - >  

C H 3C N  r e a c t i o n  p r e s e n t s  t h e  f i r s t  i n  a  s e r i e s  w h i c h  

u t i l i z e s  t h e s e  s y s t e m s .

E x p e r i m e n t a l  S e c t i o n

Materials. M e t h y l  i s o c y a n i d e  w a s  p r e p a r e d  b y  t h e  

g e n e r a l  m e t h o d  o f  d e h y d r a t i o n  o f  a n  N - s u b s t i t u t e d  

f o r m a m i d e  b y  a n  a c i d  h a l i d e  i n  t h e  p r e s e n c e  o f  a  b a s e . 29 

N - M e t h y l f o r m a m i d e  ( F l u k a  A . G .  p u r e  g r a d e )  w a s  

s l o w l y  a d d e d  t o  a  w a r m  m i x t u r e  o f  q u i n o l i 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 f i n e d  g r a d e ,  v a c u u m  d i s t i l l e d  f r o m  

z i n c  d u s t )  a n d  p - t o l u e n e s u l f o n y l  c h l o r i d e  ( E a s t m a n  

W h i t e  L a b e l ) .  A f t e r  p u r i f i c a t i o n  b y  g a s  c h r o m a 

t o g r a p h y ,  n o  i m p u r i t i e s  c o u l d  b e  d e t e c t e d .

H e l i u m ,  n e o n ,  a r g o n ,  k r y p t o n ,  x e n o n ,  h y d r o g e n ,  

n i t r o g e n ,  a n d  c a r b o n  d i o x i d e  w e r e  a s s a y e d  r e a g e n t  

g r a d e  g a s e s  o f  t h e  A i r  R e d u c t i o n  C o .  H e l i u m  c o n 

t a i n e d  0 . 0 1 7 %  n i t r o g e n  a s  a n  i m p u r i t y .  K r y p t o n  

c o n t a i n e d  0 . 0 0 8 %  x e n o n ,  a n d  x e n o n  c o n t a i n e d  0 . 0 1 %  

k r y p t o n .  T h e s e  g a s 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 .

M e t h a n e  ( P h i l l i p s  P e t r o l e u m  C o . ,  r e s e a r c h  g r a d e )  o f  

s t a t e d  p u r i t y  9 9 . 5 8 %  w a s  u s e d  w i t h o u t  p u r i f i c a t i o n .  

F l u o r o f o r m  ( M a t h e s o n  C o .  I n c . )  w h e n  a n a l y z e d  b y  

c h r o m a t o g r a p h y  s h o w e d  t h e  p r e s e n c e  o f  6 %  o f  n o n 

i n t e r f e r i n g  s i d e  p r o d u c t  ( m a i n l y  C H 2F 2) .  T e t r a f l u o r o -

m e t h a n e  ( M a t h e s o n  C o .  I n c . )  s h o w e d  n o  i m p u r i t i e s  

b y  c h r o m a t o g r a p h y .  M e t h y l  f l u o r i d e - d 3 o f  9 5 %  i s o 

t o p i c  p u r i t y  w a s  c h e c k e d  b y  c h r o m a t o g r a p h y  f o r  i n 

t e r f e r i n g  s i d e  p r o d u c t s  a n d  w a s  e s t i m a t e d  t o  b e  o f  

9 9 %  c h e m i c a l  p u r i t y .  T r i f l u o r o a c e t o m t r i l e  ( C o l u m b i a  

C h e m i c a l s )  c o n t a i n e d  < 1 %  i m p u r i t y  w h e n  a n a l y z e d  

b y  c h r o m a t o g r a p h y .  P r o p i o n i t r i l e  ( E a s t m a n  W h i t e  

L a b e l ,  f r e e  f r o m  i s o n i t r i l e )  a n d  n - b u t y r o n i t r i l e  ( M a t h e 

s o n  C o l e m a n  a n d  B e l l )  s h o w e d  n o  i m p u r i t i e s  o n  c h r o m a 

t o g r a p h i c  a n a l y s i s .  A l l  o f  t h e s e  g a s e s  w e r e  v a c u u m  

d i s t i l l e d  a n d  o u t g a s s e d .

O t h e r  i n e r t  g a s e s  w e r e  p u r i f i e d  b y  c h r o m a t o g r a p h y  

p r i o r  t o  u s e  a n d  s u b j e c t e d  t o  t h e  u s u a l  v a c u u m  m a n i p u 

l a t i o n s .  A l l  c o n d e n s i b l e  g a s e s  w e r e  d e o x y g e n a t e d  b y  

t h e  f r e e z e - p u m p - m e l t  m e t h o d  a n d  s m a l l  a m o u n t s  o f  

i m p u r i t y  o t h e r  t h a n  o x y g e n  w i l l  h a v e  a  n e g l i g i b l e  

e f f e c t  o n  t h e  e n e r g y  t r a n s f e r  e f f i c i e n c i e s .

Apparatus and Procedure. A  s t a t i c  m e t h o d  w a s  

u s e d  f o r  t h e  r a t e  d e t e r m i n a t i o n s .  A  1 2 - 1 .  P y r e x  b u l b ,  

h e a t e d  i n  a n  a i r  f u r n a c e ,  s e r v e d  a s  t h e  r e a c t o r .  T e m 

p e r a t u r e  w a s  r e g u l a t e d  b y  a  p r o p o r t i o n a l  c o n t r o l l e r  

a n d  w a s  m e a s u r e d  w i t h  t h r e e  c a l i b r a t e d  c h r o m e l -  

a l u m e l  t h e r m o c o u p l e s  l o c a t e d  a t  d i f f e r e n t  p o s i t i o n s  

i n  t h e  f u r n a c e .  D u r i n g  a  r u n  t h e  t e m p e r a t u r e  w a s  

c o n s t a n t  t o  ± 0 . 1 °  a n d  w a s  u n i f o r m  o v e r  t h e  b u l b  

t o  ± 0 . 1 ° .  O v e r  t h e  e n t i r e  s e r i e s  o f  r u n s ,  t e m p e r a 

t u r e s  b e t w e e n  2 7 9  a n d  2 8 2 . 5 °  w e r e  u s e d  a n d  a l l  r a t e  

c o n s t a n t s  w e r e  c o r r e c t e d  t o  a  s t a n d a r d  t e m p e r a t u r e  o f  

2 8 0 . 5 °  w i t h  u s e  o f  t h e  e n e r g i e s  o f  a c t i v a t i o n  a t  t h e  

p r e s s u r e  o f  t h e  r u n ,  a s  g i v e n  i n  I . 26

T h e  r e a c t o r  w a s  i n i t i a l l y  s e a s o n e d  w i t h  a  f e w  m i l l i 

m e t e r s  o f  m e t h y l  i s o c y a n i d e  f o r  1 2  h r  a n d  w a s  r e -

(21) F . P . B uff and D . J. W ilson , J . Chem. P h ys ., 32 , 677 (1960).
(22) S tudies o f  inert gas efficiencies in  the isom erization  o f cy c lo 
p rop an e ,23“ o f  m eth y lcyc lop rop a n e ,24 25“ o f  1 ,1 -d im eth y lcyclop ro - 
p an e ,21b and the decom p osition  o f  cy clob u ta n e23b suffer from  this 
p rob lem : cy clop rop a n e  k/ka> w as stud ied  d ow n  to  ~ 0 .1 ;  fo r  V C H 3, 
V (C H s) 2, and □ ,  k/km was studied  on ly  d ow n  t c  ~ 0 .5 .  T h is  grou p 
ing is otherw ise the  on ly  candidate as a consistent set o f  substrate 
species.
(23) (a) H . O. P ritchard , R . G . Sow den , and  A . F . T ro tm a n -D ick e n - 
son , P roc. R oy . Soc. (L on d on ), A 217 , 563 (1 953 ); (b ) H . O . P ritchard , 
R . G . Sow den , and A . F . T ro tm a n -D ick en son , ibid., A 218 , 416 
(1953).
(24) (a ) J. P . C hesick , J. A m . Chem. Soc., 82 , 3277 (1 960 ); (b )
M . C . F low ers and H . M . F rey , J. Chem. Soc., 1157 (1962).
(25) (a ) E . W . M on tro ll and K . E . Shuler, Advan. Chem. P h ys ., 1, 
361 (1 958 ); (b ) B . S. R a b in o v itch  and  D . C . T a rd y , S cience, 150, 
382 (1 965 ); J. C hem \P hys., in press.
(26) F . W . Schneider and B . S. R a b in o v itch , J. A m . Chem. Soc., 84 , 
4215 (1 962); ca lled  I.
(27) F . W . Schneider and B . S. R a b in o v itch , ibid., 85 , 2365 (1 963 ); 
called  II .
(28) B . S. R a b in ov itch , P . W . G ilderson , and  F . W . Schneider, ibid., 
87 , 158 (1 965 ); called  I I I .
(29) T h e  m eth od  o f I . U gi and R . M eyr, Chem. B er., 93 , 239 (1960), 
as m odified  b y  J. C asanova , Jr. W e  than k  D r. C asa n ova  for  help fu l 
adv ice  on  synthesis.
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Table IV : Contributions to Total Cohesion (in keal/mole)

Temp,
Compound °C A'rl ¡sp

2-Propanone 14 7.08 5.04
51 6.81 4.68

2-Butanone 40 7.62 5.91
80 7.19 5.49

2-Pentanone 51 8.29 6.79
93 7.84 6,29

2-Heptanone 78 9.99 8.53
122 9.24 7.90

2-Nonanone 96 11.48 10.27
143 10.71 9.51

2-Undecanone 111 13.09 12.01
162 12.09 11.13

2-Tridecanone 123 14.89 13.76
176 14.02 12.74

Rind Aor ¡cn %  disp %  ind %  orien

1.1 0.94 71.2 15.5 13.3
1.1 1.03 68.8 16.2 15.0
1.1 0.61 77.6 14.4 8.0
1.1 0.60 76.4 15.3 8.3
1.1 0.40 81.9 13.3 4.8
1.1 0.45 80.2 14.0 5.8
1.1 0.36 85.5 11.0 3.5
1.1 0.24 85.5 11.9 2.6
1.1 0.11 89.5 9.6 0.9
1.1 0.10 88.8 10.3 0.9
1.1 91.6 8.4
1.1 91.0 9.0
1.1 92.6 7.4
1.1 92.0 8.0

t h e  v a l u e  o f  m c o r r e s p o n d i n g  t o  t h e  k e t o n e  o f  i n t e r e s t ,  

t h e  d i s p e r s i o n  e n e r g y  i s  g i v e n  b y  t h e  p a r a f f i n  c u r v e ;  t h e  

i n d u c t i o n  e n e r g y  i s  t h e  v e r t i c a l  d i s t a n c e  b e t w e e n  t h e  

p a r a f f i n  c u r v e  a n d  t h e  a s y m p t o t e ;  a n d  t h e  o r i e n t a 

t i o n  e n e r g y  i s  t h e  d i s t a n c e  f r o m  t h e  a s y m p t o t e  t o  t h e  

k e t o n e  c u r v e .

I t  s h o u l d  b e  e m p h a s i z e d  t h a t  e a c h  p o i n t  o f  t h e  g r a p h  

c o r r e s p o n d s  t o  a  t e m p e r a t u r e  c h a r a c t e r i s t i c  o f  t h e  c o m 

p o u n d  i t  r e p r e s e n t s ;  t h e s e  a r e  n o t  i s o t h e r m s  i n  a n y  

s e n s e .

S o m e  a r b i t r a r i n e s s  c a n n o t  b e  a v o i d e d  i n  d r a w i n g  t h e  

a s y m p t o t e  t o  t h e  k e t o n e  c u r v e ,  s i n c e  t h e  p r o b a b l e  e r r o r  

i s  l a r g e r  f o r  t h e  h i g h e r  b o i l i n g  c o m p o u n d s .  I t  w a s  d e 

c i d e d ,  i n  t h e  l i g h t  o f  t h e  r a p i d  d i s a p p e a r a n c e  o f  c u r v a 

t u r e ,  t o  a s s u m e  t h a t  t h e r e  i s  n o  o r i e n t a t i o n  c o n t r i b u t i o n  

i n  t h e  C n  a n d  C i 3 k e t o n e s  a n d  t o  t a k e  a s  t h e  i n d u c t i o n  

e n e r g y  t h e  a v e r a g e  o f  t h e  d i f f e r e n c e  b e t w e e n  E c a n d  

E disp  f o r  t h e s e  t w o  c o m p o u n d s .  T h i s  p r o c e d u r e  g a v e

1 . 1  k c a l / m o l e  a t  a l l  t e m p e r a t u r e s .  T h e  e q u a t i o n s  f o r  

E c f o r  t h e  p a r a f f i n s  a t  t h e  l o w e s t  a n d  h i g h e s t  t e m p e r a 

t u r e s  a r e ,  r e s p e c t i v e l y

E c =  1 . 3 4  +  0 . 4 3 5 7 m  ±  0 . 1 0

E c =  1 . 2 6  +  0 . 4 0 2 8 m  ±  0 . 0 6

m a k i n g  t h e  e q u a t i o n s  f o r  t h e  a s y m p t o t e s

-^ d isp -fin d  2 . 4 4  +  0 . 4 3 5 7 m

-E 'd isp+ ind  ^  2 . 3 6  +  0 . 4 0 2 8 m ,

S i n c e  t h e  t e m p e r a t u r e  d e p e n d e n c e  i s  s l i g h t  f o r  e a c h  

t y p e  o f  c o h e s i v e  e n e r g y ,  o n l y  t h e  r e s u l t s  f o r  t h e  l o w e s t  

a n d  h i g h e s t  t e m p e r a t u r e s  a r e  p r e s e n t e d ,  w i t h  t h e  t e m 

p e r a t u r e  f o r  e a c h  c o m p o u n d ,  i n  T a b l e  I V .  T h e  r o o t -  

m e a n - s q u a r e  d e v i a t i o n  i n  E c f o r  t h e  k e t o n e s  w h o s e  

p r o p e r t i e s  w e  m e a s u r e d  i s  i n d i c a t e d  i n  F i g u r e  1 .

Discussion
E s t i m a t e s  i n  t h e  l i t e r a t u r e  o f  t h e  c o n t r i b u t i o n s  o f  d i s 

p e r s i o n ,  i n d u c t i o n ,  a n d  o r i e n t a t i o n  t o  c o h e s i o n  i n  f l u i d s  

a r e  g e n e r a l l y  l i m i t e d  t o  v e r y  s i m p l e  m o l e c u l e s  i n  t h e  g a s  

p h a s e . 14 15 H o w e v e r ,  t h e  c o n c l u s i o n s  d r a w n  a r e  f r e 

q u e n t l y  a p p l i e d  t o  t h e  l i q u i d  s t a t e .  F o r  e x a m p l e ,  

H i l d e b r a n d  a n d  S c o t t 18 s a y ,  “ . .  . t h e  i n d u c t i o n  f o r c e s  

a r e  a l w a y s  s m a l l  c o m p a r e d  w i t h  t h e  o t h e r  t w o . . . , ”  

a n d  H i r s c h f e l d e r ,  C u r t i s s ,  a n d  B i r d 16 * c o m m e n t ,  “ I t  i s  

a p p a r e n t  t h a t  t h e  i n d u c t i o n  e f f e c t  i s  n e v e r  i m p o r t a n t  

i n  t h e  i n t e r a c t i o n  o f  n e u t r a l  m o l e c u l e s . ”  T h e s e  s t a t e 

m e n t s  a r e  m a d e  s u b s e q u e n t  t o  a n  e x a m i n a t i o n  o f  t h e  

t h e o r e t i c a l  e x p r e s s i o n s  f o r  e a c h  t y p e  o f  e n e r g y

<y.2
-^ d isp

_  3 . ____J
4 r 6 i

E  ind =
2 api

r 6

2 m 4

w h e r e  a i s  t h e  p o l a r i z a b i l i t y ,  p i s  t h e  d i p o l e  m o m e n t ,  I  i s  

t h e  i o n i z a t i o n  p o t e n t i a l ,  a n d  r i s  t h e  d i s t a n c e  b e t w e e n  

i n t e r a c t i n g  c e n t e r s .  T a b l e s  o f  c a l c u l a t e d  e n e r g i e s 16,16 

f o r  s o m e  s i m p l e  m o l e c u l e s  w i t h  d i p o l e  m o m e n t s  s h o w

(14) P. A . Sm all, J . A p p l. Chem., 3, 71 (1953), h ow ever, has ca lcu 
lated  a dipole con trib u tion  param eter for  liqu id  acetone from  heats 
o f  m ixing w ith  nonpolar liquids. H e  estim ates th e  d ip o le  co n 
tributes bu t 4 %  to  cohesion , unrealistically  low  considering  th e  6 6 °  
d ifference in  boilin g  p oin t betw een  acetone and isobu ty len e.
(15) J. H . H ildebrand and R . L . S cott, “ T h e  Solub ility  o f  N o n 
e lectro ly tes ,”  D o v e r  P ublications, In c ., N ew  Y o rk , N . Y ., 1964, 
p 167.
(16) J. O. H irschfelder, C . F . Curtiss, and R . B . B ird , “ M olecu la r
T h e o ry  o f Gases and L iqu id s,”  John  W iley  and Sons, In c ., N e w
Y o rk , N . Y ., 1954, p  988.
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a d d  a  c o n s t a n t  t e r m  t o  e q  2  a n d  t h e  l o w - p r e s s u r e  l i m i t  

w o u l d  b e c o m e

& 0  =  fca C jt f  T - fch e t  ( 3 )

B e l o w  6  X  1 0 - 8  m m ,  t h e  i s o c y a n i d e  r a t e  c o n s t a n t s  

v e r y  o b v i o u s l y  b e g a n  t o  d e v i a t e  p o s i t i v e l y ,  i n d i c a t i n g  

t h a t  s u r f a c e  e f f e c t s  w e r e  s i g n i f i c a n t  a t  t h a t  p r e s s u r e ;  

t h i s  w a s  c o n f i r m e d  b y  p a c k e d  v e s s e l  r u n s  w h i c h  g a v e  

e v i d e n c e  o f  i n c r e a s e d  r a t e  a t  p r e s s u r e s  b e l o w  1 0 - 2  m m .  

( A  l a r g e r  v e s s e l  i s  n e e d e d  t o  e x t e n d  t h e  m e a s u r e m e n t s  

t o  e v e n  l o w e r  p r e s s u r e s ,  a n d  t o  t h i s  e n d  m e a s u r e m e n t s  

w i l l  b e  m a d e  i n  a  2 0 0 - 1 .  v e s s e l . )  I n  o r d e r  t o  a v o i d  t h i s  

d o u b t f u l  p r e s s u r e  r e g i o n ,  a  s t a n d a r d  r e a c t a n t  p r e s s u r e  

o f  '— - 1 .4  X  1 0 - 2  m m  w a s  u s e d  f o r  t h e  p r e s e n t  e x p e r i 

m e n t s .

A  p l o t  o f  t h e  i s o c y a n i d e  r a t e  d a t a  a b o v e  1 0 - 2  m m  

a g a i n s t  p r e s s u r e  g a v e  a  z e r o  p r e s s u r e  i n t e r c e p t  o n  t h e  

Jc a x i s  o f  ~ 0 . 1  ( ± 0 . 1 )  X  1 0 - 6  s e c - 1 . R e l a t i v e  t o  t h e  

v a l u e  o f  k a t  1 . 4  X  1 0 - 2  m m ,  w h i c h  i s  1 . 7 5  X  1 0 - 6  

s e c - 1 , t h i s  r e v e a l s  p o s s i b l e  h e t e r o g e n e i t y  o f  6 %  w h i c h  

w o u l d  b e  q u i t e  n e g l i g i b l e  a t  t h e  h i g h e r  i n e r t  g a s  p r e s 

s u r e s  a c t u a l l y  u s e d .

Second-Order Requirement. F o r  t h e  c a s e  w h e r e  M  

i s  a  g a s  o t h e r  t h a n  r e a c t a n t ,  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  d e p e n d s  o n  t h e  n a t u r e  o f  M  a s  w e l l  a s  o n  i t s  c o n 

c e n t r a t i o n ,  a n d  k m a y  b e  w r i t t e n  a s 8

ktK ^ k J C u

Kn i  =  ?  Z k j c v  +  kt ( 4 )
m

w h e r e  m d e n o t e s  t h e  p o s s i b l e  d e p e n d e n c e  o f  t h e  s p e c i f i c  

r a t e  c o n s t a n t s  o n  t h e  n a t u r e  o f  M  a n d ,  b y  d e t a i l e d  

b a l a n c e ,  kmi& =  kmiáK i; w h e r e  K t i s  t h e  e q u i l i b r i u m  

f r a c t i o n  o f  r e a c t a n t  m o l e c u l e s  i n  t h e  e x c i t e d  s t a t e  i.
I t  c a n  b e  s e e n  f r o m  e q  4  t h a t ,  a t  h i g h e r  p r e s s u r e s ,  

t h e  r a t i o  o f  r a t e  c o n s t a n t s  f o r  d i f f e r e n t  g a s e s  d o e s  n o t  

n e c e s s a r i l y  h a v e  a  s i m p l e  i n t e r p r e t a t i o n .  I t  i s  o n l y  

a t  t h e  l o w - p r e s s u r e  l i m i t  t h a t  t h e  r e l a t i v e  v a l u e s  o f  

r a t e  c o n s t a n t s  f o r  d i f f e r e n t  f o r e i g n  g a s e s  d i r e c t l y  g i v e  

t h e  r e l a t i v e  v a l u e s  o f  t h e  a c t i v a t i n g  e f f i c i e n c i e s  o f  t h e s e  

g a s e s .  T h e  s i m p l e s t  c o n d i t i o n  a r i s e s  i f  t h e  r e l a t i v e  

e f f i c i e n c i e s  o f  i n e r t  g a s e s  a r e  m e a s u r e d  i n  l a r g e  e x c e s s  

o v e r  t h e  r e a c t a n t  c o n c e n t r a t i o n ,  a n d  a l s o  i f  t h e  i n e r t  

g a s  p r e s s u r e  a p p r o a c h s  z e r o ;  b o t h  s i m p l i f i c a t i o n s  t o 

g e t h e r  a r e  i m p r a c t i c a b l e .

T h e  r e a c t i o n  o r d e r  b e c o m e s  s e c o n d  a t  z e r o  p r e s s u r e  

i n  t h e  L i n d e m a n n  m e c h a n i s m  b u t ,  e x p e r i m e n t a l l y ,  

t h e  o r d e r  i s  a l w a y s  s o m e w h a t  l e s s  t h a n  2 .  H o w e v e r ,  

i f  f u n c t i o n a l  p l o t s  o f  k vs. Cm s h o w  l i t t l e  o r  n o  c u r v a 

t u r e ,  t h e n  i t  m a y  b e  i n f e r r e d  t h a t  e q  2  i s  s u b s t a n t i a l l y  

o b e y e d .  T h e  p l o t  o f  t h e  p r e s e n t  m e t h y l  i s o c y a n i d e  

d a t a  i n  F i g u r e  1 i s  a  l i n e  o f  s l o p e  0 . 9 6  ±  0 . 0 2 ,  s o  t h a t  

t h e  r e a c t i o n  i s  a l m o s t  i n  t h e  s e c o n d - o r d e r  r e g i o n .

Figure 2. Low-pressure plot of k vs. pressure for 
methyl isocyanide at 280.5°.

F r o m  t h e  m o r e  s e n s i t i v e  p l o t  o f  k vs. p, w h i c h  s h o w s  

l i t t l e  c u r v a t u r e ,  o n e  f i n d s  ( F i g u r e  2 )  t h a t  t h e  s l o p e  

s c a r c e l y  d e c l i n e s  o v e r  t h e  r a n g e  1 0 - 2  t o  0 . 4  m m ,  t h e  

h i g h e s t  e f f e c t i v e  p r e s s u r e  u s e d  i n  t h i s  s t u d y .  T h u s  

o u r  d a t a  w e r e  t a k e n  i n  a  r e g i o n  a t  o r  n e a r  t h e  s e c o n d -  

o r d e r  r e g i o n .

F u r t h e r  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  g i v e n  b y  a  

p l o t  o f  t h e  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 ,  E &, o b t a i n e d  

i n  I ,  a g a i n s t  l o g  ( p r e s s u r e ) ,  a s  s h o w n  i n  F i g u r e  3 .  I t  

c a n  b e  s e e n  t h a t  E & d o e s  n o t  b e g i n  t o  i n c r e a s e  u n t i l  a  

p r e s s u r e  o f  a t  l e a s t  5  m m .  S i n c e  t h e  p r e s e n t  t o t a l  

e f f e c t i v e  p r e s s u r e  w a s  a l w a y s  l e s s  t h a n  0 . 4  m m ,  t h e  

e n e r g y  d i s t r i b u t i o n  o f  t h e  r e a c t i n g  m o l e c u l e s  w a s  s u b 

s t a n t i a l l y  c l o s e  t o  t h e  l o w - p r e s s u r e  l i m i t i n g  d i s t r i b u 

t i o n .

R R K M  Description of the Isomerization of Methyl 
Isocyanide. I n  F i g u r e  4 ,  a  p l o t  o f  f a l l o f f ,  l o g  (k/ka) 
vs. l o g  ( p r e s s u r e ) ,  i s  g i v e n  f o r  t h e  l o w - p r e s s u r e  r e g i o n ,  

i n c l u d i n g  e a r l i e r  d a t a  f r o m  I  a t  v a r i o u s  t e m p e r a t u r e s .  

A  r e c a l c u l a t i o n  o f  t h e  f a l l o f f  o f  C H 3N C  h a s  b e e n  c a r r i e d  

o u t  o n  t h e  R R K M  b a s i s .  T h e  o r i g i n a l  c a l c u l a t i o n  i n  

I  a t  2 3 0 °  w a s  b a s e d  o n  t h e  f r e q u e n c y  a s s i g n m e n t  o f  

P i l l a i  a n d  C l e v e l a n d . 81 S u b s e q u e n t  r e s u l t s  i n  I I 27 

f o r  C D 3N C  w e r e  t r e a t e d  o n  t h e  b a s i s  o f  t h e  f r e q u e n c y  

a s s i g n m e n t  f o r  t h i s  m o l e c u l e  w h i c h  h a d  b e e n  g i v e n  i n  

t h e  i n t e r i m  b y  M o t t e r n  a n d  F l e t c h e r . 82 T h e  r a t h e r  

h e a v y  c a l c u l a t i o n s  i n  I  f o r  C H SN C  w e r e  n o t  r e d o n e  a t  

t h a t  t i m e ,  a l t h o u g h  t h e  p r o d u c t  r u l e  r a t i o  f o r  t h e  

h e a v y  a n d  l i g h t  m o l e c u l e s  a n d  a c t i v a t e d  c o m p l e x e s  31 32

(31) M . E . K . P illa i and  F . F . C leveland , J. M ol. S pectry., S, 212 
(1960).
(32) J. G . M o tte rn  and  W . H . F letcher, Spectrochim . A cta , 18, 995 
(1962).
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Conclusion

A method for quantitative estimation of the contri
butions of dispersion, induction, and orientation ener
gies to cohesion in polar organic liquids has been pro
posed and illustrated with the methyl n-alkyl ketones. 
Dispersion always predominates, with induction in a 
minor, but constant, role. Orientation rapidly loses 
significance as the hydrocarbon side chain is increased.

Induction energy is more important than is generally 
appreciated, contributing 5 -1 0 %  to the total cohesion 
of the higher, “mostly nonpolar” 2-ketones.

Acknowledgment. W e acknowledge many stimulat
ing discussions with Dr. Myer Rosenfeld and thank the 
Director of the U. S. Army Coating & Chemical Labora
tory for permission to publish this work.

Infrared Study of Adsorption of Carbon Dioxide, Hydrogen Chloride, and 

Other Molecules on "Acid”  Sites on Dry Silica-Alumina and 7-Alumina1

by J. B . Peri

Research and Developm ent Departm ent, A m erican  Oil C om pany, W hiting, Ind iana  (.Received M a y  8, 1966)

The adsorption of various molecules on specially prepared transparent plates of dry, high- 
area silica-alumina and 7 -alumina was studied by infrared and gravimetric techniques. 
Carbon dioxide was selectively and reversibly adsorbed on a few so-called “ acid” sites on 
both silica-alumina and 7 -alumina, producing an infrared band near 2375 cm- 1  for the 
former and near 2370 cm-1  for the latter. Use of adsorbed CO2 as an indicator allowed 
titration of these sites, tentatively named “ a sites,” with other adsorbates which dis
placed carbon dioxide. The a sites on silica-alumina selectively adsorbed carbon dioxide, 
acetylene, butene, benzene, and hydrogen chloride. They also strongly adsorbed am
monia and water, but these adsorbates were also held by many other sites. Their reaction 
with hydrogen chloride produced hydroxyl groups. Their surface concentration fell in 
the range 3-9  X  1012/c m 2. Similar sites on 7-alumina predried at 800° had a surface 
concentration of about 5 X  1012/c m 2. The a sites are apparently formed by condensation 
of A l-O H  groups during dehydration of the surface. They contain a reactive oxide ion 
(or ions) in close proximity to an exposed aluminum ion. Their role in catalysis is not 
yet clear.

Introduction

Although the important “ acidic oxide” catalysts have 
been studied intensively for many years, little is known 
about the surface sites responsible for their activity.2’3 
Active sites are usually thought to be acidic, but the 
exact nature of the acidity remains controversial.3’4 

Numerous attempts have been made to measure and 
characterize the acidity by adsorption of N H 8, butyl-

amine, or other bases, often using organic indicators. 
While such methods show wide variations among sites 
on a given catalyst and among distributions of sites on

(1 ) P resented  in  p art at 145th N ational M eetin g  o f th e  A m erican  
C hem ica l S ocie ty , N ew  Y o rk , N . Y .,  Sept 1963.
(2) L . B . R y la n d , M . W . T am ele , and J. N . W ilson , “ C a ta ly s is ,”
V o i. 7 , P . H . E m m ett, E d ., R ein h old  P ublish ing  C o rp ., N e w  Y o rk ,
N . Y .,  I960.
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different catalysts, the results usually correlate poorly 
with catalytic properties, particularly when different 
types of catalysts are compared.

Silica-alumina cracking catalysts represent a wide 
range of compositions but usually exhibit similar cata
lytic properties. 7-Alumina also develops cracking 
activity after it has been dried above 400°, but it is 
very easily poisoned by H20 .3 4 5 Although these cata
lysts must differ considerably in surface structure, there 
is reason to expect that the active sites have common 
structural features which can be demonstrated and 
identified.

Only a small fraction of the acid sites on the surface of 
silica-alumina catalysts are active for cracking,6 7 and 
even these may be atypical. Special sites which may 
be catalytically important appear to exist at surface 
concentrations of 1013 sites/cm2 or less,6,7 although this 
has been questioned.4

Infrared studies of 7-alumina,8’9 silica,10’11 and silica- 
alumina12 have provided some information about the 
surface structure of these oxides, but many ques
tions remain. Infrared studies of NH3 adsorbed on 
dry 7-alumina13 and silica-alumina,14 15’16 of C 02 on 
silica16 and alumina,17 of butene on alumina18 and silica- 
alumina,19 and of acetylene on alumina20 and silica- 
alumina19 have also been reported.

Because a better understanding of the nature of the 
active sites on acidic oxides is greatly needed, further 
infrared study of silica-alumina and dry 7-alumina was 
undertaken using various adsorbed molecules as 
“ probes” to identify and characterize adsorption sites. 
To facilitate study of molecules covering less than 1% 
of the surface, the oxides were prepared in the form of 
transparent aerogel plates.

Experimental Section

Most of the cells, equipment, and procedures have 
been described.8’18 Perkin-Elmer Model 12C and 112 
spectrometers (equipped with CaF2 and LiF prisms) 
were supplemented with a Beckman IR-9 (prism-grat
ing) spectrometer. The cell most frequently used (cell 
C18) permitted sample weight changes and spectral 
changes to be measured concurrently. In experiments 
involving reaction of A1C13 vapor with silica, the special 
cell shown in Figure 1 was used. It is entirely of glass 
and fused quartz. Connections to the cell (numbered 
in Figure 1) were sealed off as will be described.

The preparations of 7-alumina9 and silica11 aerogel 
plates have been described, as have the sources and 
purification of NH3, HC1, C 02, 1-butene, D2, and 
D20 .8’18’19 Acetylene was prepared from calcium car
bide and dried with I\05. All other chemicals were

commercial materials of high purity and were usually 
dried with P2C>5.

Preparation and Properties of Silica-Alumina Aero
gels. Silica-alumina aerogel plates were prepared both 
by reaction of “ dry”  silica with AICI3 vapor (followed 
by hydrolysis and redrying) and by reaction of silica 
hydrogel with solutions of AICI3 or A1(N03)3 to which 
NH4OH had been added (followed by established pro
cedures for converting the hydrogel to a transparent 
aerogel).19 Because the surface characteristics as weli 
as the optical and mechanical properties of aerogel 
plates may be influenced by the method of preparation, 
preparative procedures are given in detail.

Samples SAV-1 and SAV-2 were made from the same 
batch of silica aerogel plates, whose original surface 
area (after calcination in 0 2 and drying by evacuation 
for 2 hr at 600°) was 785 m2/g  as measured by N2 ad
sorption. Evacuation for 1 hr at 800°, rehydration 
for 8 hr at 100° in 15 torr of H20  vapor, and subsequent 
evacuation for 1 hr at 600° and 1 hr at 800° reduced 
this to 750 m2/g.

The AICI3 was purified by repeated sublimation under 
vacuum and sealed off in tube A (shown in Figure 1). 
A silica aerogel plate was placed in a quartz holder in 
tube B and was then calcined in 200 torr of 0 2 at 600° 
for 1 hr and dried by evacuation at either 600° (SAY-1) 
or 800° (SAY-2) for 1 hr. The cell was sealed off at 1 
(Figure 1), and the break-seal between tubes A and B

(3) K. V. Topchieva, G. M . Panchenkov, M. A. Kaliko, A. V. Aga
fonov, L. I. Pigusova, N. M. Kamakin, and Ya. V. Mirsky, Proceed
ings of the Fifth World Petroleum Congress, Section III, New York, 
N. Y ., 1959, p 133.
(4) A. E. Hirschler and J. O. Hudson, J. Catalysis, 3 , 239 (1964).
(5) W . K. Hall, F. E. Lutinski, and H. R. Gerberich, ibid., 3, 512 
(1964).
(6) G. A. Mills, E. R. Boedeker, and A. G. Oblad, J. Am. Chem. Soc., 
72, 1554 (1950).
(7) H. P. Leftin and W . K. Hall, Actes Congr. Intern. Catalyse, 
Paris, 1960, 1, 1353 (1961).
(8) J. B. Peri and R. B. Hannan, J. Phys. Chem., 64, 1526 (1960).
(9) J. B. Peri, ibid., 69, 211 (1965).
(10) R. S. McDonald, ibid., 62, 1168 (1958).
(11) J. B. Peri, ibid., in press.
(12) M. R. Basila, ibid., 66, 2223 (1962).
(13) J. B. Peri, ibid., 69, 220 (1965).
(14) J. E. Mapes and R. P. Eischens, ibid., 58, 1059 (1954).
(15) D. E. Nicholson, Nature, 186, 630 (1960).
(16) R. P. Eischens and W . A. Pliskin, Advan. Catalysis, 9, 662 
(1957).
(17) N. D . Parkyns, “ Third Congress on Catalysis,” Vol. II, North- 
Holland Publishing Co., Amsterdam, 1965, p 914.
(18) J. B. Peri, Actes Congr. Intern. Catalyse, Se, Paris, 1, 1353 
(1961).
(19) J. B. Peri, “Third Congress on Catalysis,” Vol. II, North- 
HoUand Publishing Co., Amsterdam, 1965, p 1100.
(20) D. J. C. Yates and P. J. Lucchesi, J. Chem. Phys., 35, 243 
(1961).
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was opened. Then the A1C13 was sublimed back and 
forth between A and C through the heated (600°) cell 
until spectra showed that all OH groups had been re
moved from the silica surface. The evolved HC1 was 
collected and sealed off in C for later measurement. 
All glass external to the furnace was flamed to drive 
excess AICI3 back into A (cooled with liquid N2) which 
was then sealed off. The cell was again connected to 
the vacuum system through a break-seal, and hydrolysis 
was carried out by repeated admission of small doses of 
H20  vapor at 100°, with intervening heating a,i 400 to 
600° to desorb HC1 +  H20. The evolved HC1 was 
collected and dried with P2O5 before subsequent meas
urement.

Data obtained in preparation of the two SAV samples 
are shown in Table I. Analyses for A120 3 were ob
tained on final samples. The calculated per cent A I 2O 3 

for SAV-1 assumes that each A I C I 3 molecule reacted 
with two OH groups. The higher value “ found” indi
cates that some 1:1 reaction occurred.

Table I : Data from Preparation of SAV Aerogels

HC1 recovered, cm 3 (STP)

Sample

From
initial
A id s

reaction
On

hydrolysis
%  AI2O3 on 
Calcd

final gel 
Found

SAV-1 8 . 6 Estd '~4.3 (8.9) 9 .5
SAV-2 4.6 5 .9 6.3 6 . 2

The final samples were too small to permit chloride 
analyses, but analyses of similar preparations indicated 
that very little chloride was left after hydrolysis. In 
preparation of SAV-1, some of the HC1 evolved on 
hydrolysis was accidentally lost, preventing independent 
check on chloride retention, but the amount of HC1 
recovered in preparation of SAV-2 was in agreement 
with that expected from removal of all chloride.

Surface areas were not determined directly for SAV-1 
and SAV-2. The areas were assumed to be the same 
as those determined after similar treatment, except 
for A I C I 3 reaction, for the silica aerogel (SAV-1, 780 
m2/g ; SAV-2, 750 m2/g). Surface areas obtained for 
other preparations of silica-alumina made by similar 
procedures support this assumption. Dry weights for 
the silica plates used in preparation of SAV samples 
were SAV-1, 0.110 g, and SAV-2, 0.113 g.

The SAA samples were prepared from silica hydrogel 
plates that were repeatedly washed in distilled H20  
and then equilibrated with solutions of A1C13 (SAA-1 
and -2) or A1(N03)3 (SAA-3) which either had been

Figure 1. Cell used in studying reaction of AICI3 with surface 
OH groups: a, Pyrex-to-quartz graded seal; b, thermowell; 
c, furnace; d, cell body of 1 -in. square fused-quartz 
tubing; e, aerogel plate.

(SAA-2 and -3) or were subsequently (SAA-1) titrated 
with N H 4O H  solution to a final pH of ~3.5. Final 
solutions were clear. After equilibration for several 
days, the gel was heated in the solution for 6 hr at 100° 
in an autoclave. During the following week, it was 
washed six to eight times with H20  and four or five times 
with methanol, which was then removed above its 
critical temperature in an autoclave. The final plates 
were almost as transparent as typical silica aerogel 
plates. The dry weights of the plates studied were
0.21 ±  0.01 g.

Differences in pH, concentration of solutions, and 
other variables gave gels having the compositions and 
surface areas listed in Table II.

A commercial silica-alumina (Nalco HA-1), contain
ing 26% A120 3 and having a surface area of 495 m2/g, 
was also studied briefly. It was pressed at 12,000 psi 
into a thin (^28 mg/cm2) self-supporting wafer for 
infrared study with the Beckman IR-9.

After drying at 600° or higher, all silica-alumina 
catalysts were active for butene isomerization and 
polymerization, and there is little doubt that the aero-
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Table III: Collision and Intermolecular Parameters for Various Gases

Molecule <7, A “ t/k, “ K " VAM, A «AMA, ° K D.« kT/t ah SAM, A « a a V s a m *

c h 3n c 4.476 3806 4.47 3.83 1.330 5.15 1 . 0 0
He 2.56 1 0 . 2 3.52 62 0.839 3.22 2.56
Ne 2.79 36 3.63 117 0.937 3.51 2.15
Ar 3.42 124 3.95 217 1.087 4.12 1.57
Kr 3.61 190 4.04 268 1.162 4.36 1.40
Xe 4.06 229 4.27 296 1.204 4.69 1 . 2 1

h 2 2.93 37 3.70 117 0.937 3.58 2.07
n 2 3.68 92 4.08 186 1.042 4.17 1.53
C02 4.00 190 4.24 268 1.162 4.57 1.27
c h 4 3.80 144 4.14 234 1.113 4.37 1.39
c d 3f 4.10" 2 0 0 ” 4.29 276 1.174 4.65

3.73d 333d 4.10 356 1.81 1.295 4.67 1 . 2 2
c h f 3 4.38” 254” 4.43 311 1.63 1.226 4.90 1 . 1 0
c f 4 4.70 153 4.59 242 1.124 4.86 1 . 1 2

4.70” 179” 4.59 260 1.151 4.92 1.09
c 2h 6/ 4.42 230 4.45 296 1.204 4.88 1 . 1 1

HCN1' 3.93" 320 4.20 348.7 2.95 1.282 4.75 1.17
CF-jCN6 4.80 300 4.64 337.7 2 . 1 ' ' 1.267 5.22 0.973
C A C N 6 5.00 400 4.74 389.8 4.04 1.345 5.50 0.879
CsHiCN6 5.50 400 4.98 389.8 4.07 1.345 5.78 0.796
CH3CCH’ 4.60 250 4.54 308.2 0.75 1 . 2 2 1 5.02 1.06
C2H6CCHj 5.20 300 4.84 337.7 0.81 1.267 5.45 0.895

“ All values are from ref 35 unless otherwise specified and are derived from viscosity data where possible. b From ref 34; See text for 
discussion of this quantity. ” See ref 7a. d J. L. Stretton, Trans. Faraday Soc., 61, 1053 (1965); G. A. Miller and R. B. Bernstein, 
J. Phys. Chem., 63, 710 (1959). * R. R. Boade and S. Legvold, J. Chem. Phys., 42, 569 (1965); values derived from a Lennard-Jones 
7-28 potential. f Data from I—approximate value only. ° <r(HCN) was calculated from viscosity data, 35 assuming a spherical mole
cule. In view of the similarity of HCN to H20  where the values of «/fc vary widely according to the method of calculation, 36 the esti
mated value of e/k of 320 for HCN must only be regarded as a reasonable estimate; the HCl-alkylhalide series behavior“' is com
parable. h Values of a and e/k for the higher nitriles were interpolated from the alkyl chloride and alcohol series listed by Mason. 36 
‘ Calculated value. ’ Parameters for the higher acetylenes were interpolated from the corresponding hydrocarbon values36 and are 
merely reasonable estimates.

cross sections for the energy transfer process under 
consideration here.

Nonpolar Gases. The collision cross sections and 
their temperature dependence were obtained from 
transport properties with the use of the 6-12 Lennard- 
Jones potential, V(r) = 4e[(<r/r)12 — (<r/r)6]. The 
usual combining rules were employed for the force 
constants

<TAM =  (<7A +  <Tm ) / 2 ;  Ca m  —  ( « A « m )  ' *

The temperature-dependent collision diameter, Sam2 = 
o'a m 2&<2,2)* , was evaluated from the integrals G<2,2)* 
(kT/ta m )  which are tabulated36 as a function of the 
reduced temperature, T* =  kT/  «am- Collision cross 
sections at the reaction temperature 280° were used to 
calculate flc. The results are tabulated in Table III.

An alternative approach to the temperature variation 
of cross section has been made by Rowlinson,37 who 
derived a potential-dependent expression for molecules 
which approach to a distance, d, or less; d is the maxi
mum intemuclear distance which is to be counted as a

collision. For d =  a, the collision number is just the 
rate of collisions of hypothetical spheres of this diameter 
and is proportional to T'1'1. For d =  rm (where rm = 
21/scr, and F(rm) = «, the depth of the potential well 
defined by a Lennard-Jones function) an expression is 
obtained which is the analog of the Sutherland 
equation for a hard sphere with an attractive potential. 
The collision number is increased not only by a factor 
of (rm/V )2 over Zĥ d sphere, but also by a temperature- 
dependent factor (1 +  e/kT). Depending on the im
portance of the attractive or repulsive part of the 
potential for energy exchange, the collision cross section 
should be defined accordingly. The attractive part is 
important for the duration of a collision, the repulsive 
part for the perturbation of the internal states brought 
about by a collision. The use of Sam considers both 
features.

Polar Inert Gases. For polar gases, the interaction 
potential is angular dependent. The most successful

(37) J. S. Rowlinson, Mol. Phys., 4, 317 (1961).
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Table IV : Measured Collision Efficiencies for Various Gases

kma X 10«,
Molecule mm- 1  sec-1 Pp G am/ juaa) 1/ 2 ft* Pc

c h 3n c 96.0 ( 1 .0 0 ) 1 . 0 0 ( 1 .0 0 ) ( 1 .0 0 )
He 1 2 . 0 0.125 0.422 0.055 0.14
Ne 9.06 0.094 0.813 0.076 0.16
Ar 1 0 . 6 0 . 1 1 0 0.993 0 . 1 1 0.17
Kr 10.5 0.109 0.158 0.13 0.18
Xe 9.50 0.099 1.234 0 . 1 2 0.15
h 2 23.4 0.244 0.306 0.074 0.15
n 2 16.4 0.171 0.900 0.15 0.24
C02 44.3 0.462 1.017 0.47 0.60
c h 4 32.7 0.341 0.749 0.26 0.35
c d 3f 37.3 0.389 0.974 0.38 0.46
c h f 3 40.4 0.421 1.123 0.47 0.52
c f 4 27.7 0.289 1.168 0.34 0.38
C2H6i? ~ 0 . 6
HCN 50.6 0.527 0.861 0.45 0.53
C2H5CN 67.5 0.703 1.07 0.75 0 . 6 6
n-C3H7CN 89.9 0.937 1 . 1 2 1.05 0.84
CF3CN 42.2 0.440 1.181 0.52 0.51
c h 3c c h 46.5 0.484 0.994 0.48 0.51
c 2h 6c c h 65.0 0.685 1.064 0.73 0 . 6 6

“ Data from I.26

potential for polar gases is that of Stockmayer (the 
12-6-3 potential)

V ( r )
¿Fa/FmC

where /Fa and / i ' m  are the dipole moments of the two 
interacting molecules and the angular dependent factor 
is f  =  2 cos 6a cos 9u — sin 6a sin 6m cos </>. In the 
limit, as / i ' a  or / i ' m  - * ■  0, the 12-6 potential is recovered.

Hirschfelder, et al.,zi and Rowlinson38 have used 
second virial coefficient data to calculate a  and e / k  

from the polar potential, but the values obtained some
times show great inconsistency when examined in 
homologous or related series of molecules, as compared 
with values obtained from the 12-6 potential. These 
discrepancies have been considered by Monchick and 
Mason,36 who have calculated the potential parameters 
a  and e / k  for a series of molecules from experimental 
viscosity coefficients with the 12-6-3 potential. The 
values so obtained proved to be fairly consistent with 
those derived from the 12-6 potential. Their a 
parameters show reasonable trends in homologous 
series and correspond fairly closely (±0 .1  A) to those 
obtained from the nonpolar potential. The parameters 
deduced from second virial coefficients are very sensitive 
to dipolar forces, indicating that the point dipole model 
used may be too artificial. These authors conclude 
that viscosity-derived parameters should be given 
preference. On this basis, only slight differences arise

between polar and nonpolar molecules of related struc
ture, e.g., CF3H and CF4. They have tabulated ac
curate values of the collision integrals 0 (2’2)* calculated 
from the 12-6-3 potential, for a range of values of the 
angle-dependent function, including zero.

The value of a for CH3CN calculated by Rowlinson38 
from virial coefficient data, using /t' =  3.5 D., is given 
as 4.02 A; a recalculation39 using the accepted value40 
of n' =  3.92 D. yields a value of a =  4.42 A.

Using the same method as Rowlinson with the virial 
coefficient data of CH3CN, <t(CH3NC) is calculated to 
be 4.33 A with use of /¿' =  3.83 D. ; also e/k is found to 
be 310°K.

However, for continuity with earlier work and in line 
with the above discussion, the value of o-(CH3CN) =
4.47 A (e/k =  380°K), as calculated from viscosity 
measurements and the 12-6 potential by Craven and 
Lambert,34 was also used for CH3NC and for the cal
culation of Sam values at 280° for methyl isocyanide- 
inert gas pairs.

In cases where viscosity data were not available for 
polar molecules to allow calculation of the potential 
parameters by the method of Monchick and Mason,36 
and because the parameters derived by the 12-6-3

(38) J. S. Rowlinson, Trans. Faraday Soc., 45, 972 (1949).
(39) See ref 35, following the method on p 215.
(40) A. L. McClellan, “ Experimental Dipole Moments,” W . H. 
Freeman and Co., San Francisco, Calif., 1963.
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WAVENUMBER (C M -1 )

Figure 4. Spectra of CO2 adsorbed on silica-alumina. A. SAA-1: a, after drying at 600°; b, after CO2 addition, P =  30 torr; 
c, 19.0 torr; d, 9.8 torr; e, 2.5 torr; f, 4.4 X 10- 2  torr; g, 1.0 X 10~ 2 torr; h, 3.5 X 10- 3  torr. B. SAA-3: a, after drying 
at 800°; b, after C 0 2 addition, P = 4.2 torr; c, 0.2 torr; d, 1.0 X 10- 2  torr; e, 5.0 X 10~ 4 torr (12C spectrometer,
LiF prism).

Figure 5. Adsorption of CO2 on silica aerogel and on 
silica-aluminas (~35°): a, on silica aerogel; b, on SAA-1; 
c, on SAA-3; d, difference between adsorption on silica and 
on SAA-1 ( = b — a); e, difference between adsorption 
on silica and on SAA-3 ( = c — a); f, adsorption 
on SAA-1 after chemisorption of HC1.

dashed curves (~ 5  X 1012/cm 2 for SAA-1 and ~ 1 6  X 
1012/cm 2 for SAA-3). The existence of an upper limit 
for the concentration of these sites was also established

by blocking them with adsorbates held more strongly 
than C 02, as will be shown. For SAA-1 the “ net”  
adsorption approximates a Langmuir isotherm for a 
surface containing about 5 X 1012 sites/cm2. The 
plot of P /weight adsorbed vs. P does not give a straight 
line, however, being instead concave downward, par
ticularly at lower pressures. Similar curvature was 
obtained by plotting P /absorbance vs. P using intensi
ties of the 2375-cm-1 band at pressures between 2 torr 
and 3.5 X 10-3 torr. The adsorption sites thus ap
parently vary in strength as also indicated by the shift 
in frequency of the 2375-cm-1 band as surface coverage 
decreased. The heat of adsorption of C 02 at low cover
age on these sites was estimated as roughly 15 kcal/mole 
from spectra and pressure measurements at 40, 80, and 
120° (using the Clausius-Clapeyron equation). The 
sites on which C 02 giving a band in the 2360-2380-cm_1 
region is held will be called a sites.

Adsorption of HCl. On all of the silica-aluminas, 
some HCl was chemisorbed to form new OH groups. 
This was evidenced either by a marked increase in the 
H-bonded “ tail”  below the isolated OH band at 3750 
cm-1 or by a distinct band near 3610 cm-1, as shown in 
Figure 6. The intensity of the 3750-cm_1 band was 
not reduced. When DC1 was added, a new OD band 
was produced near 2660 cm-1.

Chemisorption was rapid at room temperature but

Volum e 70, N um ber 10 October 1966



3174 J. B. Peri

WAVENUMBER (CM-1)
Figure 6 . Hydroxyl bands on SAA-3: a, after drying at 800°; 
b, after subsequent chemisorption of HC1 (12C 
spectrometer, LiF prism).

not extensive even with large additions of HC1. The 
extent varied with silica-alumina sample, with pre
drying temperature, and with contact time but after 
short contact was usually less than 2 X 1013 molecules/ 
cm2.

Chemisorption of HC1 completely blocked subsequent 
adsorption of C 02 on a sites. Following the experi
ments on C 02 adsorption, SAA-1 was redried under 
vacuum at 600° (1 hr) and exposed to about 3 torr of 
C 02 at room temperature. No major change was 
noted in the number of a sites. After a 15-min evacua
tion to remove adsorbed C 02, a small dose (0.48 cm3 
(STP)) of HC1 was admitted to the cell, and it was 
adsorbed almost completely. After evacuation for 5 
min, 83% of the HC1 remained on the aerogel. When 
C 02 was then added as before, the spectrum, shown in 
Figure 7, indicated only a small fraction of the original 
C 02 adsorption. The adsorbed C 02 was again removed 
by evacuation and a large dose (5.35 cm3 (STP)) of 
HC1 was admitted. This addition increased retention 
of HC1 after 5 min evacuation by 33%. When C 02 
was then admitted at 12 torr, none was adsorbed on the 
a sites. Maximum chemisorption of HC1 was 1.1 X 
1013 molecules/cm2. The number of a sites was evi
dently somewhat lower than this; from the extent of 
site-blocking by the first addition of HC1, the maximum 
was estimated as 9 X 1012/cm 2. After reevacuation at

WAVENUMBER (.CM-1)

Figure 7. Spectra showing effect on C 0 2 adsorption of prior 
chemisorption of HC1: a, SAA-1 dried at 600°; b, after 
addition of C02 (~ 3  torr); c, after evacuation, adsorption 
of 0.4 cm3 (STP) of HC1, and readdition of C 0 2 (~ 3  torr); 
d, after evacuation, further adsorption of HC1, and 
readdition of C 0 2 (12 torr) (12C spectrometer, LiF prism).

600°, the plate was exposed to 5 torr of HC1 for 15 min. 
Permanent retention of HC1 in this instance was nearly
1.6 X 1013 molecules/cm2. Thus after the rapid and 
fairly selective blocking of the a sites, HC1 continued 
to chemisorb, but more slowly.

For comparison, SAA-3 (predried at 800°) was later 
slowly titrated with just enough HC1 to displace the 
C 02 held after a 5-min evacuation. The apparent 
number of a sites was 2.6 X 1013/cm 2.

Blocking of a Sites by NH3 or H20. Compared with 
HC1, two to four times as many molecules of NH3 were 
required to block the a sites for subsequent adsorption 
of C 02. This was partly caused by slow rearrangement 
of adsorbed NH3 on the surface. Equilibration over
night at room temperature or heating to 200° and slow 
cooling somewhat decreased the amount of NH3 re
quired. Equilibration for 0.5 hr at room temperature 
was, however, normally allowed.

Figure 8 illustrates data obtained on SAA-1. As 
shown in curve d, the complete adsorption of 1.0 cm3 
(STP) of NH3 failed to block C 02 adsorption completely 
after 0.5-hr equilibration. After 16 hr, however, C 02 
was no longer adsorbed. The NH3 added corresponded 
to 2.0 X 1013 molecules/cm2. Over three times this 
amount was retained after the sample had been ex
posed to 50 torr of NH3 followed by evacuation for 0.5 
hr at room temperature.
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data with the turbidity. Howrever, for reasons which 
are discussed below, it was not possible to do this.

Experimental Section

Materials. Several commercial samples of TSA were 
used (Fisher Certified reagent, Baker and Adamson 
reagent). These were purified by repeated extractions 
of the acid from aqueous solution with ether and hy
drochloric acid, as described elsewhere.9 For the Baker 
and Adamson acid, the purification did not affect the 
results, whereas Fisher samples, with one exception, 
had to be purified before reproducible results could be 
obtained. Most of the experiments were performed 
with the Fisher sample that was not influenced by the 
purification. The solutions of the purified samples 
were colorless and clear even at concentrations ap
proaching saturation (about 2.3 g/ml). Other chemi
cals were of the highest grade and were used as re
ceived. The doubly distilled water was obtained 
from an all-Pyrex still.

Preparation of Solutions. The procedure described 
previously4 was followed except that the dilutions of the 
ternary solutions for light scattering measurements 
were carried out by the addition of clarified NaCl solu
tion directly into the light scattering cell. The initial 
stock solution also contained the same concentration 
of sodium chloride so that this quantity remained con
stant in the course of a series of dilutions. The con
centration of the diluted solutions was then determined 
by weight. This concentration was checked at fre
quent intervals, usually every third dilution, by re- 
fractometry. The concentration of the stock solution 
was determined in the same way from the known value 
of the refractive index increment. The diluted solu
tions prepared in this manner were refiltered whenever 
necessary. The more dilute ternary solutions were 
clarified after every addition of NaCl solution. The 
dilutions were prepared from several stock solutions of 
different initial concentration of TSA, so that a great 
deal of overlapping data at close intervals was assured.

Solutions were clarified by repeated filtration directly 
into the cell through Millipore filters under slight nitro
gen pressure. Filters of 220- and 450-m/u porosity were 
used simultaneously. All solutions were carefully inspec
ted visually in a strong beam of light at low angles. The 
cell was tightly covered with several layers of Parafilm.

Light Scattering and Refractive Index Measurements. 
Essentially, technique A of the previous paper4 was 
utilized. This technique, with small modifications, was 
critically tested recently in the determination of the 
Rayleigh ratio and depolarization of such weakly 
scattering liquids as water and CCh,11 and the deter
mination of the absolute angular intensities of mono

disperse Dow polystyrene latexes.12 13 14 15 The standard 1.2- 
cm slit system, defining the incident beam of a Brice- 
Phoenix light scattering photometer, and a Pyrex 2.4- 
cm square cell or a 4.0-cm semioctagonal cell were used. 
The instrument was calibrated at frequent intervals 
using the standard opal diffusors supplied by the manu
facturer. The reliability of this calibration procedure 
for obtaining absolute scattering intensities has been 
recently discussed in detail.13,14 Changes in the cali
bration constant between determinations were small, 
usually less than 1%. Polarization measurements 
were made using Glan-Thompson prisms.

Refractive index measurements w'ere obtained at 
25° with a Brice-Phoenix differential refractometer, 
as described earlier.4

Vapor Pressure Measurements. Vapor pressure 
measurements were obtained with a Mechrolab Model 
301A vapor pressure osmometer at 25°. The tempera
ture was controlled by the thermostating unit supplied 
by the Mechrolab Co. A water-cooled metal jacket 
surrounded the chamber block of the instrument. It 
was found that a temperature difference of at least 3° 
between the working temperature (25°) and the sur
roundings was needed in order to assure proper ther
mostating. The instrument was calibrated with aque
ous NaCl solutions. A plot of the resistance change, 
AR, against the activity of water for these solutions 
was made, using the values given by Robinson and 
Stokes.16 The calibration curve did not change over a 
period of 9 months. The calibration curve of activity of 
water vs. AR was made from 65 determinations of AR 
on 12 different solutions of NaCl. The data could be 
represented by the linear equation aw =  —0.3660 X 
10~3AI2 +  0.9999. The standard deviations of the 
slope and intercept were 1.38 X 10-6 and ±0.95 X 
10-4, respectively. The standard deviation of the fit 
was 3.50 X 10~4.

Since AR varies with time, it was necessary to choose 
an optimum time for taking the readings. The crite
rion chosen was the time at which the change of AR for 
the NaCl solutions was the slowest. This was found 
to be 10 min after the solution was placed on the 
thermistor bead, and all readings were taken at this time. 
In order to check the consistency of the method, a 
calibration curve was also prepared for a time of 5 min.

(11) J. P. Kratohvil, M . Kerker, and L. E. Oppenheimer, J . Chem . 
P h ys ., 43, 914 (1965).
(12) J. P. Kratohvil and C. Smart, J . Colloid Sei., 20, 875 (1965).
(13) J. P. Kratohvil, Gj. Dezelic, M . Kerker, and E. Matijevi6, 
J. P olym er Sei., 57, 59 (1962).
(14) J. P. Kratohvil, A n a l. Chem., 36, 458R (1964).
(15) R. A. Robinson and R. H. Stokes, “ Electrolyte Solutions,”
Butterworth and Co. Ltd., London, 1959.
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Figure 9. Spectra-recorded during preparation of SAV-1: 
a, silica predried at 600°; b, all OH groups removed by 
reaction with A1CL; c, after hydrolysis and redrying 
at 600° following b; d, after final drying at 800° (12C 
spectrometer, LiF prism).

Further Evidence on the Genesis and Nature of a Sites 
on Silica-Alumina. Typical spectra recorded during 
the preparation of SAV-1 are shown in Figure 9. As 
evidenced by the greatly decreased intensity of the 
hydroxyl stretching band after AlCh treatment, hy
drolysis, and redrying, SAV-1 held markedly fewer OH 
groups than the original silica. The spectra of OH 
groups on SAV-1 and SAV-2 after hydrolysis plus final 
drying at 800° were virtually identical, revealing no dif
ference in the number of the residual OH groups.

During the preparation of SAV-1, C 02 adsorption 
was checked at various stages to determine at what 
point the a sites were first created. No a sites were 
detected after complete removal of OH groups by re
action with AICI3 and evacuation at 600°, but admission 
of a dose of H20  (<20%  monolayer) at 100° followed by 
reevacuation at 600° produced many sites (x/ 3 to x/ 2 of 
the number ultimately obtained after final hydrolysis 
and 600° drying). When first added, the H20  pro
duced a broad H-bonded OH band extending below 3750 
cm-1, as shown in Figure 10. Drying at 600° removed 
most of this band and left a very small isolated OH 
band at 3750 cm-1. Addition of H20  at 100° followed 
by redrying at 600° was repeated until no more HC1 
was produced. The number of a sites present after 
drying at 600° increased during the process as did the 
intensities of the isolated OH band at 3750 cm-1 and 
the tail below this band. The OH bands, however,

WAVENUMBER (C M " ' )

Figure 10. Spectra recorded during the hydrolysis procedure 
in preparation of SAV-1: a, after reaction of all hydroxyl 
groups with AlCh; b, after first addition of H2O; c, 
after drying at 600° following b (12C spectrometer,
LiF prism).

never regained the intensities shown after original 
evacuation at 600°, as illustrated in Figure 9.

After hydrolysis was complete, the SAV-1 was dried 
at 600° and titrated with butene and NH3. Then it 
was repeatedly exposed to hydrocarbons and other ad
sorbates, calcined in 0 2, and dried under vacuum at 
600°. Virtually constant intensity of the 2375-cm_x 
band (at 3 torr of C 02) showed that the number of a 
sites (after drying at 600°) did not change significantly 
throughout these experiments. However, when the 
sample was dried under vacuum at 800° for 0.5 hr, the 
number of a sites increased by approximately 50%, as 
indicated both by the increase in the intensity of the 
2375-cm_x band on adsorption of C 02 and by subsequent 
titration with butene.

Table IV shows results of titration of selected samples 
with n-butylamine and Hammett indicators.21 No 
correspondence is apparent between any of the types of 
acid sites measured by butylamine titration and the 
a sites (Table III). Even the relative numbers of a 
sites on different catalysts cannot be compared on the 
basis of butylamine titration. For SAV-2, only strong 
acid sites (pAa =  —5.6) were present, whereas SAV-1 
also had weaker acid sites. The strongest (pK & <  
—8.0) acid sites were found only on SAA-3.

a Sites on y-Alumina. Drying 7-alumina by evacu
ation at 600° or higher produced sites which strongly

(21) R. J. Bertolacini, Anal. Chem., 35, 599 (1963).
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Table IV : Acidity by Butylamine Titration

Sites/cm2
Sample PX. m equiv/g X io-
SAV-l < - 8 . 0 0 0

- 5 .6 0.48 3.8
- 3 .0 0.26 2 . 0

1.5 0 0

Total 0.74 5.8

SAV-2 < - 8 . 0 0 0
- 5 .6 0.32 2.5
-3 .0 0 0

1.5 0 0

Total 0.32 2.5

SAA-2 < - 8 . 0 0 0
-5 .6 0.53 5.2
- 3 .0 Not determined

1.5 Not determined

SAA-3 A 1 00 o 0.71 8.3
-5 .6 0 0
- 3 .0 0.03 0.4

1.5 0 0

Total 0.74 8.7

WAVENUMBER (C M -1 )

Figure 1 1 . Spectral changes resulting from adsorption of CO2 
on y-alumina: a, alumina predried at 800°; b, exposed at 
room temperature to CO2 at 2  torr followed by 1 -min 
evacuation; c, after 15-min evacuation at room 
temperature; d, after 30-min evacuation at 100° (IR-9 
spectrometer, single-beam operation).

adsorbed molecular C 02 in a manner similar to that 
described for silica-alumina. Figure 11 illustrates 
some of the spectral changes for 7-alumina (predried 
at 800° for 1 hr) when C 02 was adsorbed and desorbed. 
Several bands (not all shown) that were also produced 
in the region from 1350 to 1750 cm-1 apparently repre
sent relatively stable carboxylate or carbonate struc
tures. The bands observed near 1800-1870 cm-1, how
ever, arise from a more weakly adsorbed form of C 02 
and may be related to that near 2370 cm-1 (molecular 
C 02). One form of adsorbed C 02 produces a band at 
3610 cm-1 which apparently reflects strong interaction 
(probably bicarbonate formation) with a surface OH 
ion. A similar band is produced near 2665 cm-1 on 
similarly dry deuterated alumina.

The independence of various types of C 02 adsorption 
was demonstrated by independent changes in corre
sponding bands either on progressive desorption of C 02 
by heating and evacuation or on displacement of ad
sorbed C 02 from the a sites with 1-butene. As illus
trated in Figure 12, the “ bicarbonate”  OH band at 3610 
cm-1 remained unaffected after displacement of the C 02 
causing the 2370-cm-1 band. The surface concentra
tion of a sites— 5.2 X 1012 sites/cm2 by titration with
1-butene— found here was similar to that found on 
comparably dried silica-alumina.

Because HC1, NH3, and many other adsorbates react 
extensively with the surface of dry 7-alumina, no at-

Figure 12. Spectra showing displacement of CO2 from 
7 -alumina by butene (A) and its failure to affect OH 
stretching bands (B): a, alumina dried at 800°; b, 
after exposure to C02 and evacuation for 1 min; 
c, after small addition of butene.

tempt was made to titrate a sites on alumina with 
compounds other than 1-butene. Adsorption of acety
lene, for example, colored the dry alumina light brown 
and produced new OH groups. (No color changes or 
other evidence for complex reaction had been noted 
for acetylene on silica-alumina.)
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Discussion
The conclusion12-22 that most of the residual OH 

groups on very dry silica-alumina are attached to 
silicon rather than to aluminum atoms has been sup
ported. On less thoroughly dried silica-aluminas, how
ever, many OH groups, particularly those giving a 
band in the 3600-3650-enr1 region, must be attached 
to aluminum atoms. Elimination of these groups 
through condensation to form H20  evidently creates the 
a sites which strongly hold molecular C 02.

Description of these sites as “ acid”  sites is misleading. 
They hold HC1 more selectively than they do NH3. 
The formation of OH groups when HC1 is chemisorbed 
indicates that a reactive oxide ion, of a type not present 
on pure silica, is part of the site, while strong adsorption 
of butene, benzene, NH3, etc., argues that the site also 
contains an exposed metal ion (Lewis acid). The a 
site appears, therefore, to be a grouping structured 
either as

A1+02~A1+ or A l+0"-S i

Possibly it is a “ strained” oxide link similar to that 
postulated by Cornelius, et al.,23 for y-alumina. Chem
isorption of HC1 probably forms Al-OH • • • Cl-Al 
groups in which the OH group is affected by an adjacent 
chlorine atom.

The evidence obtained during preparation of the SAY 
samples suggests that the a sites on silica-alumina are 
probably A1+02_A1+ rather than Al+0~-Si. The Al-Cl 
bonds are probably hydrolyzed more easily than are the 
Al-O-Si links. Nearly all of the OH groups should be 
attached to Al atoms following initial hydrolysis of the 
surface =A1C1 groups, and condensation of =A10H  
with either =A1C1 or another =A 10H  would give 
A1+02_A1+. However, the argument is not con
clusive because, as indicated by Figure 9, some isolated 
Si-OH groups do result from rehydration and strong 
drying.

The characteristics of the C 02 band near 2375 cm-1 
(r3) shed some additional light on the nature of the a 
sites. The C 02 held on these sites remains as linear 
C 02, although it no longer freely rotates. Possible 
evidence for limited rotation or vibration is, however, 
seen in the presence of the weak bands near 2405 and 
2355 cm-1. The frequency shift vs. the r3 band for 
gaseous C 02 is opposite to shifts observed when C 02 is 
liquefied or solidified. The increased frequency shown 
by C 02 on a sites can possibly be explained by weak 
bonding to surface ions—which effectively have infinite 
mass. In the case of bonding through one end, the 
C -0  force constant could appear to be increased, as 
suggested by Overend,24 because the weak bond to the 
surface must also be stretched and compressed during

the C 02 vibration. On this basis, the frequency shift 
should increase with increasing force constant for the 0 - 
surface bond, but the same qualitative argument could 
also apply to other types of C 02 attachment to the sur
face. Because C 02 has a high quadrupole moment, the 
strong adsorption of C 02 on a sites is probably best ex
plained by ion-quadrupole interaction. On this basis, 
adsorption by one end seems less likely than lateral at
tachment at an ionic site (A1+02~A1+). , The C 02 band 
at 2375 cm-1 (+  associated shoulders) on silica-alumina 
seems unrelated to any other bands in the spectrum, and 
there is apparently little or no formation of surface 
“ carbonates”  or similar structures. On y-alumina, 
however, a connection may exist between the C 02 band 
(2370 cm-1) and bands in the 1800-1870-cm-1 range. 
Such bands are found in spectra of organic carbonates

and can be attributed to C = 0  stretching in ^>C==0

groups.26 Possibly, the 2370-cm-1 and 1870-cm” 1 
bands are related through an equilibrium such as

0

c

- /  / \
0  O2-  ^  0  0

A1+ A1+ Al Al

The concentration of a sites on silica-alumina is 
known within fairly narrow limits. It can hardly be 
greater than that indicated by HC1 chemisorption and 
hardly less than that indicated gravimetrically at pres
sures below 2 torr. Steric factors4 cannot explain the 
low concentrations of a sites found in this study, be
cause C 02 and the other molecules used as titrants are 
all fairly small. The NH3 titrations show, moreover, 
that the a sites represent only a fraction of a larger 
group of sites which are virtually equivalent for adsorp
tion of NH3 and presumably also of n-butylamine. 
Thus, a large steric factor is not required to explain 
differences in the number of sites measured by Hirschler4 
and by Leftin and Hall.7 Characterization of the 
strength and number of acid sites by titration with 
n-butylamine using organic indicators may be very mis
leading. If the acid color of the indicator is produced

(22) A. Terenin and V. Filimonov, “ Hydrogen Bonding,” D. Hadzi, 
Ed., Pergamon Press, Inc., New York, N. Y ., 1959, p 545.
(23) E. B. Cornelius, T. H. Milliken, G. A. Müls, and A. G. Oblad, 
J. Phys. Chem., 59, 809 (1955).
(24) J. Overend, private discussion.
(25) B. M . Gatehouse, S. E. Livingstone, and R. S. Nyholm, J.
Chem. Soc., 3137 (1958).
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on only a few sites belonging to a large class wherein all 
sites hold butylamine strongly, titration will falsely 
indicate that all sites in the class are as strong as those 
holding the indicator. The difference between the acid 
sites on the SAA-2 and SAA-3 shown in Table IV ap
parently does not fairly reflect differences between 
these catalysts. Probably the presence of a few very 
strong acid sites on SAA-3 has in this instance caused 
classification as pK & <  —8.0 of sites which would other
wise have been titrated as pK & =  —5.6 sites. De
scription as pK & = —5.6, moreover, may properly apply 
to only a small fraction of the sites normally so charac
terized.

The a sites show important adsorptive properties, 
but although these sites are either active or similar in 
nature to sites which are active, they are not essential 
for catalytic activity. Blocking all a sites by chemi
sorption of HC1 increases activity for polymerization of 
butene.19 Possibly, slow desorption of products nor
mally limits the catalytic contribution of the a sites, 
while similar sites which hold olefins less strongly are 
responsible for most of the catalyzed reaction. Pos
sibly, a cooperative effect is needed between an a site 
and an adjacent Br0nsted acid site, but no direct evi
dence presently supports such speculation.

The a sites, which preferentially and strongly adsorb 
many unsaturated or polar molecules, are evidently ionic 
and therefore should promote the ionic dissociation of 
adsorbed hydrocarbons. Yet butene and acetylene 
seem to be held on such sites on silica-alumina with 
relatively little change in their character; there is no 
spectral evidence for hydride or proton abstraction (or 
for proton addition) to form organic ions. Ions of 
such hydrocarbons are probably formed only transiently 
on active sites and readily escape detection because of 
their very low steady-state concentration.

The ability to identify and study separate types of 
surface sites and to establish the type of site on which 
adsorption of a given molecule occurs is essential for 
ultimate solution of the complex problems presented by 
oxide catalysts. Some progress has been made in this 
direction, but much more remains to be done in relating 
individual types of sites, or combinations of these, to 
the actual catalytic behavior of a surface.
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Heats and Entropies of Dissociation of Sodium Salts of Aromatic Radical Anions 

in Tetrahydrofuran and Dimethoxyethane. The Limitation and 

Generalization of the Concepts of Contact and Solvent-Separated Ion Pairs

by P. Chang, R. V. Slates, and M . Szwarc

Department of Chemistry, State University College of Forestry at Syracuse University, Syracuse, New York 
{Received May 5, 1966)

Conductance of sodium salts of aromatic radical anions was investigated in tetrahydro- 
furan (THF) and in dimethoxyethane (DME) at temperatures ranging from —70 to 25°. 
The results provided the respective dissociation constants of ion pairs and the mobilities 
of the ions as functions of temperature. The heats and entropies of dissociation of the 
investigated ion pairs have been calculated. Contrary to some claims reported in the 
literature, the sodium salts are associated into pairs even in DME, the dissociation con
stants being smaller than IO-6 M. Moreover, for ion pairs which may be classified as 
solvent-separated pairs, the dissociation is slightly more extensive in THF than in DME. 
The sodium ion is larger when coordinated with THF than with DME and therefore the 
latter forms a tighter pair than the former. Finally, the concept of contact and solvent- 
separated ion pairs is reviewed. Its limitations are outlined and a more general treat
ment is suggested.

The results of conductance studies of sodium salts 
of aromatic radical ions in tetrahydrofuran (THF) 
at 25° were reported in an earlier paper.1 The present 
investigation extends the data to other temperatures 
( — 70 to 25°) and to dimethoxyethane (DME) solution. 
This was done for two reasons. (1) A more accurate 
determination of A0 was necessary because any un
certainties in their values are amplified in the calcu
lation of the corresponding dissociation constants, 
Adiss- The latter are given by the reciprocal of the 
product (slope of Fuoss’ line) X A02 3. The present 
work provides additional means of ascertaining the 
accuracy of the determined A0 values and, hence, of 
Adiss- (2) Study of the equilibria over a wide tem
perature range permits us to determine the heats and 
entropies of the dissociation of the respective ion pairs.

Experimental Section
The method of preparation of sodium salts of aro

matic radical ions was fully described elsewhere.1 
The technique used for the studies of conductance was 
given in previous papers.2,3 The former2 includes a

diagram of the apparatus used in the conductance 
study and gives details of the method of diluting the 
investigated solutions. It suffices to say that the dilu
tion was accomplished by removal of the solute and not 
by the addition of solvent, and therefore, no impurities 
were introduced in the process. The concentrations 
of the aromatic radical ions (ion pairs +  free ions) 
were determined in situ at 25°, using a spectrophoto- 
metric technique. The relevant absorption maxima 
and extinction coefficients are given in Table I. The 
contraction of the solution, caused by lowering the 
temperature, was accounted for in the calculations.

Any possible difference in the absorption of ion pairs 
and of free ions may affect the spectrophotometrically 
determined concentration of radical ions, particularly 
at high dilutions. It is believed, however, that these 
changes are negligible. The reliability of the spectro-

(1) R. V. Slates and M. Szwarc, J. Phys. Chem.., 69, 4124 (1965).
(2) D. N. Bhattacharyya, C. L. Lee, J. Smid, and M . Szwarc, ibid., 
69, 612 (1965).
(3) C. Carvajal, K. J. Toile, J. Smid, and M. Szwarc, J. Am. Chem, 
Soc., 87, 5548 (1965).
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fining membrane, which is only of incidental interest 
here. A considerable number of experiments using 
different kinds and thicknesses of cellophane mem
branes has further demonstrated that the value of the 
diffusion coefficient so found is independent of mem
brane thickness. Since this point is fundamental to 
the experiment, the evidence for it is given in Table I, 
which also shows the precision attainable in D, about 
1%.

Confining membranes used are various forms of 
unwater proofed cellophane, kindly given to us by the 
Du Pont Co., and here denoted by the manufacturer’s 
symbols. The wet thicknesses (6, mm) of these 
materials are approximately as follows: experimental,

Table I : Self-Diffusion Coefficients with 
Various Confining Membranes“

D X 10“, £,
Membrane em2/sec cm 10*<7

Experimental 1.227 0.0084 1.7
1 . 2 2 1 0.0087 1.5
1.231 0.0068 1.3
1.207 0.0081 1.7

1 . 2 2 2  ±  0.008

300 PUD 1 . 2 2 2 0.0166 1.4
1.215 0.0168 1.3
1.238 0.0161 1.4
1.242 0.0168 1.4
1.227 0.0154 . . .

1.229 ±  0.009

300 NR 1.206 0.0130 1.4
1 . 2 1 2 0.0118 1.5

1.209

300 GF 1.204 0.0132 1 . 6
1 . 2 1 2 0.0131 1 . 6

1.208
Av (13) 1.220 ± 0 .0 1 0

“ Conditions: 0.0100 M  NaCl; 2% agar; 25°.

0.024; 300-PUD, 0.053; 300-NR, 0.050; 300-GF, 
0.125. These numbers are given merely as an indi
cation that the materials were in fact of different thick
nesses; the thickness parameter, £, significant to our 
experiment, depends on b through the relation

Dc

in which D and Dm are the diffusion coefficients in the 
confined gel and in the confining membrane for the cor-

responding salt concentrations c and cm. Since the 
computation treats £ as an adjustable parameter in a 
least-squares procedure, we do not need individual 
values for b, Dm, or cm.

The fourth column of Table I gives the root-mean- 
square deviations for the observed values of (count at 
time ¿)/  (initial count) from those computed for the 
least-square “ best”  values of D and £, namely, those 
given in the table. (The details of these computations 
are described by Allen, et al.6) Counting statistics 
at about half-time correspond to 103<r = 3.

A total of 79 diffusion runs was made for gels con
taining 1-4 wt %  agar with 0.01 and 0.05 M  NaCl 
using the four types of cellophane. The results given 
in Table I are typical.

In all of our work the gels were from a single prepara
tion of agar, Purified Agar, Difco Certified, Control 
No. 437,277.® An appropriate quantity was placed in 
a 10-ml volumetric flask to which was added exactly 
5 ml of a solution of twice the salt concentration de
sired together with the necessary amount of carrier- 
free tracer (Na22 or Cs134). After dilution to the mark 
the mixture was slowly warmed and gently stirred. 
When clear and homogeneous the gel was transferred 
to ten or twelve small test tubes and tightly stoppered. 
These portions were used in separate diffusion runs. 
Most gels were used within 1 week of preparation; none 
was allowed to stand more than 1 month. The details 
of filling the cell have been described.6 The reproduci
bility of the preparation of these gels, insofar as self
diffusion in them is concerned, is indicated by the 
following results for three different preparations on 
each of which three or four diffusion runs were made. 
(These gels all contained 1% agar with 0.01 M NaCl.)

'--------------- ------ 1) X 105, cm2/sec------- Av

A 1.239 1.245 1.246 1.242
B 1.253 1.249 1.244 1.248
C 1.248 1.240 1.252 1.249 1.247

Av (10) 1.246; max dev 0.007; av dev 0.004 

Results
In Tables II and III are given the averages of the 

values found for the self-diffusion coefficients of so
dium and cesium under the various conditions with the 
mean deviations between independent runs, the num
ber of these being given in parentheses.

To be able to make a comparison with a somewhat 
different transport phenomenon, the conductances of 
two series of agar gels and of the solutions from which 
they were prepared have been measured. These gels

(6) From Difco Laboratories, Inc., Detroit, Mich.
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Table II : Self-Diffusion Coefficients of Sodium in Agar Gels with NaCl Solutions * *

%
agar -D X 10E, cra2/sec—

1
2
3
4

------ 0.001 M ------.
0.859 ±  0.006 (4) 
0.837 ± 0 .0 1 0  (4) 
0.810 ±  0.006 (3) 
0.790 ±  0.004 (3)

—-----0.01 M -------s
0.859 ±  0.002 (3) 
0.840 ±  0.009(3) 
0.816 ±  0.003 (3) 
0.800 ±  0.004 (5)

,------- 0.05 M—— -
0.866 ±  0.002 (3) 
0.848 ±  0.005 (2) 
0.819 ±  0.004 (3) 
0.802 ±  0.002 (3)

------ 0.001 M----- > — — 0.01 M------- - — — 0.05 M------ ->
1 1.282 ±  0.004(4) 1.247 ±  0.004 (15) 1.247 ±  0.006 (7)
2 1.229 ±  0.013 (5) 1.220 ± 0 .0 1 0  (13) 1.219 ±  0.004(9)
3 1.193 ±  0.006 (4) 1.183 ±  0.007 (12) 1.183 ±  0.012 (7)
4 1.143 ±  0.003 (3) 1.158 ±  0.008 (8 ) 1.150 ±  0.008 (8 )

1

,------- 0.1 M----- —
1.280 ±  0.006 (3)

— — 0.25 M------- -
1.315 ±  0.006 (5)

2 1.267 ±  0.004 (3) 1.288 ±  0.005 (3)
3 1.245 ±  0.002 (3) 1.254 ±  0.006 (3)
4 1.234 ±  0.004 (2)

Table III : Self-Diffusion Coefficients of Cesium 
in Agar Gels with CsCl

K . =  ~  +  A K* F

%
agar <--------- ------------------- D X 106, cm2/sec-

,----------------------------10°--------

0.5
1
2.5
4

0.001 M

1.379 ±  0.013(3)
1.342 ±  0.019(3)
1.293 ±  0.012(3)

D t »

0.05 M
1.420 ±  0.009(2) 
1.398 ±  0.012(3) 
1.344 ±  0.004(4) 
1.297 ±  0.001(4)

0.5 1.989 ±0 .011  (2)
1 1.968 ±  0.020(5) 2.014 ±  0.018(3)
2.5 1.919 ±  0.024(5) 1.927 ±  0.003(4)
4 1.851 ±  0.003(4) 1.862 ±  0.009(3)

contained either 3 or 4%  agar with no and approxi
mately 0.01, 0.02, 0.03, 0.05, and 0.1 M  NaCl. The 
measurements were made at 1000 cps using a Hewlett- 
Packard wide-range oscillator, a Leeds and Northrup 
shielded ratio box, air capacitor, and a Leeds and 
Northrup No. 4755 AC resistance box in conjunction 
with a tuned amplifier-detector of \~a sensitivity. A 
Leeds and Northrup dipping conductance cell was 
slowly immersed in the freshly prepared, molten gel 
and brought to 25° for measurement. The results 
are shown in Figure 1 as relations between K s — K e 
and K s, conductivities of solution and gel, respectively. 
These are accurately straight lines and correspond to 
constant formation factors according to the relation

which may be taken as a definition of an excess conduct
ance, AK, for a heterogeneous system, in terms of a 
constant F. The constancy of F for a given agar con
tent must be verified to make this definition meaning
ful. This is done in the plots of Figure 1, which cor
respond to the relation

K a - K e =  -  AK

The slopes of the lines measure F and the intercepts 
give AjK for the two gels studied.

Over the range of agar content studied, the observed 
diffusion coefficients vary linearly with the weight 
fraction of agar. The accuracy of this linearity seems 
to be well established. For twelve such lines, involving 
45 values of D (determined by a total of 189 runs), 
three values of D deviate from the lines by about 1%, 
two by about 0.5%, and the remainder by less than 
0.5%, with an average deviation of 0.25%. Table IV 
gives the constants D0 and a for these lines; D =  D0 — 
aw. Inspection of this table discloses the fact that all 
of the results, regardless of nature of ion or of the other 
conditions of the experiment, can be expressed by the 
relation

D(t,c,w) 
D0(t,c)

=  1 -  0.023m

The Journal o f  P hysical Chem istry
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Table IV : H e a ts  a n d  E n tro p ie s  o f  D is s o c ia t io n  a t  15 a n d  —65° in  T H F  S o lu t io n “

A H u , k c a l /m o le  
A/S°i6, c a l /d e g  m o le
A H _65; k c a l /m o le
A iS °_ 65, c a l /d e g  m o le

: S ta n d a rd  s ta te : 1 M  s o lu tio n .

Naphthalene •

-8 .2
-5 8
-1 .8

-3 0

Biphenyl • ~

-7 .3
-5 2
-1 .6

-2 8

Triphenylene • ' Anthracene ■ ” Perylene ‘ "

- 5  2 -6 .1 - 2 .2
-4 2 -4 5 -2 9
- 0  4 0.0 0.0

-2 3 -2 1 -2 1

0 0 »  ®

© 0 o o

- Biphenyl"Na +
3.5 4.0 4.5 5.0

o 0 0

• Anthracene" Na+

Table V : E x p e r im e n ta l A 0 V a lu es  a n d  th e  W a ld e n  P ro d u c ts  
fo r  S o d iu m  S a lts  o f  A r o m a t ic  R a d ica l I o n s  in  D M E

Biphenyl • - Triphenylene • Perylene • ~
"C Ao ijAo Ao i?Ao Ao 7/Ao

25 160 0.724 130 0.600 143 0.645
15 143 0.720 125 0,630 125 0.630
5 125 0.714 105 0.597 118 0.670

— 5 111 0.707 91 0.591 100 0.650
-1 5 95 0.714 77 0.576 83 0.620
-2 5 82 0.715 66.7 0.582 71.5 0.623
-3 5 69 0.711 (?) 55.6 0.574 59 0.610
-4 5 (53) 0.65 45.5 0.561 50 0.615
— 55 (40) 0.60 38.5 0.577 38.5 0.580
-6 5 28.5 0.53 (25) (0.46)
-7 5 (IS?)

103

-Averaged (smoothed) Walden product, j?Aoa-

0.715 0.580
------ Xo-  at 25°, calcd from  smoothed i/Ao---------

77 84

0.633

“ B e lo w  — 4 5 ° , p ro g re s s iv e ly  lo w e r  v a lu e s  w ere  u sed  fo r  th e  
“ s m c o th e d ”  W a ld e n  p ro d u c ts . A ll  o f  th e  c o n d u c ta n ce  d a ta  are  
g iv e n  in  c m 2/o h m  m o le .

0.7

0.6

0.5

0.7

0.6

ir -)T 05

0.6

0.5

0.4 ■

0.6

0.5

0.4

3.5 4.0 4.5 5.0

-o—o—o-
Triphenylen e" N o+

35 4.0 4.5 5.0

-©—o—o—o~

P e ry le n e ’  N c r
35 4.0

J_x IO5 
T

4.5 5.0

F ig u re  1. P lo t  o f  th e  W a ld e n  p r o d u c t  o f  so d iu m  
sa lts  o f  ra d ica l ion s  in  T H F  vs. 1/ T .

Table VI: D is s o c ia t io n  C o n s ta n ts  a n d  “ S m o o th e d ”  A 0 
V a lu e s  o f  S o d iu m  S a lts  o f  A r o m a t ic  R a d ic a l  Io n s  in  D M E “

Biphenyl • "  Triphenylene • “  Perylene • “
T , lO'Edis». lOUTdisa, 10siCdiss.
°C Ao M Ao M Ao M

25 159 4.6 133 5.6 140 6.0
15 142 6.2 119 6.3 125 7.1
5 125 7.2 105 7.5 111 8.1

- 5 110 8.3 91 9.1 97.5 9.6
-1 5 95 10.0 (?) 77 11.4 84.5 11.8
-2 5 82 11.0 66 13.1 72.5 12.7
-3 5 69 11.5 55.5 14.6 61.5 14.6
-4 5 53 14.0 45.5 16.7 51.5 15.1
-5 5 40 17.0 36.8 14.8 38.5 18.8
-6 5 29.5 15.0

■Difference between “ smoothed”  ( i?A o) d m e  and (t?A o) t h f —^

0.095 0.125 0.143

“  A ll  o f  th e  c o n d u c ta n c e  d a ta  are  g iv e n  in  c m 2/o h m  m o le .

temperatures, because their degree of coordination with 
the solvent molecules increases, whereas the contribu
tions of the negative radical ions, which do not coordi
nate with the solvent, are likely to increase because the 
dielectric constant then becomes larger.6-8 From the 
plots shown in Figures 1 and 2, the “ smoothed”  values 
of the Walden products are derived. A greater weight 
is attributed to those A0 which are experimentally 
more reliable. This preference affects only slightly 
the proposed values (see Tables II and V). From the 
“ smoothed”  Walden products the values of A0 listed in 
Tables III and VI were calculated. The Fuoss param
eters were then recomputed and the plots of F/A'vs.

(6 ) R . M . F uoss, P roc. N atl. A cad. S ci. U . S ., 45 , 807 (1959).
(7 ) R . H . B o y d , J, Chem. P h ys., 35 , 1281 (1961).
(8 ) R . Zw anzig , ibid., 38 , 1603 (1963).
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Figure 2. Plot of the Walden product of sodium 
salts of radical ion in DME vs. 1/T.

Figure 3. Plot of the log FTdiss of sodium salts of radical ions 
in THF vs. 1/T. Notice that the results for anthracene' “ ,
Na+ and perylene- Na+ are shifted up by 0.4 unit. In fact, 
all UdisB become virtually identical at the lowest temperatures.

Ac/2/F were redrawn. These plots were used in the final 
calculations, the results of which are listed in Tables 
III and VI.

Plots of log jfiTdiss vs. 1/T are shown in Figures 3 and 
4, and from these the AH and AS values, given in 
Tables IV and VII, were obtained.

Discussion

Inspection of Tables II and V shows that the in
dividually determined A0 values may be uncertain 
within 4r-10%, although the “ smoothing”  procedure 
improves their reliability significantly. The presently 
recommended values of A0 differ somewhat from those

Table VII: Heats and Entropies of Dissociation at 20
and —55° in DME Solution'a

Biphenyl • “
Tri

phenylene* " Perylene • ~

AHw, kcal/mole - 2 . 1 - 2 .4 - 2 .5
AiS°2o, cal/deg mole -3 1 .5 -3 2 .5 -3 2 .5
AH_5e, kcal/mole 0 0 0
AS°_e5, cal/deg mole - 2 2 . 0 - 2 2 . 0 -2 1 .5

“ Standard state: 1 M  solution.

reported in ref 1, the differences being 6% for sodium
naphthalene (the value given in ref 1 was assumed and 
not determined), 6% for sodium biphenyl, —13% for 
sodium triphenylene, —4% for sodium anthracene, 
and 12% for sodium perylene. These changes affect 
the slopes of the Fuoss lines causing deviations of the 
same order of magnitude as those found for A0. The 
net effect of these errors usually leads to an error of less 
than 10% in the values of dissociation constants, 
the sodium perylene case being exceptional. It is 
thought that the present result is more reliable and 
that the previously reported value is much too high 
(~48% ). The reason for this discrepancy is not ob
vious.

Our present values of A0, in conjunction with the value 
for X0(Na+) reported in ref 3, give the mobilities of the 
negative radical ions. These are greater than those 
found for the sodium ions, implying no coordination 
between the negative ions and the ethers. This con
clusion was reached previously,1 because the mobilities 
of naphthalene •~~ and anthracene •~~ radical ions were 
found to be comparable to those calculated from the 
diffusion constants of the respective hydrocarbons.

The X0~ of the individual radical anions form an 
interesting pattern. Their mobilities are apparently 
determined by the area of their smallest cross section, 
i.e., that perpendicular to the plane of the molecule. 
Thus, the biphenyl-_ radical ion should be the most 
mobile; its X0~ in THF is 88. The naphthalene• ~ 
and anthracene-_ radical ions should be less mobile, 
the respective X0~ values being 83 and 75, the mobility 
of perylene • ~ should be substantially lower, X0~ = 
61, and that of the triphenylene- ~ radical ion should 
be the lowest, in agreement with the observation, 
X0-  =  52. The mobilities are related to the respective 
self-diffusion constants through the equation v, = 
‘¡A/kT. Its application leads to the self-diffusion con
stants, 3l>, listed in Table II.

Similar results were obtained in DME. The bi
phenyl- ~ ion is the most mobile (X0~ =  103), the tri
phenylene -~ the least (X0~ = 77), and the perylene-_

The Journal o f  P hysica l Chemistry



A b s o r p t i o n  S p e c t r a  o f  O c t a h e d r a l  L a n t h a n i d e  H e x a h a l i d e s 2845

A b s o r p t i o n  S p e c t r a  o f  O c t a h e d r a l  L a n t h a n id e  H e x a h a lid e s

by Jack L. Ryan

B  attelle P acific  N orthwest Laboratory , Richland, W ashington1

and Chr. Klixbiill Jorgensen

C yanam id E uropean  Research Institute, C ologny {Geneva), Switzerland {R eceived F ebruary 18, 1966)

Hexahalide 4f group complexes can be prepared in aprotic solvents such as nitriles and in 
triphenylphosphonium and pyridinium salts. The internal transitions in the partly filled 
4f shell correspond to absorption bands much weaker than for the corresponding aqua ions 
(except the hypersenitive pseudoquadrupolar transitions) and show the vibrational 
structure characteristic for octahedral complexes with a center of inversion. The nephel- 
auxetic effect is much stronger than for the same central ions in LaCU but not as pro
nounced as for the oxides. The electron-transfer spectra observed in Ce(IV), Sm(III), 
Eu(III), Tm(III), and Yb(III) hexahalides are discussed; the apparent optical electro
negativities are somewhat higher than for the analogous halide complexes in ethanolic 
solution. The 4f ->■ 5d transitions observed in Ce(III) hexahalides show that the sub
shell energy difference A is larger than 15 kK. The similar transitions in Tb(III) hexa
halides seem to involve a spin-forbidden absorption band at relatively low wavenumber 
and indicate slightly smaller exchange integrals K {4f, 5d) than in the isoelectronic Gd+2 3 4 5.

Introduction
The octahedral symmetry of hexahalides M X 6+z-e 

allow many group-theoretical arguments to be applied 
to the energy levels. In particular, the excited levels 
of the detailed electron-transfer spectra have been 
classified, using inductive MO theory, in a large number 
of 4d and 5d group complexes.2-4 Because of chemical 
problems, the study of the hexahalides of the other 
transition groups is far more difficult. Thus, the 5f 
group hexahalides cannot normally be studied in aqueous 
solution. However, using anhydrous acetonitrile CH3- 
CN as solvent, we obtained the absorption spectra of 
various U(IV), Np(IY), and Pu (IV) hexahalides and 
identified internal transitions in the partly filled 5f 
shell, 5f 6d transitions, and electron transfer ir —> 
5f.6 7 Similar techniques allow the study of CeCl6-2 
and the much less stable CeBre-2. The situation is 
even more difficult in the case of trivalent lanthanides.

Until recently, many scientists believed that 6 is a 
common coordination number N for lanthanides. 
Actually, N =  8, 9, 10, or even 12 seems to be far more 
typical.6 For instance, hexanitrates such as U (N 03)6-2 
or Pu(N 03)6-2 (ref 7) may not necessarily have N =

6 but may contain bidentate nitrate groups. Thus, 
the crystal structure8 of [Mg(H20 )6]s[Ce(N03)6]2-6H20  
confirmed Judd’s spectroscopic prediction9 10 of somewhat 
distorted, icosahedral groups C e(N 03)6-3 with N =  12. 
X-Ray diffraction studies of aqueous solutions of Ce- 
(N 03)6-2 (ref 10) seem to show N = 12. As seen in the 
Experimental Section, the organic cation P(C6H6)3H +

(1 ) T h e  w ork  don e  at th is la b o ra to ry  w as p erform ed  un der C on tra ct 
N o . A T (4 5 -1 )-1 8 3 0  fo r  th e  U . S. A to m ic  E n e rg y  C om m ission .
(2 ) C . K . Jorgensen , M ol. P h ys., 2 , 309 (1959).
(3 ) C . K . J0rgensen, A cta  Chem. Scand., 17, 1034 (1963).
(4 ) C . K . J0rgensen and  K . S chw ochau , Z . N aturforsch ., 20a , 65 
(1965).
(5 ) J. L . R y a n  an d  C . K . Jdrgensen, M o l. P h ys ., 7 , 17 (1963).
(6 ) C . K . Jorgensen , “ In organ ic  C om p lexes ,”  A ca d em ic  P ress In c ., 
L on d on , 1963.
(7 ) W . E . K ed er, J. L . R y a n , and  A . S. W ilson , J . Inorg . N ucl. Chem ., 
20 , 131 (1961).
(8 ) A . Za lk in , J. D . Forrester, and  D . H . T em p le ton , J . Chem . P h y s ., 
39 , 2881 (1963).
(9 ) B . R . Ju dd , P roc. R oy . Soc. (L o n d o n ), A 241 , 122 (1957).
(10 ) R . D . L arsen and  G . H . B row n , J . P h ys. Chem ., 68 , 3060 
(1964).
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The sodium ion is larger when coordinated with 
THF than with DME. Therefore, the latter ap
proaches closer to the aromatic moiety than the 
former. Consequently, at low temperatures, or for 
perylene-_ radical ion, the dissociation constants of 
ion pairs are greater in THF than in DME (see Tables 
III and VI). However, for salts resembling contact 
ion pairs, the reverse is observed; e.g., at 25° the dis
sociation constant of biphenyl -~, sodium+ is substan
tially lower in THF than in DME.

It is obvious that the respective Kam of a solvent- 
separated ion pair increases with the thickness of the 
anion. For example, tetraphenylboride anion, or tetra- 
phenylethylene radical ion, are substantially “ thicker” 
than the planar aromatic negative ions, and indeed, the 
dissociation constants of their sodium salts in THF at 
— 70° are 150 and 180.10-6 M, respectively,11 i.e., 
about six times higher than those of the planar radical 
anions or carbanions.

The dissociation constant of ion pairs composed of 
large spherical ions was calculated by Fuoss.13 His 
equation

Kdisa =  (3000/47toW ) exp( —e2/ aDkT)

is based on the thermodynamic approach proposed by 
Denison and Ramsey,14 and its preexponential factor, 
3000/47ra3M, is derived by assuming the volumes of all 
the spheres representing the two ions in physical 
contact to be excluded for the free ions. There is some 
doubt about the validity of this derivation, and this 
point will be discussed elsewhere. It seems that the 
proper expression should contain a term 47ra2-Aa 
instead of 4tt(X3/3, where Aa is the average thickness 
of the layer within which the two ions of a pair may 
vibrate. However, the two expressions become iden
tical for A a =  a/ 3. In systems involving nonspherical 
ions, e.g., for salts of fluorenyl carbanion, the pre
exponential factor may significantly differ from that 
derived from the Fuoss equation.

Heat and Entropy of Dissociation of Ion Pairs into 
Free Ions. Inspection of Figures 3 and 4 shows 
striking differences in the behavior of the various ion 
pairs in THF and in DME. The exothermicity of dis
sociation of naphthalene-~,Na+ and biphenyl-~,Na+ 
in THF is high at 25° and amounts to 8.2 and 7.3 
kcal/mole, respectively, whereas that of perylene 
Na+ is low, 1.5 kcal/mole. For the salts of anthra
cene -~ and triphenylene ■ ~, intermediate values were 
found, viz., 6.1 and 5.2 kcal/mole, respectively. All of 
these data seem reliable within ±0.5 kcal/mole.

On the basis of the equation AH =  (e2/aD )( 1 +  
d In D/d In T), the exothermicity of the dissociation of 
perylene-~,Na+ in THF at 25° is about 1 kcal/mole

(observed 1.5 kcal/mole) for the interionic distance 
of 6.5 A. This justifies the classification of that ion 
pair as a virtually solvent separated. In DME at 
25° this approach leads to — AH of about 2.1 kcal/mole 
(observed 2.5 kcal/mole) for the interionic distance of
6.0 A (the term 1 +  d In D/d In T is —0.16 for THF 
and —0.28 for DME), again indicating that all the 
investigated salts form virtually solvent-separated 
pairs in the latter solvent.

The high exothermicity of dissociation observed in 
THF for the salts of naphthalene- ~ and biphenyl 
and to a lesser extent for those of anthracene • ~ and 
triphenylene • ~, indicates that these species exist under 
those conditions mainly as contact ion pairs. Increase 
in the extent of sodium ion solvation on the dissocia
tion of the pair contributes to the exothermicity 
of the process. However, at lower temperatures the 
heat of dissociation approaches zero and this behavior 
may be accounted for by two hypotheses. (1) The 
contact ion pairs and solvent-separated pairs exist 
in equilibrium, each species being a distinct thermo
dynamic component of the system. At lower tempera
ture, the position of the equilibrium shifts toward 
solvent-separated species. (2) The potential energy 
curve, representing the energy of the pair as a function 
of its separation, varies with temperature. This idea 
and its implication will be discussed in the last part of 
this paper.

The entropies of dissociation are negative and the 
observed changes of their values are to be expected. 
The coordination of solvent molecules with sodium 
ions probably is the main factor responsible for a 
decrease in the entropy of the system. This is less 
important at lower temperatures as the ion pairs be
come solvated and the ordering of solvent molecules in 
the bulk of the liquid becomes more pronounced. The 
loss of vibrational entropy of the pair, which may 
be quite large in view of the “ softness”  of such a vibra
tion, may also add appreciably to the increase of en
tropy of dissociation.

The conductance studies of alkali salts of aromatic 
radical anions were reported by Hoijtink and his 
associates.4 The ambiguity of their approach was 
discussed previously.1 The dependence of conduct
ance, measured at constant salt concentration, on 
solution temperature is determined by the “ activation 
energy” of viscosity and by the heat of dissociation. 
Our present data prove that A determined at constant 
salt concentration may monotonically decrease with 
temperature even if the electrolyte is only slightly

(13) R. M . Fuoss, J. Am. Chem. Soc., 80, 5059 (1958).
(14) J. T . Denison and J. B. Ramsey, ibid., 77, 2615 (1955).
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dissociated. Hence, the monotonic decrease of A does 
not provide any impelling evidence for a complete dis
sociation.

The dissociation constant of biphenyl-~,Na+ in 
THF at room temperature was determined by Diele- 
man (Ph.D. Thesis, Amsterdam, Holland, 1962) to be 
about 1.5 X 10-5 M. His conductance was measured 
at too high concentrations (10~4 to 10~8 M) and con
sequently the reported value is too high by a factor of
10. Nevertheless, the temperature dependence of 
the relative dissociation constant, measured by the 
variation of conductance with temperature at constant 
salt concentration, seems to be reliable and the re
ported heat of dissociation of —8.1 kcal/mole com
pares reasonably well with our value of —7.3 kcal/ 
mole.

A novel and important approach to studies of free 
ion-ion pairs equilibria was developed by Atherton 
and Weissman.15 They demonstrated that the addi
tional splits of the esr signals of sodium+, naphthalene •-  
arise from the association of the radical anion with the 
Na+ ion, the magnetic moment of the latter nucleus 
being responsible for the observed phenomenon. In 
THF solution, the degree of splitting decreases virtually 
to zero at —70°, and no splitting is observed in DME. 
These facts indicate that the interaction with sodium 
ion vanishes as the ions of the pair become more 
separated by solvent molecules. The intensities of the 
“ split”  and “ nonsplit”  spectra lead to the dissociation 
constant of the Na+,naphthalene-~ ion pair in THF. 
Although the observed heat of dissociation, —7.5 ±
1.5 kcal/mole, agrees satisfactorily with our determi
nation (—8.2 ±  0.5 kcal/mole), the absolute value of 
Ndisa is substantially larger than that derived from the 
conductance study. A possible explanation of this dis
crepancy may be given in a recent work of Chang and 
Johnson.16

The heat of dissociation determined by Weissman in 
tetrahydropyran and in MeTHF is less negative. Ap
parently, the free sodium ions are less strongly coordi
nated with these solvents than with THF. These re
sults agree again with preliminary data obtained in this 
laboratory through studies of conductance.

From the esr line breadth, the lifetime of the pair 
was determined as at least >10-6 sec and probably 
>10~6 sec at 25°.

Recently, the temperature dependence of the Na+ 
splitting was investigated by Hirota and Kreilick.17 
They concluded that the changes in the coupling ob
served in Na+,anthracene-~ in MeTHF and in Na+, 
di-1-butylnaphthalene • ~ in THF are due to the con
version of contact ion pairs into solvent separated 
pairs, and estimated the heats of these processes to be

— 4.5 and —4.6 kcal/mole, respectively. The life
times of the respective species were determined at 
about 10 _8 see.

Comparison of THF and DME as Ionizing Solvents. 
In general, DME promotes ionic dissociation better 
than THF. The greater ionizing power of DME is 
not due to its higher dielectric constant but to its biden- 
tate structure which allows for a claw-shape coordina
tion with the cation.18 In fact, at 25° the dielectric 
constant of DME (7.2) is slightly lotcer than that of 
THF (7.4), although the relation is reversed at —70° 
(11.75 and 11.6, respectively). Thus, for lithium or 
sodium salts having structures described as contact- 
ion pairs, the dissociation into free “ solvated”  ions is 
greatly enhanced in DME. This effect is shown even 
more dramatically in salts of Cs+ because this ion does 
not coordinate with THF molecules, whereas it does 
coordinate with molecules of DME (see ref 3).

However, for cations which are fully solvated in the 
ion pair, the dissociation is more extensive in THF 
than in DME. This, as we pointed out earlier, is due 
to the smaller size of the DME-coordinated sodium ion 
(and probably also Li+) than of the THF coordinated 
cation. Hence, the former associates tighter into the 
(still solvent-separated) ion pair than the latter. 
Our data confirm this conclusion.

Validity of the Concept of Contact Ion Pairs and 
Solvent Separated Ion Pairs. As early as 1954, Sadek 
and Fuoss19 pointed out that association of free ions 
into ion pairs may involve two distinct steps. An ion 
coordinated with solvent molecules is surrounded 
by a relatively rigid solvent shell. Such an ion ap
proaches its counterion without any hindrance until its 
solvation shell contacts its partner. Further approach 
is hindered— it requires squeezing out a coordinated 
solvent molecule, or molecules, and therefore this stage 
of the association process, which leads to the format 
tion of a contact ion pairs, is distinct from the previous 
one. This idea has been now fully confirmed by studies 
of Eigen and his co-workers20 who observed two relaxa
tion times in many association processes involving 
hydrated ions. Hence, two types of ion pairs appar
ently coexist in such solutions, each representing a 
distinct thermodynamic species.

(15) N. M . Atherton and S. I. Weissman, J. Am. Chem. Soc., 83, 
1330 (1961).
(16) R. Chang and C. S. Johnson, ibid, 88, 2338 (1966).
(17) N . Hirota and R. Kreilick, ibid., 88, 614 (1966).
(18) B. R. Sundheim and K. F. A. Cafasso, J. Chem. Phys., 31, 809 
(1959); Ann. N. Y. Acad. Sei., 21 281 (1959).
(19) H. Sadek and R. M . Fuoss, ibid., 76, 5905 (1954).
(20) See, e.g., a recent review by M . Eigen, W . Kruse, G. Maass, 
and L. De Mayer, Progr. Chem. Kinetics, 2 , 285 (1964).
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Figure 4. Plot of the log K,n„ of sodium salts 
of radical ions in DMB vs. 1/T.

Kinetic studies of some solvolytic processes led Win- 
stein21 to postulate that two distinct ion pairs partici
pate in those reactions, each characterized by its own 
rate constant and stereochemical requirement. This 
hypothesis has proved to be most valuable and appli
cable to many systems. It has been formalized by 
Grunwald22 who described the potential energy of the 
system A+, B_ as a function of their separation dis
tance, r. In his model, the potential energy shows 
two minima—one for r equal to the separation distance 
of a contact ion pair, the other appearing when the inter
ionic distance is sufficiently large to accommodate just 
one solvent molecule between the ions. The maxi
mum separating the two minima reflects the unfavor
able situation of the system when the two ions are 
still apart but the space separating them is too narrow 
to accommodate even one solvent molecule.

The existence of two types of ion pairs of fluorenyl- 
salts has been demonstrated in this laboratory by

Hogen-Esch and Smid.23 In THF, and in a few other 
ethereal solvents, sodium and lithium fluorenyl show 
two absorption peaks in the near-ultraviolet region. 
Their relative intensities change with temperature, 
but not with concentration, indicating that two inter
convertible species, convincingly identified by Hogen- 
Esch and Smid as contact and solvent-separated ion 
pairs, coexist in these solutions. The proposed assign
ment gained further support from the conductance 
studies of these salts.9

The following question now arises. Is the concept 
of two types of ion pairs applicable to all systems con
taining associated ions? There are, of course, systems 
in which only one type of ion pair may exist. For ex
ample, for free ions which are not coordinated or only 
weakly coordinated with solvent molecules, the as
sociation gives contact ion pairs only; no solvent- 
separated ion pairs can exist in such solutions. On 
the other hand, for a very strong coordination and for 
a sufficiently bulky counterion, the possible gain in 
coulombic energy arising from the conversion of sol
vent-separated ion pair into contact ion pair may be 
much too small to permit squeezing out the solvent 
molecules. In such systems, only solvent-separated 
ion pairs exist. This point was fully discussed by 
Roberts and Szwarc.11

These are rather obvious limitations which do not 
deny the virtual existence of two types of ion pairs; 
they show only that the concentration of one form may 
become vanishingly small under some conditions. 
However, in many systems the concept of two ion 
pairs may be unattainable and the description of such 
systems cannot be achieved in these terms. To clarify 
the problem, let us return to the model proposed by 
Grunwald.23

Grunwald’s model is static in nature; the potential 
energy of the ion pair is assumed to be uniquely de
termined by the interionic distance, r. The situation 
is, however, more complex. The ion pair is embedded 
in a fluctuating environment of solvent molecules; 
it vibrates and the environment participates in this 
motion. The potential energy depends, therefore, on 
solvent because interaction with its molecules provides 
an average force field superimposed upon the interac
tion field of the pair. Such a field changes with tem
perature because the temperature affects the average 
configuration of solvent molecules with respect to the 
pair, and hence the shape of the potential energy curve

(21) S. Winstein, E. Clippinger, A . H. Fainberg, and G. C. Robinson, 
J. Am. Chem. Soc., 76, 2597 (1954).
(22) E. Grunwald, Anal. Chem., 26, 1696 (1954).
(23) T . E. Hogen-Esch and J. Smid, J. Am. Chem. Soc., 88, 307 
(1966).
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Also the dielectric constant as a function of tempera
ture shows no discontinuity at the freezing point 
(54.5°).18 If it is assumed that the dielectric constants 
of these very similar solvents are additive, a mixed- 
nitrile solvent containing 85% succinonitrile and 15% 
acetonitrile would have a dielectric constant of about 
62 at 25°. This is a considerably higher dielectric 
constant than those for nitromethane or acetonitrile 
(~38). This mixture has been found to be a very 
effective noncomplexing solvent for salts such as 
Cs2UCl6, Cs2U 02Cl4, and [(C2H5)4N]4U 02(S04)3 which 
are not appreciably soluble in acetonitrile or nitro
methane.19 The triphenylphosphonium salts used in 
this work were more soluble in this solvent than in ace
tonitrile. Acetonitrile was obtained as Spectrograde 
from Eastman. The succinonitrile (also Eastman), 
although inherently colorless, was not Spectrograde 
and was found to be light yellow. The mixed solvent 
(85 vol. %  succinonitrile-15 voi. %  acetonitrile) was 
dried and purified by passing it through a bed of neu
tral-type activated alumina. This treatment removed 
the color sufficiently that the mixed-nitrile solvent was 
usable down to 220 m/r in 0.1-cm cells and to 260 m̂ t 
in 1.0-cm cells.

The solubilities of the triphenylphosphonium salts 
in the mixed-nitrile solvent were sufficient to obtain 
good absorption spectra in the region of the internal 
4f transitions (e <1) using 10-cm cells. The hyper
sensitive transitions (e ~10) could be obtained in the 
mixed-nitrile solvent with 1.0- or 2.0-cm cells or in 
acetonitrile with 10-cm cells. It should be noted that 
these solutions usually supersaturated readily and 
spectra of solutions could be obtained from which 
crystals later formed. Both the MC16-3 and MBr6-3 
complexes partially dissociate in acetonitrile or in the 
mixed-nitrile solvent. This dissociation is easily pre
vented in the case of the chloride by a small excess of 
chloride as (C2H6)4NC1 or even (C 2I D 3NHCI. After 
a small excess of Cl-  has been added, further large 
additions cause no further change in the spectra, and 
the spectra become essentially identical with those of 
the solid triphenylphosphonium salts. With the 
MBr6-3 complexes, the tendency to dissociate is 
greater. If the system is kept dry the [(CeHs^PH^- 
MBr6- (CeHs) 3PHBr salts can be dissolved in the nitrile 
solvents containing a large excess of Bu4NBr without 
dissociation of the MBr6~3 complexes. The MBr6-3 
complexes are very markedly stabilized by addition 
of HBr gas to the nitrile solutions. This is because it 
reacts readily with water to form H30+  and with other 
electron-donor groups in similar manner. This sig
nificantly decreases their coordinating power and 
decreases competition with Br- . If a large amount

of HBr is added, a solid product is formed because of 
reaction with the nitrile. Reaction of hydrogen hal
ides with nitriles reportedly produces R— C X = N H .20 
This reaction of the HBr with the solvent was found 
not to affect the MBr6-3 spectra. Addition of a large 
excess of HC1 to the MC16-3 solutions actually destroys 
rather than stabilizes the MC16-3 complexes. This 
is probably due to the greater tendency for Cl-  to 
hydrogen bond producing HC12- , thus removing Cl-  
from MClfi-3. The weaker bonding of H+ to Br-  
makes HBr a more powerful dehydrating agent than 
HC1 in these solutions.

Since the phenyl and pyridinium groups absorb 
strongly in the ultraviolet region, the M X e-3 salts 
cannot be used (with the exception of the EuBr6-3) 
to obtain the tt —* 4f spectra. The hydrated rare 
earth chlorides can be dissolved in the nitrile solvents 
containing a large excess of R 4NC1 to produce the 
MCle-3 complexes as determined by comparison of 
the internal 4f spectra of these solutions with those of 
the solid MC16-3 salts and the salts in nitrile solutions 
containing excess Cl- . With the bromides, a similar 
situation exists except that HBr gas must be added to 
dehydrate the solution. Much higher concentrations 
of M X 6-3 in acetonitrile can be obtained in this manner 
than with the triphenylphosphonium salts. These 
solutions were used to obtain the electron-transfer 
spectra of EuCL-3, YbCle-3, SmCl6-3, EuBre-3, 
YbBre-3, SmBr6-3, and TmBr6-3 and the 4f —► 5d 
transitions of TbCl6-3, TbBr6-3, C ede-3, and Ce- 
Br6-3.

The procedure for obtaining the MC16-3 electron- 
transfer spectra was as follows. A concentrated 
lanthanide chloride solution in aqueous HC1 was 
diluted about two- to threefold with ethanol, and a 
large volume of acetone was added rapidly with 
stirring. The resulting crystals of MCL.aTLO were 
acetone washed and dried lightly under a heat lamp. 
They were then dissolved in a saturated solution of 
(C2H6)4NC1 in acetonitrile, and the absorption spectra 
were obtained in 0.01- to 0.1-cm cells to minimize 
absorption by impurities. The reference cells con
tained the same solutions without rare earth present.

The procedure for obtaining the MBr6-3 electron- 
transfer spectra was as follows. A concentrated 
lanthanide solution in aqueous HBr was diluted about 
twofold with ethanol and saturated with BujNBr, 
and a large volume of acetone was added. The hy
drated bromides precipitated (very slowly after seeding

(19) J. L . R y a n , unpublished  results.
(20) M . Silm an, "O rga n ic  C hem istry , A n  A d va n ced  T rea tise ,”  
V o l. I I ,  2nd  ed , John W iley  and  Sons, In c ., N ew  Y o rk , N . Y .,  1943, 
p 107.
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by the addition of an inert diluent, gradually varies 
the shape of the surface. Consequently, the height of 
potential energy barrier, which determines the activar 
tion energy of the process, varies with the nature of 
the solvent and becomes a function of the medium. 
Nevertheless, one should not suppose that the potential 
energy barrier becomes negative if the modification of 
a reaction’s milieu speeds up the process.

The properties of the solvent are modified by chang
ing its temperature. In fact, a solvent at low tempera
ture forms a different medium than the same solvent 
at high temperature. Therefore, it is possible to en
counter systems for which the potential energy barrier 
decreases sufficiently on lowering the temperature to

cause an increase in the rate of investigated reaction. 
This leads to an apparent negative activation energy, 
although the system has to surmount a positive poten
tial energy barrier at each temperature. It is likely 
that the apparent negative activation energy observed 
in the polymerization of sodium salt of living poly
styrene in tetrahydrofuran10 is due to such a phenom
enon.
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Vibrational Spectra of Organophosphorus Compounds. II. Infrared and 

Raman Spectra of CH3POF2 and CH3POFCl

by J. R. Durig, B. R. Mitchell, and J. S. DiYorio,

Department of Chemistry, University of South Carolina, Columbia, South Carolina

and F. Block

Research Laboratories, U. S. Army Edgewood Arsenal, Edgewood Arsenal, Maryland 
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The infrared spectra of gaseous and liquid CH3POF2 and CH3POFCl have been recorded 
from 4000 to 250 cm-1. The Raman spectra of the liquids have been recorded and de
polarization values measured. Assignment of the fundamentals based on position, de
polarization values, and band contours is given. Comparison of the spectra to that of the 
CH3P0C12 molecule is made and discussed.

Introduction

Recently, we reported a complete vibrational analy
sis for the molecules CH3PC12, CH3P0C12, and CH3- 
PSCk.1 A similar study has also been reported for 
the two molecules CH3PC12 and CF3PC12.2 As an ex
tension of our previous work, the infrared and Raman 
spectra of methylphosphonic difluoride and methyl-

phosphonic fluorochloride have been recorded. To 
the best of our knowledge, no previous infrared or 
Raman study of either CH3POF2 or CH3POFCl has 
been discussed. Vibrational spectra of these two

(1) Part I of this series: J. R. Durig, F. Block, and I. W . Levin, 
Spectrochim. Acta, 21, 1105 (1965).
(2) J. E. Griffiths, ibid., 21, 1135 (1965).
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Figure 1. Infrared gas-phase spectrum of CH3POF2 (expanded scale).

molecules are compared with that previously reported 
for CHsPOCh.1

Experimental Section

The sample of methylphosphonic difluoride was dis
tilled using a Teflon annular still and an intermediate 
fraction with a constant boiling point of 54° at 150 mm 
pressure was used in this study. The methylphos

phonic fluorochloride was prepared by heating an equi
molar mixture of methylphosphonic difluoride and 
methylphosphonic dichloride in a sealed tube at 100° 
for 2 weeks. The production of methylphosphonic 
fluorochloride was followed by the nmr spectrum of 
P31. The sample of CH3POFCl was removed from the 
reaction mixture by fractional distillation with a yield 
of approximately 23%. The CH3POFCl sample was
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Table I: Internal 4 f2 Transitions in Praseodymium(III) Complexes“

p r III_ p r III_ Pr111-
.------------------- PrCle-3------------------- - --------------------PrBre-3---------------- --------------- Pr(H20)«+3— - LaClt GdCla LaBra

X j “ j « m a x X j as f m a x as f m a x as as as

>d 2 592 16.89 0.09 595 16.81 0.14 16.78 1.9 16.73 16.69 16.67
3Po 485 20.61 0.94 487.6 20.50 1 . 0 20.69 4.0 20.47 20.41 20.37
*P. 475 21.05 0.40 477 20.96 0.59 21.29 4.6 21.08 21.01 20.98
3P2 450 22.22 0.34 455.5 21.95 0.45 22.43 10.5 22.23 22.16 22.13

“ Xj is the wavelength in m/i and <rj the wavenumber in k K  of the baricenter of the band group corresponding to the excited J level 
indicated, e^x  is the molar extinction coefficient of the highest band of each group in the solution absorption spectra; the wave- 
number of this band does not necessarily coincide with as ■

Table II: Internal 4f3 Transitions in Neodym ium (III) Complexes“

N d n I -

-----NdCle-3-------------------------s -----NdBre-3— ,----------Nd(H-0)s+3------- s JLa(Jl3 A-NdjOa
Xj imax Xj «max <rj «mas <rj o-J

4F » /2 881 11.35 0.31 878 11.39 0.38 11.58 3.6 11.44 11.19
4Fy, 808 12.38 0.65 803 12.45 0.94 12.62 11.8 12.48 12.27
4Fy 2 747 13.39 0.56 748 13.37 0.68 13.58 7.2 13.44 13.25
4Fy, ~686 14.58 0.05 685 14.56 0.07 14.84 0.4 14.72 14.47
4Gs/ 2 590 16.95 5.6 587 17.04 10.0 17.40 7.0 17.21 16.72
4G y 2 534 18.73 0.72 533 18.76 1.5 19.18 4.4 19.03 18.60
4Gs/, 517 19.34 0.27 520 19.23 0.40 19.63 1.7 19.44 19.17
*P> A 434 23.04 0.11 434 23.04 0.12 23.40 0.6 23.21 22.84
4D y 2 358 27.93 ~ 1 .0 28.28 5.2 27.97 27.20

“ Notation as in Table I .

Table ni: Internal 4f6 Transitions in Samarium(III) Complexes“

SmIn-
— [P (CfiHs) aH JaSmCIe- SmCle-8 ,----------Sm(H20)i,+8--------—s La 01 s B-Sm203

Xj O’J {max «max <rj o-j

6FVs ~1420 7.04 Strong 7.15 1.6 7.05 7.34
‘F y 2 1255 7.97 8.0 2.1 8.00 8.05
6F »/2 1090 9.17 9.25 1.8 9.08 9.22
4G s/ 2 562 17.79 Very weak 0.02 17.9 0.04 17.86 17.57
4F y 2 531 18.83 Very weak 0.01 18.6 0.02 18.86 18.87

491 20.37 Weak 0.03 20.02 0.08
478 20.92 Weak 0.04 20.88 0.6 20.60 20.75

4Il3/2 465 21.51 Weak 0.025 21.55 0.5 21.56 21.41
T y 2 422 23.70 0.15 24.0 0.5 23.78 23.64
ep 410 24.39 0.67 24.9 3.3 24.54 24.39

° Notation as in Table I.

in the 3d, 4d, and 5d transition groups.29 Keating and 
Drickamer30 studied the nephelauxetic effect of high 
pressures applied to 4f group compounds. A more 
chemical technique for modifying the internuclear 
distances was applied by McLaughlin and Conway31 
studying Pr(III) in LaCl3, CeCl3, NdCl3, SmCl3, and 
GdCl3. The gradually decreasing Pr-Cl distances

produce a strongly increasing nephelauxetic effect, 
d/3 in Table VIII going from 0.8 to 1.2%. On the other

(29) C. K . J0rgensen, “Orbitals in Atoms and Molecules,” Aca
demic Press Inc., London, 1962.
(30) K . B. Keating and H. G. Drickamer, J. Chem. Phys., 34, 143 
(1961).
(31) R. D . McLaughlin and J. G. Conway, ibid., 38, 1037 (1963).
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Figure 3. Raman spectrum of CH3POF2; cell, 5 ml and 7-mm 
diameter; slit, double 10 cm X 10 cm-1; sensitivity, 1.7 X 
200; period, 0.5; scan, 0.5 cm_1/sec.

Figure 4. Raman spectrum of CH3POFCl; cell 5, ml and 7-mm 
diameter; slit double 10 cm X 10 cm-1; sensitivity,
2 X 2000; period, 2; scan, 0.5 cm_I/sec.

are shown in Figures 3 and 4 and the frequencies are 
recorded in Tables I  and I I .  All Raman frequencies 
are believed to be accurate to ± 3  cm-1.

Results and Discussion
CH 3POF 2 . Methylphosphonic difluoride can have 

at most a plane of symmetry in which case it belongs 
to the point group Cs. The molecule has 18 funda
mental vibrations, 11 of which are of the symmetric 
species a' and give rise to polarized Raman lines. The 
seven remaining vibrations belong to the a " species 
and produce depolarized Raman lines. The 18 vibra
tions can be further characterized as nine fundamentals 
resulting from the CH3 motions and nine fundamentals 
which result from the motions of the CPOF2 skeleton. 
The assignment of all the vibrations of the CH3 group 
with the exception of the torsion can be made using 
previous assignments for the methyl group with C3v 
symmetry. These include two carbon-hydrogen

stretching vibrations, one of which belongs to the de
generate e species and usually falls near 3000 cm-1, 
while the other one belongs to species ai and is usually 
found around 2900 cm-1. Although the lower Cs sym
metry would be expected to split the degenerate vibra
tion, only one band was found in both the infrared and 
Raman spectra near 3000 cm“ 1. The band at 3005 
cm-1 in the Raman spectrum is broad and depolarized, 
and the carbon-hydrogen antisymmetric stretching 
vibrations of both species a' and a "  are assigned to 
this frequency. The corresponding band in the in
frared spectrum of the gas is found at 3020 cm-1. 
The most intense Raman line is found at 2933 cm“ 1 and 
is strongly polarized. The line is conclusively assigned 
to the CH3 symmetric stretching vibration with the 
corresponding band found at 2950 cm“ 1 in the infrared 
spectrum of the gas.

The methyl group with C3v symmetry has two de
formations, cne of which will belong to the degenerate 
e species, and it has the higher frequency. The Raman 
spectrum of CH3POF2 has a line of medium intensity 
at 1419 cm-1 which is depolarized, and it is thus as
signed to the CH3 antisymmetric deformation. The 
infrared band centered at 1428 cm“ 1 has a “ B”  type 
band contour, and there is no indication that the de
generacy has been removed. Therefore, the CH3 anti
symmetric deformations of both species a' and a”  are 
assigned to the same bands in the infrared and Raman 
spectra. Similar assignments have been given for the 
corresponding vibrations for the CH3PC12 and CH3- 
POCI2 molecules.1 The CH3 symmetric deformation 
is assigned zo the polarized Raman line of medium 
intensity at 1333 cm“ 1. The symmetric deformation 
is expected zo have a type “ A”  band contour, and a 
band of strong intensity with a strong Q branch is ob
served in the infrared spectrum of the gas at 1372 cm“ 1. 
The shift is much larger than that observed for the CH3 
antisymmetric deformation, and there is considerable 
doubt as to whether this band should be assigned to 
the P = 0  stretching vibration or the CH3 symmetric 
deformation. The P = 0  stretching vibration has been 
assigned to a band at 1415 cm“ 1 for the OPF3 mole
cule.6 It has also been shown that the P = 0  stretching 
vibration normally falls in the range 1310 to 1275 
cm“ 1,7 and the frequency is highly dependent on the 
electronegative substituents on the phosphorus atom. 
In previous work on the organophosphorus molecules,1 
it was found that the P = 0  stretching vibration gave a

(6) H . S . G u tow sk y  and A . D . L iehr, J . Chem. P h ys ., 2 0 , 1652 
(1952).
(7 ) L . J. B ellam y, “ T h e  In fra -red  S pectra  o f  C om p lex  M olecu les ,”  
John W iley  and  Sons, In c ., N ew  Y ork , N . Y ., 1957, p  312.
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to allow the P r-0  distances to achieve the same, most 
favored, values. A similar effect was found for Er-
(III) 26 having d/3 3 times larger in the six-coordi
nated YC13 with relatively short Er-Cl distances than 
in the nine-coordinated LaCl3. There is little doubt 
that our M X r J exemplify a similar behavior. In 
particular, the M -X  distances are probably even smaller 
in organic solvents13 such as acetonitrile than they 
would be in aqueous solution if the complexes did not 
immediately exchange their halide ligands for water. 
The molar extinction coefficients of the normal, not 
hypersensitive, transitions increase from some 0.04 
times the intensities of the aqua ion in PrCk-3 to about 
one-tenth of ErCl6-3. This may suggest that the cubic 
symmetry of ErCle“ 3 is perhaps slightly less nearly 
perfect.

Recently, Sugar27 (who also was so kind as to supply 
this information at an early stage) found 12 of the 13 
levels of the configuration 4f2 of gaseous Pr+3. The 
four levels of Table I are situated at 17.33, 21.39,
22.01, and 23.16 kK. The blue shift of these J levels 
relative to the aqua ion would indicate that d/3 of Pr+8 
is some —4.3%, though the relative shifts are smaller 
than expected in the infrared. As also discussed by 
Sinha and Schmidtke,32 33 this effect may be connected 
with a relatively smaller variation of the Landé param
eter f 4f, say 1.5%, than the variation of the parameters 
of interelectronic repulsion.

Electron-Transfer Spectra. In the ultraviolet, the 
hexahalide complexes of the reducible central ions 
Sm(III), Eu(III), Tm(III), and Yb(III) show broad, 
moderately strong, absorption bands (Figure 3) which 
can be ascribed to electron transfer from the highest 
filled MO, mainly localized on the halide ligands, to 
the partly filled 4f shell.16 Table IX  gives data for 
those absorption bands and for the only two lanthanide-
(IV) hexahalides we have been able to study, C ede-2 
and CeBr6~2. The bands are much more intense in 
the latter case, the empty 4f orbitals probably being 
somewhat more delocalized out on the ligands. Sur
prisingly enough, the intensities of CeCl6-2 and Ce- 
Br6~2 are even larger than those of UI6-2 and the 
Np(IV) and Pu(IV) hexahalides previously studied.6

Since the theory for the variation of the optical elec
tronegativity xopt of 4f and 5f group elements has been 
discussed elsewhere,6’16,33 we are here restricting our
selves to the much simpler equation

Cobsd = [*opt(X) — £uncor(M)]-30 kK (3)

where the wavenumber <r0bsd of the first electron-trans
fer band is related to the optical electronegativity of 
the ligand xopt(X) and the uncorrected value, not 
taking spin-pairing energy or other forms of interelec-

Figure 3. Electron-transfer spectra of europium(III) 
hexahalides: (1) 0.114 M  EuBr6- 3  in acetonitrile containing 
excess (CiHshNBr and HBr in 0.0108-cm cell (absorbance 
scale displaced 0.4) and (2 ) 0.0125 M EuCh- 3  in 
(C2H5)4NCl-saturated acetonitrile in 0.10-cm cell.

Table IX : Electron-Transfer Spectra of Hexahalides 
in Nitrile Solution“

X tr € s(-)

SmCle- 3 232 43.1 930 2.3
SmBnr3 286 35.0 1,050 2.4
EuChr3 301 33.2 400 2 . 1

234.5 42.6 640 (3.8)
EuBr6- 3 409 24.5 250 2 . 0

(309) (32.4) (340)
270 37.0 540

TmBre- 3 —260 ~38.6 ~300
YbChr3 272.5 36.7 160 1.7
YbBr6- 3 342 29.2 105 2.4

(240) (41.7) (450)
Cede - 2 376 26.6 5,200 2.9

255 39.2 13,800 3.2
CeBuT2 522 19.2 ~5,700 2.5

° The wavelengths X in mju, wavenumbers a in kK, and molar 
extinction coefficients e are given for maxima (shoulders in 
parentheses). $( — ) is the half-width in kK toward smaller 
wavenumbers.

tronic repulsion effects nor relativistic effects into ac
count, xUncor(M) for the central atom in a definite oxi
dation state.

Table X  gives the values of xun0or(M) obtained in a 
variety of cases. It is seen that the hexabromides

(32 ) S . P . S inha and H . H . S chm idtk e, M ol. P h ys ., 10, 7 (1965).
(33 ) C . K . Jorgensen , “ L anthanides o f  5 f E lem en ts ,”  A ca d em ic  
Press In c ., L on d on , 1966.
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Table II : Infrared and Raman Spectra of Methylphosphonic Fluorochloride“

Infrared Infrared Raman
(gas). (liquid), (liquid), Depolar
cm -1 Intensity cm -1 Intensity cm -1 Intensity ization Assignment

3009 M 3007 36 V, dp vi CH3 antisymmetric stretching
2924 w 2929 M 2925 1 0 0 0.23 p vs CH3 symmetric stretching

1516 W 2 X vn =  1506
1406 M 1407 15 6 A dp vi CH3 antisymmetric deformation

1373 M impurity ?
1346 R
1338 Q S 1317 S 1320 18 0.69 p vs CH3 symmetric deformation
1328 P
1313 w Vi +  V13 =  1316
1301 w 1289 S 1294 27 0.51 p vs P = 0  stretching

1005 w i'll +  V16 =  1019
950 Q w vn +  vis =  967
931 R
922sh vn +  vu =  911
920 Q s 918 s vs CH3 antisymmetric rocking
910 P, R
895 Q s 898 s vs CH3 symmetric rocking
8 8 8 P
876 Q w vn -|- vn =  876
865 R
855 Q s 855 s 850 1 vw P-F stretching
762 R
755 Q s 753 s 762 52 0.52 p vn P-C stretching
745 p
552 R
546 Q s 539 s 545 61 0.41 p vn P-Cl stretching
541 Q
536 P
467 w 469 w 2 X vn =  4:78
427 R
421 Q M 421 s 424 24 6 A  dp vn P-F bending
413 P
365 w 368 M 371 64 0.74 p vn P = 0  bending-in-plane
337 v w
330 v w 324 w 331 9 6A dp »is P = 0  bending-out-of-plane

262 27 6A dp i/i6 F-P-Cl bending
239 24 6A dp vn P-Cl bending

“ Abbreviations used: S, M, W, V, p, and dp denote strong, medium, weak, very, polarized, and depolarized, respectively; P, Q, 
and R refer to the branches of an individual band.

relatively strong Raman line which was strongly 
polarized. Thus, the depolarization value and in
tensity of the 1306-cm-1 Raman line slightly favored 
the assignment of this lower frequency band to the 
P = 0  stretching vibration and the 1333-cm-1 band to 
the CH3 symmetric deformation. Both fundamentals 
belong to symmetry species a' and the vibrations are 
probably mixed so that describing one as a CH3 motion, 
or the other as a P = 0  motion, is very likely a poor 
approximation. The Raman lines are of comparable 
intensity, lending further support that these two 
fundamentals are well mixed. Association in the 
liquid accounts for the large shift noted between the

gas and liquid phase frequencies of both the CH3 and 
P = 0  stretching vibrations. However, the larger 
shift is found for the higher frequency band which 
would favor the assignment of the 1372-cm-1 to the 
p = 0  stretching vibration. The conclusion is that 
either the 1333- or 1306-cm-1 Raman line could be 
equally well assigned as the P = 0  stretching mode and 
the latter line has been chosen rather arbitrarily.

The methyl group has a degenerate rocking vibra
tion, and the frequency ranged from 867 to 927 cm-1 
in the previous organophosphorus compounds studied.1 
The assignment of the CH3 rocking vibration in methyl- 
phosphoric difluoride is complicated because the phos-
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to a decreasing number of angular node-planes. An 
important negative result of our measurements is that 
no weak electron-transfer bands have been observed 
before the first strong bands.

Crystalline [P(C6H8)3H]3EuBr6' [P(C6H8)3H]Br shows 
nearly the same absorption spectrum as the solution 
of EuBr6-3 with a maximum at 24.6 kK. The 
half-width 5( —) =  2.4 kK is not directly compar
able, because the optical density of solids observed by 
our technique usually increases less strongly than the 
actual e. The transition 7F0 —► 6D2 corresponding 
to a very sharp little hump at 465.2 m/¿ is somewhat 
intensified as in the orange dialkyldithiocarbamates.16

The measurements in the ultraviolet were made on 
solutions containing only “ aliphatic” constituents and 
not P(C6H5)3H +. Another experimental problem was 
constituted by the danger of forming Br3~ by oxidation 
of bromide solutions. This species42'43 has an ex
tremely intense band (e ~50,000) at 37 kK but does not 
seem to have perturbed our results, largely because of 
the technique of using very thin cells.

As discussed in the Experimental Section, CeBr9“ 2 has 
only a transient existence at room temperature, and 
the molar extinction coefficient e ~5700 of the wine- 
red solution was obtained by extrapolation toward 
the time zero.

It may be worthwhile to make the chemical comment 
that, until recently, octahedral lanthanide complexes 
in solution were exceedingly rare. There exist some 
oxides24 and sulfides44 with distorted octahedral co
ordination of 4f group atoms. There appear also to 
exist a few cases of tetrahedrally coordinated sulfides.44

The 4/-*■ 5d Transitions in Cerium(III) and Terbium-
(III) Hexahalides. When CeCl6-3 and CeBr6~3 are 
prepared according to the same techniques as the other 
M X 6-8, they show some tendency in acetonitrile solu
tion toward oxidation to CeCl6-2 and CeBr6-2. How
ever, the original spectra can readily be obtained and 
consist in both cases of a single strong band as seen 
from Table X I and Figure 4. This band is 2 to 
3 times narrower than the electron-transfer bands 
given in Table IX , and there is every reason to believe 
that it is the transition from the ground-state 2Fs/2 
of [Xe] 4f to the excited configuration [Xe] (5dy6) 
containing one electron in the lower subshell of octa
hedral M X 6 chromophores. The weak red shift from 
the chloride to the bromide is quite compatible with 
such an interpretation.6'36 It may be mentioned 
that Feofilov45 reported a similar band at 32.7 kK 
for Ce(III) in the cubic, eight-coordinated position in 
CaF2. However, a much weaker band seems to occur 
already at 30.3 kK.46’46

The most interesting feature of our spectra is per-

Figure 4. Absorption spectra of cerium(III) hexahalides:
(1) 6 . 8  X 10- 2  M  CeBr6~ 3 in acetonitrile containing 
excess (CiHjhNBr and HBr in 0.0108-cm cell and
(2) 6.4 X 10- 2  M  CeCle- 3  in acetonitrile containing 
excess (CiHshNCl in 0.0108-cm cell.

Table XI: 4f —*■ 5d Transitions in Cerium(III) and 
Terbium(III) Hexahalides“

X <r e *(-) «(+)
CeCle- 3 330 30.3 1600 0.8 1.05
CeBr6~ 3 343 29.15 1600 1.05 1.05
TbCle- 3 271.5 36.8 28 1.2

233.8 42.75 1500 0.65 1 . 1
TbBre- 3 278 36.0 Weak 0.9

° Notation as in Table IX ; 5( +  ) is the half-width in kK 
toward higher wavenumbers.

haps the absence of any other absorption bands in 
the measured range, up to 45 kK in CeCl6~3 and 40 
kK in CeBr6-3. This sets a lower limit of some 15 
kK for the energy difference A between the two 5d 
subshells y8 and 73. This figure may be compared with 
A =  20.4 kK in R hC Ir3 and 25.0 kK in IrCle“ 3,29 
and suggests a strong <r-antibonding influence on the 
upper subshell though the Ce-Cl distance must be 
considerably larger than, say, the Ir-Cl distance.

(42) A. I. Popov and R. F. Swensen, J. Am. Chem. Soc., 77, 3724 
(1956).
(43) J. E. Dubois and H. Herzog, Bull. Soc. Chim. France, 57 (1963).
(44) C. K . Jprgensen, R. Pappalardo, and J. Flahaut, J. Chim. Phys., 
62, 444 (1965).
(45) P. P. Feofilov, Opt. Spectry. (USSR), 6, 150 (1959).
(46) P. P. Sorokin, M. J. Stevenson, J. R. Lankard, and G. D . Pettit, 
Phys. Rev., 127, 503 (1962).
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Table III: Summary of the Fundamental Frequencies of CH3POF2, CH3POFCl, and CH3P0C12 Molecules

Approximate description Species® CH3POF2 CHsPOFCl
CH3POCI2, 

(ref 1)

CH3 antisymmetric stretching a " 3020 30076 3005
CH3 antisymmetric stretching a' 3020 30076 2998
CH3 symmetric stretching a' 2950 2924 2918
CH3 antisymmetric deformation a" 1428 1407J 1416
CH3 antisymmetric deformation a ' 1428 14076 1416
CH3 symmetric deformation a' 1372 1330 1316
CH3 antisymmetric rocking a " 953 920 902
CH3 symmetric rocking a' 925 895 894
P = 0  stretching a' 1320 1313 1297
P—C stretching a' 752 755 757
PX2 antisymmetric stretching a" 878 855° 552
PX2 symmetric stretching a ' 858 546' 497
PX 2 wagging a' 469 421 2856
PX2 twisting a " 408 2626 226*
PX2 deformation a' 287 2391 2 0 0 !>
P = 0  in-plane bending a' 408 365 349
P = 0  out-of-plane bending a" 287 330 325
Torsion a" ? ? ?

a Species designation does not apply for the CH3POFCI molecule. b Liquid phase Raman frequencies, all other values are gas phase 
infrared frequencies. '  The 855-cm“ 1 band is P-F stretching and the 546-cm“ 1 band is P-Cl stretching.

The assignment of the vibrations of the CH3 group 
follows directly from those given for the corresponding 
vibrations of the CHsPOFi molecule. The CH3 
antisymmetric stretching vibration is assigned to the 
Raman line at 3007 cm“ 1 which is depolarized. The 
infrared band at 3009 cm-1 is very broad, but two dis
cernible bands were not observed. The CH3 sym
metric stretching vibration is assigned to the very 
strong Raman line at 2925 cm-1 and the band is strongly 
polarized. Similarly, the CH3 antisymmetric deforma
tion is assigned to the depolarized Raman line at 1407 
cm“ 1, and the CH3 symmetric deformation to the 
polarized Raman line at 1320 cm“ 1. The infrared 
spectrum had a band of strong intensity, at 1330 cm“ 1, 
and because of its intensity this band is assigned to 
the CH3 symmetric deformation rather than the P = 0  
stretching vibration. The P = 0  stretching funda
mental is assigned to the polarized Raman line at 1294 
cm“ 1. The infrared spectrum of the liquid had a 
strong band at 1289 cm“ 1, but the infrared spectrum 
of the gaseous material showed only weak bands at 
1301 and 1313 cm-1. Again, these two fundamentals 
are expected to be strongly mixed and the descriptions 
are probably rather poor. The CH3 antisymmetric 
and symmetric rocking vibrations are readily assigned 
to the infrared bands at 920 and 895 cm“ 1, respectively. 
The P -F  stretching vibration is assigned to the 855- 
cm“ 1 Q branch with the corresponding Raman band 
observed at 850 cm“ 1. The P-C  stretching is observed

at 762 cm“ 1 in the infrared spectrum. The P-Cl 
stretching is assigned to the Q branch at 546 cm“ 1 
(545 cm“ 1 in the Raman effect), and the band shows 
an additional Q branch at 541 cm“ 1 which probably 
corresponds tc the v =  1 to v =  2 vibrational transi
tion. The P -F  bending vibration is assigned to the 
Q branch at 421 cm-1 (Raman line at 424 cm“ 1), the 
PFC1 bending to the Raman line at 262 cm“ 1, and the 
PCI bending tc the Raman line at 239 cm“ 1. The P = 0  
bending vibrations are assigned based on the previous 
assignments given for the CH3P0C12 molecule.1 The 
P = 0  in-plane bending for the CH3P0C12 molecule was 
assigned to the polarized Raman line at 356 cm-1 
and the out-of-plane bending was assigned to the de
polarized Raman line at 334 cm“ 1. Thus, the two 
Raman lines at 371 and 331 cm“ 1 in the spectrum of 
CH3POFCl are similarly assigned. Weak bands were 
observed in the infrared spectrum at 365 and 330 cm“ 1, 
indicating that both of these vibrations are active in 
the infrared and Raman spectra, which is in direct 
contrast to what was observed in the vibrational spec
trum of CH3POF2. Table III gives a summary of 
the fundamental frequencies for the CH3POF2, CH3- 
POFC1, and CH3P0C12 molecules. All of the funda
mentals have been assigned for these molecules with 
the exception of the torsional vibration. The torsional 
modes are expected to lie well below 250 cm-1, which 
was beyond the limit of our current infrared instrumen
tation, and they are normally too weak to be detected
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in the Raman effect. Due to the low symmetry of the 
molecules, all combination and overtone frequencies 
are permitted. Therefore, several weak bands ob
served in the infrared and Raman spectra could not be 
uniquely assigned, but a few reasonable assignments

are given in Tables I and II. The data do not justify 
a detailed discussion of these assignments.
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Kinetics of the Solid-State Reaction between Magnesium Oxide and Ferric Oxide

by Donald L. Fresh1 and J. Stuart Dooling

Department of Chemistry, Catholic University of America, Washington, D. C. (.Received May 5, 1966)

The reaction between equimolar amounts of intimately mixed powders of magnesium 
oxide and ferric oxide at elevated temperatures to form magnesium ferrite was studied 
considering the variables of temperature, time, and particle size of the oxide powders. 
The reaction mixtures were analyzed by X-ray diffractometry employing a spectrogoniom- 
eter. After a rapid initial reaction period, which was attributed to surface diffusion, the 
reaction was expressed by Jander’s diffusion equation. The controlling process was the 
diffusion of the oxide components through the ferrite product layer. The solid-state 
reaction rate constants were calculated, and the temperature dependence of the rate con
stants was studied. Activation energies were found to be 117 kcal/mole.

Introduction
Although solid-state reactions were recognized during 

the 1800’s and early 1900’s, as evidenced by work of 
Faraday,2 Spring,3 and Cobb,4 very little was done 
toward understanding the mechanisms until after 1910. 
Some of the earliest quantitative work on the kinetics 
of solid-phase reactions was done by Hedvall,5 Tam- 
mann,6 and Jander.7 Jander conducted experiments 
on the solid-phase reaction between crystalline solids 
and concluded that the square of the thickness of the 
reaction layer of the new-formed product is propor
tional to time. The differential equation representing 
the reaction is

Equation 1 states that the rate of thickening of the 
product layer is inversely proportional to the thickness 
of the layer, y, at time, t. The product layer may be

considered as a diffusion barrier which tends to retard 
the reaction as the layer thickens.

A number of experimental methods have been em
ployed in following solid-state reactions. Chemical 
analytical techniques meet with only limited use when 
the reactions do not involve a change in chemical com
position but merely a change in crystalline configura
tion. This is the case in the reaction

MgO +  Fe20 3 — >  MgFe20 4

(1) General Precision Inc., Librascope Group, Glendale, Calif.
(2) M. Faraday and J. Stodart, Quart. J. Sci., 9, 319 (1820).
(3) W . Spring, Z. Physik. Chem., 2, 535 (1888).
(4) J. Cobb, J. Soc. Chem. Ind., 29, 69, 250, 399, 608, 799 (1910).
(5) J. A. Hedvall, “Reaktionshahigkeit Fester Stoff,” J. Barth Co., 
Leipzig, 1938.
(6) G. Tammann, Z. Anorg. Allgem. Chem., I l l ,  78 (1921); 123,
196 (1922); 149, 21 (1925).
(7) (a) W . Jander, ibid., 163, 1 (1927); 166, 31 (1927); 214, 55 
(1933); (b) W . Jander, Z. Ver. Deut. Ing., 80, 506 (1936).
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Although X-ray diffraction, principally camera tech
niques, has been used for a number of years to measure 
crystalline structures, only recently have methods been 
available that provide the degree of accuracy required 
to follow a reaction of this type quantitatively.

Experimental Section

The particle method, as applied in this study, in
cludes the following experimental steps: selection and 
preparation of the reactant oxides; preparation of 
large particles of MgO by comminuting and sizing; 
preparation of the reaction specimens by intimately 
mixing the two oxides and compacting the mixtures 
into disk shapes; heat-treating the shapes; prepara
tion of the heat-treated shapes for X-ray diffraction 
analysis by pulverizing to fine powders; and analysis 
by X-ray diffractometry.

For the finely divided ferric oxide, Grade 2199 of the
C. K. Williams Co., Easton, Pa., was selected on the 
basis of purity and particle size. A spectrographic 
analysis of the material indicated a purity of 99.2% 
and an electron micrograph of the material showed the 
particles to be in the vicinity of 0.05 fx. A high purity 
(99.5%) “ optical fused grade” of magnesium oxide in 
the form of large crystals (5- to 50-mm diameter) avail
able from the Norton Co. of Worcester, Mass., was used 
as the source of the other reactant particles.

In order to obtain the various coarse particle-size 
ranges, the large crystals of magnesium oxide were 
comminuted into three particle-size ranges. An upper 
limit of about 0.25-mm cross-sectional dimension was 
felt sufficiently large to guarantee that complete reac
tion would not occur even after exposure to high tem
peratures for long periods of time. The ranges of 177 
to 210, 88 to 105, and 44 to 53 n were then selected on 
the basis of available Tyler Standard Sieves. Crushing 
was accomplished between two hardened steel plates 
on a mechanical press. A slow stream of dry argon 
was introduced into the crushing assembly and into 
containers used in all subsequent steps to minimize 
hydroxide and carbonate formation.

Three reaction specimen types were prepared by 
combining equimolar amounts of each of the particle- 
size ranges of magnesium oxide with the finely divided 
ferric oxide as shown in Table I. The weighed amounts 
of each of the two oxides were placed in glass jars with 
plastic screw caps and were shaken to promote dry 
mixing. Additional mixing was performed by shaking 
after the addition of stainless steel balls. Next, an 
amount of anhydrous ethanol, sufficient to produce a 
good mixing consistency, was added and the jars and 
balls were again shaken and then revolved on a ball- 
mill roller until a mixture was obtained that appeared

uniform by microscopic examination. This examina
tion also showed that the original size of the coarse 
particles had not been reduced by the mixing operation.

Table I: Particle size of Reaction Specimens

Speci
men
no. MgO Fe203
1 1 mole 44-53 m 1 mole 0.05/2
2 1 mole 88-105 n 1 mole 0.05 /a
3 1 mole 177-210 M 1 mole 0.05/1

Rapid drying was accomplished by placing the jars 
under heat lamps while gently blowing argon into each 
jar to remove the alcohol vapor. The drying was rapid 
enough to minimize preferential settling of heavy 
particles in the slurries. The specimen powders were 
pressed into disks in order to force the particles closer 
together and thereby obtain a higher degree of intimacy 
between the reactants and to provide a convenient 
shape to facilitate handling during the heat-treating 
step. Disks, with dimensions 5-mm thickness by
17.5-mm diameter, were formed with 10,000 kg of 
force.

The three reaction disks (plus individual MgO 
and Fe20 3 disks and crucibles of powders for use in 
preparing X-ray standards) were placed in procelain 
boats lined with platinum foil in preparation for heat 
treatment. A preheating furnace was used to heat the 
boats of specimens before placing them in the heat- 
treating furnace. This served to prevent any drastic 
lowering of the temperature in the heat-treating furnace 
and permit rapid attainment of the desired peak tem
peratures. At the completion of the heat-treatment 
period, the boats of specimens were removed from the 
furnace and rapidly cooled by air quenching. Elec
tronic measuring and controlling apparatus maintained 
the zone used in the heat-treating furnace within ± 2 °  
of the desired value. The reaction specimens were 
fired at four temperatures (1000,1100, 1200, and 1300°) 
for seven periods of time (0.25, 0.5, 1, 2, 4, 8, and 20 
hr).

X-Ray diffraction was used to follow the reaction 
by measuring the amount of ferric oxide remaining in 
a specimen. The ferric oxide crystal provides a strong 
diffraction line that receives no interference from the 
patterns of the other constituents in the way of line 
superposition or adjacency. The intensity of this ferric 
oxide line was measured in each specimen and the 
amount of reactant remaining was thereby de
termined. Apparatus utilized was a Norelco dif-
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Figure 2. Chronopotentiograms for NaN02 solution 
in NaN03-K N 0 3 at 290°: n, anodic transition time; 
it, time of forward (anodic) current; U, transition 
time for reverse (cathodic) process.

Figure 3. Chronopotentiograms for dissolved NO2 

in NaN03-K N 0 3 melt: n , cathodic transition time; 
T2, transition time for reverse (anodic) process due 
to oxidation of products formed during n.

Table II : Average Ei/4 Values at Pt Electrode (vs. Ag|AgNO< 
(0.06 M ) Reference) in NaN03-K N 0 3 at 300°

■Em, v“-
Solute Cathodic Anodic

NaNOs 0.44 (r) 0 .47(f)
N 0 2 0.42(f) 0.45 (r)
K2S2O7 0.42 (f) 0.47 (r)
KHSO4 0.41 (f) 0.45 (r)

“ f =  forward wave, r = reverse wave.

the O2-. Swofford and McCormick apparently found 
a single wave, but it is not clear from their presentation 
if a second wave may have existed. The Na2C 03 and 
NaOH solutions each produced one wave at about +0.4 
and —0.3 v, respectively. On reversal of current after 
these waves, single reduction waves at —0.6 to —0.9 v 
were found in all these melts. (When the electrode 
potential was cycled between +0.1 and —0.6 v, anodic 
waves due to a solid on the electrode were frequently 
found at about 0.0 v.) Solutions containing NaN02 +  
Na2C 03 or NaN02 +  Na20 2 (Figure 5) were titrated 
with K2S207- It was observed that both the car
bonate and peroxide, being stronger bases than nitrite, 
were neutralized before the nitrite. However, the ex
pected stoichiometry did not seem to be obeyed. 
Figure 6 shows the neutralization of a Na20 2 melt by 
purging with N 02.

Addition of NO and Oxygen. When nitric oxide was 
bubbled through the nitrate melt, the only electro
chemical reaction observed was an oxidation; linear 
voltammetric and chronopotentiometric measurements 
were the same as for solutions to which N 02~ had been 
added. These results indicated that a reaction took 
place between NO and the nitrate melt (see below).

Attempts to reduce gaseous oxygen in these melts 
were unsuccessful. This result differs from that of 
Kust and Duke15 but is in agreement with the findings 
of Swofford and McCormick.14

Discussion
For the NaN03-K N 0 3 melt the limiting reactions at 

— 1.6 (cathodic) and +1.2 v  (anodic) have been attri
buted to the reduction of N 0 3~ to N 0 2_ and O2- and 
the oxidation of N 03_ to N 0 2 and 0 2, respectively.12 
The anodic wave at —0.3 v can be ascribed to oxidation 
of the Pt electrode and/or of oxide ion formed during 
the reduction of NOs- . Nitrate solutions containing 
various bases show anodic waves which may involve the 
same over-all oxidation process, i.e., depolarization of 
the platinum electrode by oxide. The difference in po
tentials at which these processes occur in the various 
solutions may be indicative of the different basic 
characteristics of the oxide donors.

The electrochemical studies demonstrate that the 
species N 02+, assumed to exist in measurable concen
tration16 in acidic nitrate melts, cannot be detected by 
the techniques employed above. The same electro
chemical techniques have been utilized successfully in 
a recent study16 of NO+ and N 02+ in concentrated

(15) R . N . K u st  and  F . R . D u k e, J. Am. Chem. Soc., 85 , 3338 
(1963).
(16) L . E . T o p o l, R . A . O steryoung, and J. H . C hristie, J. Electro- 
chem. Soc., 112, 861 (1965).
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Figure 4. Log [(t/<)1,s — 1] vs. E  for the 
electrode reaction N 0 2 +  e —> N 02~.

Figure 5. Reaction of Na20 2 +  NaN02 with 
K2S20 7 in NaNOr-KNOs at 300°.

sulfuric acid. Attempts to oxidize N 0 2 and NO at Pt 
electrodes in the molten nitrates were also unsuccess
ful. Furthermore, recent thin-film infrared-emission 
measurements17 of acidic nitrate melts yielded no evi
dence of the existence of N 02+. These results are in 
disagreement with Delarue,5 who reported the coulo- 
metric production of N 02+ by the reaction

NOs-  -  2e — ► N 02+ +  y 20 2 (4)

and claimed to have identified the electrode reaction

N 02+ +  2e — > N 02-  (5)

Our results regarding the electrochemical behavior of

time (sec)

Figure 6 . Reaction of Na20 2 with N 0 2 
in NaN03-K N 0 3 at 300°.

N 02 are in opposition to those of Swofford and McCor
mick, who state that N 02 “ exhibits no significant elec
trochemical activity.”  We are in agreement regarding 
the existence of a reversible one-electron oxidation of 
N 02_ to N 02. The voltammetry and reverse-current 
chronopotentiometry on nitrite as well as N 02 support 
the reversibility of reaction 3. Certainly, Swofford 
and McCormick’s conclusion regarding a reversible 
couple requires that N 02 be reducible to N 02~, and we 
are unable to suggest a cause for their finding N 02 elec- 
trochemically inert.

Kust and Duke,16 using an oxygen electrode in acid 
nitrate melts, claim to have measured the dissociation 
constant for reaction 1. However, their dissociation 
constant increased with time and it may be that here, as 
well as in previous kinetic studies,4 the reaction ob
served was

2N 03~ — 2N 02 -f- y 20 2 T  O2- (6)

or in the presence of acids, e.g., S20 72-

S20 72~ +  2N 03~ — > 2SO42"- -f- 2N02 +  y 20 2 (7) 

The present electrochemical studies have shown that

(17) J. R . M o y e r, D o w  C hem ica l C o ., p riva te  com m un ica tion .
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the NO2-NO2-  couple is reversible on Pt and that the 
only detectable electroactive species in solution upon 
the addition of strong acids to nitrates is N 02. The 
diffusion coefficient of N 02 dissolved in these melts 
could not be determined from eq 2 since the gas concen
tration or solubility is not known. If one assumes that 
the diffusion coefficients of N 02 and N 02~ are approxi
mately equal, the solubility of N 02 in NaNCb-KNCh is 
calculated to be about (5 ±  3) X 10 ~3 mole/1. at 300°.

It was further demonstrated that N 02 itself behaves as 
an acid, reacting with strong bases and nitrite and con
verting chromate to dichromate, posssibly via the fol
lowing reactions.

2N 02 +  0 2~ =  N 03-  +  N 02-  (8)

N 02 +  N 02-  =  N 03-  +  NO (9)

2N02 +  2CrO*2-  =  N 0 3-  +  N 02-  +  Cr20 72-  (10)

In an equilibrium study, reaction 9 was found to pro
ceed far to the right as written. However, the reverse 
reaction can also be observed by bubbling NO through a 
nitrate melt as was demonstrated by the electrochemical 
results. This also appears to disagree with the findings 
of Swofford and McCormick, although their experi
mental conditions may preclude comparison with our 
data. It was also found that equilibrating nitrite with 
an acid such as K2S20 7 or K2Cr20 7 in a nitrate melt 
always resulted in the formation of a gaseous mixture of 
NO and N 02. The relative amounts of the two gases 
varied with the acid used, the percentage of NO de
creasing from over 90% with K2Cr20 7 to about 50% 
with K2S20 7 at 275°. If N 02+ were the acid species, 
then one would expect to find N 02 primarily, according 
to the reactions

N 02+ +  N 02-  — > 2N 02 (11)

and

N 02+ +  N 0 3-  — > 2N02 +  V2O2 (12)

However, the reaction occurring appears complicated 
but may be

S20 72-  +  2N02-  = 2S042~ +  NO +  N 02 (13)

or may also involve reactions 7 and 9. With dichro
mate the reaction would be similar to (13) except that 
chromate would be formed instead of sulfate, and reac
tion 10 must also be considered. These reactions with 
the appropriate equilibrium constants could account 
for the low N 02 concentration at equilibrium in the di
chromate system. In any event it is difficult to recon
cile these results with the assumption of N 0 2+ as the 
acid species.

Finally, N 02+ has been postulated as the inter
mediate in the acid oxidation of bromide ion,4b i.e.

NO2+ T" Br~ ^ N 02 -(- y 2Br2 (14)

and also, oxidation of iodide3 has been found in meta
phosphate-containing melts, the reaction suggested as

NOa-  +  P 0 3-  +  I -  — ►  PO 4 3-  +  y 2 I 2 +  N 0 2 (15)

It was decided to check these reactions and to see if N 0 2 
could oxidize these halide ions. Solutions of KI and 
K2Cr20 7 in NaN03-K N 0 3 were equilibrated overnight 
in vacuo and the reaction was found to be complex in 
that it required about four parts of dichromate to one 
of iodide for complete iodide oxidation. The gas phase 
was analyzed by mass spectrometry and consisted en
tirely of NO in every case in contrast to N 0 2 reported 
and postulated earlier. 3'4b To test the effect of nitro
gen dioxide, some experiments were run in which N 02 
was bubbled through nitrate melts containing Br~ or
I - . Both halogen and NO were found indicating the 
over-all reaction to be

2NO2 +  X -  — > y 2X 2 +  NO +  NO3- (16)

Thus, here again the observed behavior of N 0 2 is 
equivalent to that attributed to N 02+ in acidified 
melts, and although the chemical evidence above does 
not preclude the existence of N 0 2+, it certainly favors 
N 02 as an acid intermediate, if one is required, rather 
than N 02+.
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The activation energies and constants were obtained 
from the graphs of the temperature dependence of the 
rate constant (Figure 5). Table III lists these values.

Activation energies were also calculated from the slopes 
of plots of In (1 — "V̂ l — x)1 2 against 1/T. These were 
in agreement with the values of Q listed in Table III.

O n  t h e  I r r a d ia t i o n  o f  r e -H e p ta d e ca n e
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B ell Telephone Laboratories, Incorporated , M u rra y  H ill, N ew  Jersey  (Received M a y  10, 1966)

Radiolyses of n-heptadecane in the pure state and in the presence of iodine are examined 
and compared with those of n-hexadecane. In general, similar irradiation behavior is 
noted. However, differences are observed in radiolyses of the respective crystalline solids. 
Lower cross-linking yields and an unsymmetrical distribution of low molecular weight 
products result from irradiated solid n-heptadecane as compared to solid n-hexadecane. 
These differences are associated with poorer molecular coupling in the orthorhombic 
structure of odd n-alkanes than in the triclinic habit of even homologs. The end-linking 
yield in solid n-heptadecane is larger than in solid n-hexadecane. The combination of 
heptadecyl radicals yields at least 35 and 80% of the tetratriacontane isomers on irradia
tion of pure n-heptadecane in solid and liquid states, respectively.

Introduction
Detailed studies of the irradiation behavior of n- 

hexadecane1'2 lead to conclusions on the radiolysis of 
long-chain paraffins. To explore the generality of 
these results, the next higher homolog (containing an 
odd number of carbon atoms), n-heptadecane, was 
examined.

There is an even-odd alternation in the crystallo
graphic properties of normal paraffins.3 Even n- 
alkanes of carbon numbers 8 through 24 crystallize in 
a triclinic modification, with layers of parallel molecules 
obliquely inclined to layer planes drawn through 
chain ends. Just below their melting points, odd 
linear paraffins between C9 and C35 assume rotational 
crystalline structures in which molecules rotate about 
their long axes. At lower temperatures, these odd n- 
alkanes crystallize in orthorhombic habit with molecular 
axes normal to “ end planes.” 4 5

Radiolyses of solid and liquid n-hexadecane are 
sensitive to physical state.1 Cage recombination of

radical fragments from main-chain scission in the crys
talline solid was adduced to explain differences in 
product yields in different states. Since molecular 
packing in solid paraffins is altered by crystalline 
modification, it is of interest to examine the effect of 
crystal state on radiation behavior. The importance 
of crystalline modification in n-hexadecane radiolysis 
was indicated by the observation that cross linking 
was affected by the addition of specific impurities which 
cause n-hexadecane to assume an orthorhombic form.1'6

Another reason for studying the importance of crystal 
habit is to ascertain the validity of considering n- 
hexadecane as a polyethylene analog. Linear poly-

(1 ) R . S a lovey  and  W . E . F alconer, J. P h ys. Chem., 69 , 2345 (1965).
(2 ) W . E . F alconer and R . S a lovey , J. Chem. P h ys., 44 , 3151 (1966).
(3 ) A . I . K itiagorodsk ii, “ O rganic C hem ical C rysta llograp h y ,”  
C onsu ltants B ureau , N ew  Y o rk , N . Y .,  1961.
(4 ) Y u . V . M n yu k h , J. P h ys. Chem. Solids, 24, 631 (1963).
(5 ) A . M uller and K . L onsdale, A cta  Cryst., 1, 129 (1948).
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Table I : Photolysis of 1,3-Dioxolane

-------------------------------------------------------------------------------------------------Press., mm--------------------------------------------------------------------------------------------------
11.0 20.0 20.0 20.0 46.5 50.0 50.0 50.0 50.0 50.0 61.0 73.0 81.0 82.0
-------------------------------------------------------------------------------------------------Temp, °C—-----------------------------------------------------------------------------------------------
27 27 81 110 110 27 27 27 27 27 80 27 110 80
----------------------------------------------------------------------------------------- Exposure time, min------------------------------------------------------- -—— --------------------------

Prod- 120 120 120 121.5 120.0 19.0 30.0 58.0 120.7 183.8 122.2 50.0 120.0 120.0
acts

h 2 2.90 3.82 4.72 5.62 7.58 0.64 1.08 2 . 2 1 4.63 7.01 6.85 3.36 9.60 7.64
CO 2.60 3.45 3.12 3.49 4.63 0.41 0.72 1.53 3.64 5.86 4.79 2.77 5.81 5.29
c h 4 0.39 0.48 0.61 0.89 1.34 0.09 0 . 1 2 0.27 0.62 1 . 0 2 1 . 1 2 0.36 1.80 1.31
c 2h 6 0.26 0.29 0.27 0.37 0.53 Trace 0.03 0.08 0 . 2 0 0.37 0.43 n 0.70 0.35
CO. 1.89 2.51 3.20 4.48 5.37 0.47 0.59 1 . 1 1 2.38 3.49 4.82 n 7.34 4.48
c .,H 4 2 . 1 0 2.89 3.13 4.21 5.44 0.64 0.80 1.52 3.22 4.80 5.40 n 7.14 5.21
CbEU n* 0.31 0.29 0.31 n n 0.09 0.17 0.33 0.39 n 0.28 n
Cff.O 

a n =

n 2.51 

not analyzed.

2.47 2,64 n 0.74 n 1.73 2.99 3.96 3.70 2.55 4.05 n

After each run the products were condensed at —196° 
and then distilled through two LeRoy traps at —196° 
and a solid nitrogen trap ( — 210°). In experiments 
in which oxygen was added to the reactant, the non
condensable gases were pumped off, while in runs which 
were performed without oxygen, the noncondensable 
gases were measured in a Toepler pump-gas buret. 
The noncondensable fraction which contained H2, 
CH4, and CO was analyzed by a mass spectrometer. 
The condensable fraction was transferred quantitatively 
into an ampoule and then introduced into the inlet 
system of a dual-column, dual-detector gas chroma
tograph. The two columns and the detectors were 
connected in series, and the electrical signals from the 
detectors were fed into a double-pen recorder. One of 
the columns was 2 m long, packed with 25 wt %  
Carbowax 600 on Chromosorb, while the other was
l.o  m long and packed with silica gel. Ethane, carbon 
dioxide, ethylene, and butane were all resolved very 
well in the silica gel column. The Carbowax column 
could resolve acetaldehyde, ethylene oxide, and 1,3- 
dioxolane. The columns were calibrated using known 
quantities of authentic samples. Since it was not 
possible to analyze formaldehyde by gas chromatog
raphy, it was estimated quantitatively by the color 
reaction.3 In order to analyze all of the products, 
two runs were carried out under identical conditions, 
of which one was used for analysis of formaldehyde 
while the other one was used for analysis of all other 
products.

Results

Within the decomposition range 0.5-2.5%, the 
principal products of the reaction were hydrogen, 
carbon monoxide, carbon dioxide, methane, ethane, 
ethylene, n-butane, and formaldehyde (Table I).

Acetaldehyde was not detected as a product, and, 
if it were present at all, it could not be more than a 
few per cent of the total products.

The product yields at different exposure times are 
shown in Figures 1 and 2, which demonstrate the level
ing off of formaldehyde at longer exposure while the 
other products were linearly proportional with time 
except carbon monoxide, the rate of which increased 
with time.

The scavenging effect of ethylene-d4 (Table II) on 
the hydrogen yield is prominent in Figure 3. The 
purpose of added ethylene-d4 was dual. First, it 
acted as a scavenger of the hydrogen atom. Second, 
it acted as a detector of shorter wavelengths since

(3) D . M atsukaw a, J. B iochem . (T o k y o ) , 30, 386 (1939).
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Table II : Yields of Low and Intermediate Molecular Weight Products in the Radiolysis of Liquid rc-Heptadecane (4.0 Mrads)

Carbon '---------------- -------Hydrocarbons------- /--------------Iodoalkanes-
no. Pure + 0.6% I + 1.2% I + 0.6% I + 1.2% I

4 0.091 0.061 0.056
5 0.117 0.075 0.062 0.077 0.072
6 0.130 0.085 0.072 0.060 0.066
7 0 . 1 2 2 0.076 0.062 0.052 0.054
8 0 . 1 0 1 0.059 0.049 0.054 0.056
9 0.082 0.047 0.037 0.062 0.063

1 0 0.070 0.035 0,029 0.057 0.057
1 1 0.069 0.035 0.030 0.048 0.046
1 2 0.073 0.037 0.031
13 0.065 0.035 0.025

14 0.070 0.042 0.033
15 0.066 0.042 0.032
16 0 . 0 2 1 “ 0.003“ 0 “
17 1 . 1 1 1.16
17 0.51 0.61

n-17 0.152 0.176

Av C9-C ,5 0.071 0.039 0.031

SGiCi-Cuf 1.03 0.55 0.43

SGfintermediate)“ '“ 0.29 0.07 0.06

° Reduced precision because of impurities. 6 14 X average value +  2 X C® yield. c Estimate from most reliable data excluding 
C„I.

radiolysis of w-heptadecane in Table I and for the ir
radiation of liquid n-heptadecane in Table II. Radia
tion yields of tetratriacontanes are listed in Table III. 
All results are averages of repeated analyses; pure 
paraffins were irradiated and analyzed at least in tripli
cate, and scavenged radiolyses were in duplicate.

Table III : Yields of Tetratriacontane in the 
Radiolysis of n-Heptadecane (4.0 Mrads)

State Additive (?(dimer)
(?(linear
dimer)

Solid 1.13 0.043
0 .6 % iodine 0.75 0.042
1 .2 % iodine 0.732 0.042

Liquid 1.63 0.0045
0 .6 % iodine 0.368 0
1 .2 % iodine 0.307 0

Low molecular weight hydrocarbons identified in 
Tables I and II are linear paraffins and olefins. Normal 
alkanes and alkenes with the same number of carbon 
atoms were not resolved. Branched hydrocarbons 
would have eluted significantly earlier than linear 
isomers and were not detected.

By injecting samples into the chromatograph 
immediately upon opening sealed irradiation tubes, 
products as low as C4 were determined. However, 
the derivation of concentrations from peak heights 
becomes increasingly unreliable below C8 (cf. Figure 
1 in ref 2). Moreover, in the scavenged radiolysis of 
the liquid, peaks from C8 to C4 are not resolved from 
iodoalkanes. Consequently in the low molecular 
weight region, the accuracy of radiation yields de
creases from C8 to C4, and the most reliable hydro
carbon yields are C9 to Ci6. Only these will be dis
cussed; lower hydrocarbon yields are included for 
cautioned comparison. In the irradiation of hex- 
adecane,2 yields for each of the C9 to C]4 hydrocarbons 
were approximately equal with an average G =  0.036 
for solid and G =  0.073 for liquid radiolyses. Yields 
of each of the C9 to C15 hydrocarbons from the irradia
tion of liquid n-heptadecane are also nearly equal 
with an average G value of 0.071. In the solid radiol
ysis, however, an unmistakable minimum yield is 
observed at C10 with G =  0.024 as compared to C15 
with G =  0.053. These products are linear paraffins 
and olefins from main-chain scission. A preferential 
depletion of certain scission fragments by secondary 
cleavage may account for these results. When chain 
scission produces fragments of comparable size, excess
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energy is not removed by a small particle and further 
fragmentation may ensue, creating an unsymmetrical 
product distribution. That this is observed in solid 
n-heptadecane but not in n-hexadecane suggests that 
excess energy associated with energetic fragmentation 
of a C -C  bond may be more effectively dissipated in 
the triclinio than in the orthorhombic crystal modi
fication. Because some product yields are higher in 
n-heptadecane than in n-hexadecane, it is further in
ferred that primary scission is enhanced by poorer 
coupling of heptadecane molecules in the orthorhombic 
habit. Relatively lower yields of C]6 hydrocarbons are 
a consequence of the reduced probability of terminal 
relative to internal carbon-carbon scission.2’8

Yields of low molecular weight products from ir
radiated solid n-heptadecane are unaffected by the 
presence of 0.6 or 1.2 mole %  iodine. This is con
sistent with the view that these products result from 
molecular reactions.2’9 However, chromatograms of 
products eluting before n-heptadecane in the irradiated 
liquid are considerably altered by the presence of iodine. 
The average radiation yield of each linear hydrocarbon 
is reduced from 0.071 to 0.039 with 0.6% iodine and to 
0.031 by 1.2% iodine. As with hexadecane irradiation, 
about half of this region in the liquid results from 
radical reactions, largely disproportionation of radical 
fragments from main-chain scission with n-heptadecyl 
radicals.2 In addition to the reduction in yield of 
linear hydrocarbons, a series of peaks corresponding 
to 1-iodoalkanes is observed.

Intermediate hydrocarbon products, comprising 
carbon numbers Ci8 to C33, were not specifically identi
fied. Total radiation yields for the entire group, 
excluding iodoheptadecanes which elute in this region, 
were estimated using the same calibration as for low 
molecular weight products. Allowance was made for 
Cis and C19 impurities. Since this region is character
ized by a series of similar peaks, an average peak height 
calculated from the most reliable chromatographic 
data was multiplied by the total number of major 
peaks in the intermediate region. In the radiolysis 
of solid n-heptadecane, intermediate hydrocarbons are 
produced with a G value of 0.05. The yield for liquid 
n-heptadecane irradiation is 0.29. Corresponding 
values for n-hexadecane radiolysis are very similar, 
0.05 and 0.31, respectively.2 In the presence of iodine, 
intermediate region yields are unaffected in the solid 
but reduced in the liquid irradiation to approximately 
solid-state values. Intermediate region hydrocarbons 
in irradiated liquid n-heptadecane are largely combina
tion products of radical fragments from main-chain 
scission with heptadecyl radicals.2

The yield of Ci to Cm 1-iodoalkanes may be related

to the scavenged portion of low and intermediate 
products in the irradiated liquid. Most of the radical 
fragments from main-chain scission react with hepta
decyl radicals.2 In solid n-heptadecane, as in solid 
n-hexadecane,2 radical reactions leading to intermedi
ate and low molecular weight products are suppressed 
by cage recombination of radical fragments from main- 
chain scission, and no 1-iodoalkanes below Cn are antic
ipated or found.

Yields of tetratriacontane from irradiated n-hepta
decane measure the cross-linking reaction and are re
ferred to as (j(dimer). For irradiated liquid n-hepta
decane the radiation yield of total dimer (Table III) 
is very close to the cross-linking yield in n-hexadecane 
liquid (G =  1.7).2 However, whereas no linear “ dimer”  
resulted from irradiation of liquid n-hexadecane, about 
0.3% of the total dimer from liquid n-heptadecane was 
linear tetratriacontane. The cross-linking yield of 
solid n-heptadecane is, however, considerably different 
from the analogous reaction in irradiated solid n- 
hexadeeane. The radiation yield of dimer, 1.13, 
is lower than for n-hexadecane where G =  1.6. More
over, the proportion of linear dimer is almost 4%  as 
compared to 1% in n-hexadecane radiolysis.10 The 
enhancement of linear dimer is related to crystal 
structure, and was demonstrated in doped n-hexadecane 
radiolysis.1 Although there is closer molecular packing 
in the triclinic structure of even n-paraffins than in the 
orthorhombic modification of odd homologs, layers of 
odd n-paraffins are rectangular whereas even n-paraf- 
fins have an oblique layer structure.4 This difference 
in end-group packing is reflected in the efficiency of the 
end-linking reaction to form linear dimer; that is, 
terminal radicals apparently combine more readily in 
the rectangular structure. Poorer molecular packing 
of crystalline n-heptadecane compared to n-hexadecane 
may account for the reduced yield of total dimer. The 
presence of iodine reduces cross-linking yields in the 
irradiation of n-heptadecane (Table III). For solid 
n-heptadecane the yield of tetratriacontane is re
duced 35% by the addition of 1.2% iodine. The com
parable figure for the suppression of dimer in liquid 
radiolysis is 80%. In the irradiation of solid and

(8 ) A . V . T o p ch ie v , “ R ad io lysis  o f  H y d roca rb on s ,”  E lsev ier P u b 
lishing C o ., A m sterd am , 1964.
(9 ) L . K e v a n  and W . F . L ib b y , J . Chem. P h ys ., 39 , 1288 (1963).
(10) A  ratio  o f  8 %  linear d im e r /to ta l d im er fo r  n -h exan e9»11 is c o n 
sistent w ith  1 %  fo r  th is ratio  in  n -hexadecane. A ssu m in g  p rim ary  
C - H  ruptu re  is h a lf as p rob a b le  as secon d ary  C - H  scission , and  n e 
g lectin g  d ifferences in  d isprop ortion a tion , ran d om  com b in a tion  g ives 
7  and  1 %  fo r  linear d im e r /to ta l d im er fo r  C6 an d  Cie paraffins, 
resp ective ly ; th at is, th e  fra ction  o f  linear d im er fo r  these tr ic lin ic  
crystalline solids is th at p red icted  b y  rand om  cross linking, w hereas 
in  th e  orth orh om b ic  C17 it is enhanced  b y  a fa cto r  o f  4.
(11 ) H . W id m er and T . G aum ann , Helv. Chim . A cta , 46 , 944 (1 9 6 3 ).
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of ethylene was due to the addition of the hydrogen 
atom to the ethylene double bond. As is evident from 
Figure 3, the hydrogen yield was reduced to about 55% 
by the addition of 7.5% of ethylene. Extrapolation 
of the linear part of the curve in Figure 3 to infinite 
concentration of ethylene showed that about 33% 
of hydrogen from 1,3-dioxolane decomposition was 
produced as molecular hydrogen and therefore was un- 
scavengable by ethylene.

Both ethylene and carbon dioxide were produced in 
abundant quantities in the presence of oxygen (Table 
II). This indicated that a major portion of ethylene 
and carbon dioxide was formed in a direct molecular 
process. The persistent production of formaldehyde 
in large amounts, even in the presence of oxygen and 
ethylene, indicated that perhaps it was formed by a 
direct molecular process and may, in fact, be the same 
process which yielded CH3, CO, and part of the hydro
gen atom. The presence of methyl radical in the pho
tolysis was obvious. The formation of methane and 
ethane in the pure 1,3-dioxolane and removal of C2H3 
by the addition of oxygen can only be explained by the 
reactions of methyl radical. Since no acetaldehyde 
was detected as a product, the diradical CH2-C H 2-0 , 
a possible intermediate formed after the elimination of 
formaldehyde, could decompose after the migration of 
a hydrogen atom into CH3, CO, and H. On the 
other hand, the diradical could split to give CH2=  
CH2 and the 0  atom. In the flash photolysis of ethyl
ene oxide we have observed such a process.4 In addi
tion, the data of Table I show that, at a pressure of 
50 mm of dioxolane and at 27°, the ethylene yield is 
greater than C 02. This may indicate that excess 
ethylene might have come from such a process as

c h 2— c h 2— 6  — ► c h 2= c h 2 +  0

Then the number of oxygen atoms is given by [C2H4] — 
[C02] ; at higher conversion this difference is a large 
number. Thus, all of these oxygen atoms could react 
with the substrate by some radical mechanism to pro
duce the observed products.

The decrease in the formaldehyde rate with reac
tion time (Figure 1) indicates consumption of the prod
uct formaldehyde in secondary reactions. Since the 
carbon monoxide rate increased with time, it is certain 
that a portion of CO has been formed by the secondary 
decomposition of formaldehyde

HCHO H +  CHO 

2CHO — > CH20  +  CO

An approximate estimate indicates that at least 35% 
of the decomposition proceeds via process A and the

rest via process B, provided, of course, no other pri
mary processes are involved.

The decrease in the yield of C 02 and C2H4 by the 
addition of 3 mm of oxygen in 20 mm of 1,3-dioxolane 
suggests that perhaps the triplet state was the pre
cursor of about 28% of the C 02 and C2H4 formed in 
the system. Further addition of oxygen (10 mm) 
did not quench the products C 02 and C2H4 anymore 
within experimental errors. This is in contrast to 
the decomposition of acetone5 where very small amounts 
of oxygen were very effective in removing the triplet 
state. It is possible that the major part of C 02 and 
C2H4 originated via singlet state and that is why they 
are not quenched completely. However, it has been 
indicated that the diagnostic test of -riplet by the use 
of oxygen is not effective in every case.6

The existence of diradicals in the present system 
cannot be ignored and requires some comment. It is 
possible that the initial act of a photon in this system 
might lead to the formation of diradicals such as 
CH2-C H 2-0 -C H 2- 0  (I) and/or 0 -C H 2-C H 2-0 -C H 2
(II) and these could decompose to yield observed pro
ducts or re-form the starting compound. Since the C -0  
bond in 1,3-dioxolane is of the order of 75-80 kcal/ 
mole7 and since the radiation absorbed corresponds 
to 144 kcal/mole or greater, the diradical formed will 
be highly energetic and might decompose to give the 
observed products. The temperature dependence 
of the product yield (Figure 4) indicates that the de
composition of diradical I into C2H4, C 02, and H2 
(and/or 2H) was favored by higher temperatures 
whereas the breakdown of diradical II into CH20, 
CO, CH3, and H atom was almost independent of 
temperature in spite of the fact that in both cases 
the rupture of C -0  bond(s) was essential. Owing to 
the polychromatic nature of the light source, photons 
with varying amounts of energies are absorbed in the 
system. Thus, it is possible that the diradicals I and 
II, formed by primary process, have different lifetimes 
and consequently behave differently with increasing 
temperature. Since quantum yields are not measured, 
it was virtually impossible to ascertain as to what 
extent these diradicals re-formed 1,3-dioxolane. Finally 
the formation of n-butane in this system could be ex
plained as the result of the reaction of ethyl radicals 
which were formed by addition of H atom to ethylene

(4) B . C . R oq u itte , / .  P h ys . Chem., 70, 2699 (1966).
(5) G . W . L u ck ey  and W . A . N oyés , Jr., J. Chem. P h ys ., 19, 227 
(1 951 ); J. H eick len , J. A m . Chem. Soc., 81 , 3863 (1959).
(6) D . W . Setser, D . W . P laezek , et al., Can. J . Chem., 4 0 , 2179 
(1962).
(7 ) P . G ra y  and  A . W illiam s, Chem. Rev., 59 , 239 (1959).
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linking but enhance both primary main chain scission 
and secondary cleavage of scission fragments. The 
proportion of linear dimer produced on irradiation of 
solid n-heptadecane (4%) exceeds that for solid n- 
hexadecane (1% ).1 2 Differences in end linking are a

consequence of variations in the environment of chain 
ends in the two crystalline modifications. Iodohepta- 
decane yields from scavenged radiolyses of n-hepta- 
decane are lower than corresponding products from n- 
hexadecane, particularly for solid-state irradiation.

I n f r a r e d  S p e c t r a  o f  S o m e  A lk a l in e  E a r t h  H a l id e s  b y  th e  

M a t r ix  I s o la t i o n  T e c h n i q u e

by Alan Snelson

I I T  Research Institute, Chicago, Illin o is  60616 (Received February 28, 1966)

The infrared spectra of beryllium fluoride, beryllium chloride, magnesium fluoride, calcium 
fluoride, strontium fluoride, and barium fluoride were observed in matrices of neon, argon, 
and krypton over the wavelength region 2.5 to 50 ¡x. For beryllium fluoride and mag
nesium fluoride the asymmetric stretching and the bending frequencies were observed, 
while for beryllium chloride the asymmetric stretching mode only was observed. These 
molecules are assigned a linear configuration. There is a discrepancy between the ex
perimentally determined entropy of magnesium fluoride and that calculated using the new 
frequency assignment. For each of the remaining fluorides of calcium, strontium, and 
barium, the symmetric and asymmetric stretching modes were observed. These molecules 
are assigned a nonlinear configuration.

Introduction
At the present time there is considerable uncertainty 

concerning molecular configurations and spectroscopic 
constants of many inorganic dihalide gas-phase species 
existing at high temperature. This uncertainty largely 
reflects the experimental difficulties in determining 
these parameters for high-temperature systems.

Brewer, et al.,1 reviewed the existing data on inter- 
nuclear distances, vibrational frequencies, and molecu
lar geometries of the inorganic dihalides. The paucity 
of experimental data is such that of the 72 compounds 
considered, a complete vibrational assignment was 
available for 3, a partial vibrational assignment for 
16, and estimated values only for the remainder.

Several experimental studies on group II dihalides 
indicate that some of the molecular parameters in

Brewer's tabulation may be in error. Hildenbrand 
and Theard2’3 used vapor pressure and mass spectro- 
graphic data to determine the gaseous entropies of all 
the alkaline earth difluorides and some of the chlorides. 
In all cases the experimentally determined entropies 
were larger than those tabulated by Brewer. In some 
cases the discrepancy was of the order of 5 to 6 eu. 
Hildenbrand2 suggested that the values assigned to 
the vibrational constants of the molecules, together

(1 ) L . B rew er, G . R . Som ayaju la , and  E . B raekett, Chem . Rev., 111, 
63 (1963).
(2 ) D . L . H ild enbrand , A eronutron ic R e p o rt  N o . U -3183, June 30, 
1965.
(3 ) D . L , H ildenbrand  and L . P . T h eard , J , Chem . P h y s ., 4 2 , 3230 
(1965).
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with the possibility that some of them might not be 
linear, was the most likely source of this difference.

Brewer assumed a linear structure for most of the 
dihalides, largely on the basis of electron diffraction 
work by Akishin and Spiridonov.4 Klemperer,6’6 
however, in experiments using the deflection of molecu
lar beams by inhomogeneous electric fields to deter
mine the geometry of the gaseous alkaline earth dihal- 
ides. obtained results indicating that beryllium fluoride 
and magnesium fluoride are linear and that calcium fluo
ride, strontium fluoride, and barium fluoride are bent. 
The apex angle, though not determined explicitly, in
creased in the order barium >  strontium >  calcium. 
These results conflict with those of the electron dif
fraction experiments on the same molecules, but 
Klemperer5 noted that the precision of Akishin and 
Spiridonov’s measurements does not preclude a bent 
structure for at least some of the molecules.

In an attempt to clarify the present confusion over 
the molecular geometries and the spectroscopic con
stants of the alkaline earth dihalides, the infrared 
spectra of these molecules were investigated by the 
matrix isolation technique. The infrared spectra of 
the following molecules were examined: beryllium 
fluoride, beryllium chloride, magnesium fluoride, cal
cium fluoride, strontium fluoride, and barium fluoride.

Procedures

A matrix isolation cryostat of conventional design 
was used in conjunction with an inductively heated 
high-temperature molecular-beam furnace. The re
frigerant was liquid helium. The Knudsen cells were 
cylindrical, 0.75 in. long and 0.75 in. in diameter, and 
were made of graphite, platinum, or nickel. For 
double-oven experiments, a graphite tube 0.5 in. in 
diameter was used. Diffusion barriers were screwed 
into the tube to form two compartments, one to 
contain the sample and the other to superheat the 
vapor. Only the superheated region of the tube was 
heated directly. The sample compartment was heated 
by thermal conduction along the tube. By varying 
the position of the sample compartment with respect 
to the heated zone, the degree of superheating could 
be easily changed.

The matrix gases, neon, argon, and krypton, were 
research grade supplied by the Mat-heson Co. and were 
used without further treatment.

Perkin-Elmer spectrometers were used to record 
the infrared spectra. The spectral region from 4000 
to 200 cm-1 was examined. A 521 double-beam spec
trophotometer was used for the region 4000 to 250 cm-1 
and a 112 single-beam spectrophotometer equipped with 
cesium iodide optics for the region 250 to 200 cm-1.

After experiments each instrument was calibrated 
against atmospheric water and carbon dioxide bands.

The matrix isolation technique has been fully de
scribed previously.7'8 It was used essentially un
changed in this study with one exception: the matrix 
was not annealed after deposition. Instead, the con
centration of the active species in the matrix was 
varied on deposition. As previous studies8 have shown, 
both procedures produce similar effects.

The ratio M /H , where M is the number of moles 
of matrix gas condensed on the window and H is the 
number of moles of trapped species in the matrix, was 
calculated as described in an earlier paper.8 The 
matrix was usually deposited over a period of 60 min 
at a rate of approximately 5 X 10~8 mole of halide/ 
min and 2 X 10~4 to 5 X 10-5 mole of matrix gas/min. 
Although the deposition rates of both the halide and 
the matrix gas were varied by a factor of 10, the 
spectra did not differ noticeably.9

Table I lists the source of the alkaline earth halides, 
the type of Knudsen cell materials, and the experi
mental effusion temperatures. At the lowest and the 
highest effusion temperature, the main features of 
the spectra were unchanged regardless of sample 
origin or Knudsen cell material. Accordingly, the 
spectra were assumed to be those of the alkaline halides 
only, not those of sample impurities or of species 
formed by interaction of the sample with its container.

Results and Discussion
Two factors affect all halide spectra: varying the 

M /H  ratio and superheating the vapor. These factors 
were examined in order to facilitate the assignment of 
absorption bands to specific molecular species.

As an example, Figure 1 shows the calcium fluoride 
spectra obtained under three different sets of conditions 
in an argon matrix. Figure 1A, the spectrum of cal
cium fluoride deposited at its saturated vapor pressure 
under conditions of good isolation, exhibits one strong 
absorption band, at 561 cm-1, and three much weaker 
bands at 528, 489, and 370 cm-1. Figure IB, the 
spectrum of the vapor deposited in a matrix, the dilu
tion reduced by about one-third, shows little, if any, 
change in the relative intensity of the bands at 561 and

(4) P . A . Akishin  and V . P . S p iridonov , Kristallografiya, 2 , 475 
(1957).
(5 ) L . W harton , R . A . B erg , and  W „ K lem perer, J . Chem. P h ys ., 39, 
2023 (1963).
(6 ) A . B uchler, J. L . Stauffer, and W . K lem perer, J , A m . Chem. 
Soc., 86 , 4544 (1964).
(7) M . J. L in evsk y , J . Chem. P h ys ., 25 , 224 (1961).
(8) A . Snelson and K . S . P itzer, J .  P h ys . Chem., 67, 882 (1963).
(9 ) G . E . L e v o i, G . L , E w ing , and G . C . P im entel, J . Chem. P h ys ., 
40 , 2298 (1964).
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Table I : Materials and Effusion Conditions

Knudsen Effusion
Com cell temp,
pound Source of compound material °C

BeF2 A. D. Mackay Nickel or 
platinum

600
1 0 0 0

BeCU A. D. Mackay Nickel or 
platinum

500
1 0 0 0

MgF2 Nassau Chemical Works, 
optical grade 

Baker and Adamson, 
reagent grade

Platinum or 
graphite

1300

CaF2 Baker and Adamson, Platinum or 1400
reagent grade 

Harshaw Chemical Co., 
optical grade 

C44F2 prepared by 
treating Ca44C03, 
enriched 79% with 
Ca44, with HF acid

graphite 1900

SrF2 Baker and Adamson, 
reagent grade

Graphite 1350

BaF2 Baker and Adamson, Platinum or 1 2 0 0
reagent grade 

Harshaw Chemical Co., 
optical grade

graphite 1850

489 cm-1 but a noticeable increase in the intensity 
of the bands at 528 and 370 cm-1. Figure 1C, the 
spectrum of the vapor superheated at about 1950° 
and deposited in a matrix of the same dilution as 
that in Figure 1A, shows the same relative intensity 
of the bands at 561 and 489 cm-1 but, compared to 
Figure 1A, an enhanced intensity of the bands at 528 
and 370 cm-1.

Measurements of the relative absorption intensity 
of the peaks at 561 and 489 cm-1 under the three dif
ferent sets of conditions were constant to within 
±10% . This is about the estimated precision of the 
measurements; the large differences in absorption 
intensity of the two bands makes precise measurement 
difficult. The results suggest that these two bands may 
originate from the same molecule. Further, since the 
band at 561 cm-1 is the most intense band under all 
conditions, it is assigned to monomeric calcium fluoride.

The variation in intensity of the bands at 370 and
528 cm-1 with matrix dilution indicates that these 
bands can be assigned to polymeric or agglomerate 
species since their absorption intensity increases under 
conditions of poor isolation. At M /H  ratios <500 
these two peaks appeared at about 30% of the intensity 
of the absorption band at 561 cm-1, while under the 
best isolation conditions the same figure was only 
about 9%. Mass spectrographic studies10 have shown

Figure 1. Infrared spectra of CaF2 in 
an argon matrix.

that the amount of polymeric species present in the 
high-temperature vapor of calcium fluoride is negli
gible. Hence the presence of peaks at 370 and 528 
cm“ 1 suggests that if this is polymeric or agglomerate 
material it must be formed during deposition of the 
matrix. Presumably the finite time required to trap 
the high-temperature species effectively in the inert 
gas host lattice permits diffusion of the fluoride species 
and resultant interaction. Support for this idea is 
obtained from the experiments in which the unsatu
rated vapor is superheated. If the absorption bands 
at 370 and 528 cm“ 1 were due to polymeric material 
vaporizing from the sample, the superheating treat
ment could be expected to reduce the concentration of 
such species. In Figure 1C the absorption intensity 
of the bands at 370 and 528 cm-1 actually increases 
slightly over the corresponding peaks in Figure 1A, 
even though the matrix dilution is approximately the 
same for both. Therefore these absorption bands 
cannot be ascribed to a polymeric species vaporizing 
for the sample. Rather, they are the result of agglom
eration during the trapping of the species. The higher 
temperature due to superheating requires a longer time 
for effective trapping of the fluoride molecules in the 
inert gas lattice. With the present experimental ar
rangement agglomeration of the high-temperature 
species in the inert gas matrices cannot be completely 
eliminated.

In contrast to calcium fluoride, the beryllium halide 
spectra showed a marked reduction in the intensity of 
some of the absorption bands on superheating the vapor, 
indicating the presence of vaporizing polymeric species.

(10) G . D . B lue, J. W . G reen, R . G . B autista , and  J. L . M argra ve , 
J . P hys. Ghem., 67 , 877 (1963).
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Table I: Electromotive Force of the Cell: Pt; H2 (g, 1 atm), (CH2)20(CH 2)2NH2C1 (m,),I_____________I
(CH2)20(CH2)2NH (m2), AgCl; Ag from 0 to 50° (in v)
i__________ _i

mi 7712 0 ° 5 ° 1 0 c 1 5 ° 2 0 ° 2 5 ° 3 0 ° 3 5 ° 4 0 ° 4 5 ° 50 °

0.10082 0.04334 0.77859 0.77881 0.77878 0.77859 0.77818 0.77752 0.77686 0.77588 0.77482 0.77360 0.77218
0.09024 0.07330 0.79542 0.79593 0.79621 0.79635 0.79627 0.79599 0.79555 0.79497 0.79420 0.79332 0.79224
0.08599 0.04446 0.78541 0.78403 0.78308 0.78200 0.78062
0.07955 0.03420 0.78279 0.78309 0.78318 0.78303 0.78271 0.78218 0.78156 0.78068 0.77974 0.77857 0.77727
0.07858 0.03860 0.78622 0.78657 0.78669 0.78663 0.78637 0.78590 0.78533 0.78442 0.78353 0.78240 0.78114
0.07271 0.03760 0.78876 0.78750 0.78661 0.78555 0.78432
0.06962 0.05655 0.80000 0.80068 0.80105 0.80127 0.80130 0.80102 0.80081
0.06542 0.03213 0.78943 0.78990 0.79007 0.79011 0.78995 0.78956 0.78904 0.78825 0.78736 0.78635 0.78508
0.05966 0.02565 0.78800 0.78842 0.78852 0.78855 0.78829 0.78787 0.78736 0.78654 0.78554 0.78444 0.78319
0.05513 0.02851 0.79441 0.79323 0.79251 0.79145 0.79035
0.05066 0.02488 0.79424 0.79479 0.79509 0.79523 0.79515 0.79484 0.79437 0.79368 0.79290 0.79178 0.79057
0.04989 0.04053 0.80628 0.80715 0.80772 0.80806 0.80821 0.80814 0.80798 0.80757 0.80704 0.80632 0.80544
0.03965 0.017047 0.79581 0.79637 0.79674 0.79687 0.79683 0.79656 0.79623 0.79562 0.79489 0.79397 0.79290
0.03475 0.017968 0.80409 0.80341 0.80284 0.80204 0.80111
0.02905 0.014267 0.80511 0.80585 0.80626 0.80655 0.80667 0.80658 0.80639 0.80585 0.80529 0.80450 0.80359
0.02068 0.008890 0.80875 0.80954 0.81014 0.81052 0.81069 0.81070 0.81047 0.81012 0.80958 0.80887 0.80808
0.017231 0.008910 0.81940 0.81911 0.81873 0.81822 0.81752
0.014732 0.007236 0.81861 0.81962 0.82031 0.82091 0.82129 0.82141 0.82147 0.82114 0.82077 0.82026 0.81961
0.009693 0.007873 0.83949 0.84087 0.84202 0.84295 0.84369 0.84418 0.84460 0.84475 0.84477 0.84459 0.84426

Table II: Values of pAa from 0 to 50°

t, pAa pAa
°c (exptl) (caled) 0

0 9.108 9.108
5 8.978 8.977

1 0 8.850 8.851
15 8.727 8.728
2 0 8.608 8.608
25 8.492 8.492
30 8.380 8.379
35 8.268 8.269
40 8.161 8.161
45 8.056 8.057
50 7.955 7.955

a pAa = 1663.29/T +  4.1724 -  0.00422397’.

Table HI

A S°, A CP°,
A H°, joules joules
joules deg-1 deg-1

pAa mole "‘1 mole -1 mole " 1

Morpholinium 8.492 39,030 -3 1 .7 48
Piperidinium 11.123 53,390 -3 3 .9 8 8
Pyrrolidinium 11.305 54,470 -3 3 .7 6 8

there are marked differences both in pKa and in the 
enthalpy change. Thus, not only is there a large 
difference (2.813) in pKa between morpholinium ion and

pyrrolidinium ion at 25° but the difference changes with 
temperature in a manner consistent with the differences 
in the other thermodynamic quantities. The pKa 
values of morpholinium ion decrease with increased 
temperature less rapidly than do those of pyrrolidinium 
ion. Thus the difference in pK a is only 2.601 at 50°.

While mixtures of morpholine and morpholinium 
hydrochloride are not proposed as pH standards, they 
may have some uses in biochemical work when a 
medium of controlled pH is needed. We have, there
fore, interpolated in Table I to obtain values of 
p(anyci) ( =  — log « h +yci-) and have derived the corre-

Table IV: Values of p(dH7 ci) and paH for a Buffer Solution
Composed of Morpholine Hydrochloride (0.1 m) 
and Morpholine (0.05 m) from 0 to 50°

t,
°C P(<JH7Cl) paH

0 9.068 8.963
5 8.934 8.828

1 0 8.809 8.702
15 8.687 8.579
2 0 8.567 8.458
25 8.453 8.343
30 8.341 8.231
35 8.231 8 . 1 2 0

40 8.125 8.013
45 8 . 0 2 1 7.908
50 7.921 7.806
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Figure 3. Infrared spectra of BeCk in matrices 
of neon, argon, and krypton.

Figure 4. Infrared spectra of MgF2 in matrices 
of neon, argon, and krypton.

cm-1 in the matrix study correspond to the band ob
served at 825 cm-1 in the gas-phase study.

That a weak absorption band at 1250 cm-1 was ob
served in the matrix spectra but not in the gas-phase 
study is difficult to explain. Possibly the relative 
insensitivity of the high-temperature infrared study 
did not allow its detection. Evidence in favor of as
signing this band and those at 790 and 825 cm-1 to 
polymeric material vaporizing from the sample came 
from experiments in which the vapor was superheated, 
since under these conditions the intensity of these 
bands was much reduced.

Beryllium Chloride (Figure 3). Only one strong ab
sorption band appeared, at approximately 1110 cm-1. 
Weaker bands at 870 and 640 cm-1 were dependent on 
the M /H  ratio and the degree of vapor superheating. 
This latter dependence would indicate that these bands 
are due to polymeric material vaporizing from the 
sample.

The frequency at 1110 cm-1 was assigned to v% of 
beryllium chloride assuming a linear configuration. 
This value is in good agreement with the 1113 cm-1 
reported by Buchler and Klemperer14 in their high- 
temperature gas-phase study. The bands at 870 
and 640 cm-1 probably coirespond to the 856- and 
608-cm-1 bands reported by Buchler and Klemperer.14 
They assigned these bands to dimeric beryllium chlo
ride.

They observed an additional band, at 482 cm-1, 
which was assigned to v%. From the matrix spectra 
and the thermodynamic arguments to be given later, 
it is believed the previous assignment of the bending 
frequency at 482 cm-1 is in error. It is difficult to 
account for the presence of this absorption band in the 
gas-phase spectra but not in the matrix spectra. Both

studies indicate it is not a polymeric species. The 
only alternative is to postulate an impurity in the 
halide sample used in the high-temperature study, 
possibly an oxy or hydroxy chloride of beryllium.

Magnesium Fluoride (Figure / ) .  Bands at approxi
mately 850 and 250 cm-1 were present in all spectra, 
their relative intensities being insensitive to the M /H  
ratio or to the degree of vapor superheating. They 
were assigned to v3 and v2, respectively, of magnesium 
fluoride with a linear configuration.

Since there have been no other infrared studies on 
this molecule, comparison with other frequency as
signments is not possible. Some support for a linear 
assignment is obtained from the magnitude of the fre
quency shifts of magnesium fluoride containing the 
three isotopes Mg24, Mg26, and Mg26. The approxi
mate natural abundance is 79, 10, and 11%, respec
tively. The calculated values for rs(Mg24F2) /^ (M 25- 
F2) and r3(Mg24F2) /r 3(Mg26F2) are 1.0124 and 1.0245, 
respectively. The corresponding experimental values 
for the same ratios, obtained from the frequencies ap
pearing in the neon and the argon spectra, for the peaks 
labeled a, b, and c in Figure 4, were 1.012 and 1.023, 
respectively. These are in excellent agreement with 
the calculated values within the precision of the ex
perimental measurement of ±  1 cm-1.

It was not possible to obtain the isotope shift for the 
band assigned to the bending frequency at 250 cm-1. 
The poor sensitivity of the spectrometer in this wave
length region precluded measurement of closely 
spaced relatively weak absorption maxima.

The bands at approximately 750 and 490 cm-1 were 
assigned to polymeric or agglomerate material since 
their absorption intensity showed considerable de
pendence on matrix dilution. Mass spectroscopic
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studies16 of magnesium fluoride indicated that the dimer 
is present at less than 1 mole %  in the vapor phase.

Calcium Fluoride (.Figure 5). The details of the 
calcium fluoride spectra in an argon matrix were dis
cussed earlier in this paper. The results for Ca44F2 
and Ca^Fi of about 98% isotopic purity, shown in 
Figure 5, in no way alter those conclusions. The two 
weaker absorption bands in the neon matrix, at 547 and 
377 cm-1, and the corresponding peaks in the other 
matrices were assigned to agglomerate or polymeric 
material. The strong absorption maximum, at ap
proximately 567 cm-1 (Ca44F2), is assigned to vz of 
monomeric calcium fluoride. If a linear configuration 
is assumed, the calculated isotope ratio r3(Ca40F2) /  
r3(Ca44F2) is 1.023, which agrees fairly well with the 
values of 1.019, 1.020, and 1.021 obtained in the 
different matrices.

An assignment for the remaining absorption bands, 
at 504 cm-1 (Ca40F2) and 502 cm-1 (Ca44F2) in the neon 
matrix, and of the corresponding bands in the other 
matrices, is less certain. Earlier it was noted that the 
relative intensity of this band and that assigned to 
n of calcium fluoride showed no significant change 
under different experimental conditions and that the 
two peaks might be assigned to the same molecular 
species. If this conclusion is correct, it may be in
ferred that calcium fluoride has a nonlinear configura
tion, the band at about 500 cm-1 corresponding to 
vx. It is observed that this frequency of the four 
bands in the calcium fluoride spectra is the least sensi
tive to isotopic substitution of the calcium atom. In 
a linear molecule the totally symmetric stretching 
mode is independent of isotopic substitution of the 
central metal atom in the absence of interactions 
between vy and r2. In the present case r2 is consider
ably lower than n, and these modes are expected to be 
nearly separable. Making this approximation it may 
be shown that an angle of about 145° would result in 
the observed frequency shift of about 2 cm-1 for v\. 
That the observed values of the isotope ratio r3(Ca40- 
F2) /r 8(Ca44F2) are all lower than the calculated value 
by a margin slightly larger than can be accounted 
for by experimental error lends support to a nonlinear 
configuration.

Alternatively, the apparent constancy in the rela
tive intensity measurements of these two peaks may 
be misleading. In this event, the weaker absorption 
band would be assigned to polymeric or agglomerate 
material.

Strontium Fluoride (Figure 6). The peak intensities, 
at about 360 and 305 cm-1, were strongly dependent 
on matrix dilution. In the krypton matrix the peaks

F ig u re  5. In fra re d  s p e c tra  o f  C a 40F 2 a n d  C a 44F 2 in  
m a tr ice s  o f  n e o n , a rgon , a n d  k r y p to n .

F ig u re  6. In fra re d  s p e c tra  o f  S rF 2 a n d  B a F 2 in  m a tr ice s  
o f  n e o n , a rgon , a n d  k r y p to n .

could be eliminated completely. They were assigned 
to polymeric or agglomerate species.

The absorption band at about 450 cm-1 is split into 
a doublet in all the matrices, the maxima being sepa
rated by about 3 cm-1. In the argon and krypton 
matrices the stronger feature had the higher frequency, 
whereas in the neon matrix this situation was reversed. 
However, in the neon matrix the entire absorption 
band envelope was much broader, and hence the true 
relative intensity of the two bands could not be re
solved.

Two assignments for these absorption bands are 
possible. (1) The appearance of two maxima in the 
absorption band envelope is due to matrix effects. It 
is not uncommon in matrix experiments to have a 
single absorption band split into several closely spaced 
maxima. The small energy separation of 3 cm-1

(15) J. B erkow itz  and J. M arquardt, J. Chem. P hys., 37 , 1853 (1962).
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observed for the band makes this a distinct possibility 
and in this event assignment of the band to n, the 
asymmetric stretching mode, is entirely feasible. 
(2) The two absorption maxima represent different 
fundamental frequencies, the lower being assigned to 
the symmetric stretching mode, n, of strontium 
fluoride assuming a bent configuration and the higher, 
more intense frequency (argon and krypton matrices) 
to the asymmetric stretching mode, v%.

Because of the proximity of the two maxima it was 
not possible to make reliable intensity measurements 
to give more weight to the latter assignment, but com
parison of these spectra with those of calcium fluoride 
and barium fluoride indicates that strontium fluoride 
is probably nonlinear.

Barium Fluoride (Figure 6). With the exception 
of the weak absorption at about 325 cm-1, appearing 
only in the neon and the argon matrices, the other 
bands, at approximately 400 and 425 cm-1, showed no 
intensity dependence on the M /H  ratio or the degree 
of superheating of the vapor. The weak absorption 
feature was assigned to polymeric or agglomerate 
material.

There is little doubt the bands at 400 and 425 cm-1 
represent two fundamental frequencies of barium 
fluoride since in each matrix the bands had the same 
well-defined form. If the two maxima were due to 
matrix splitting of a single frequency, the bands might 
be expected to take different forms in the three matrices. 
The absorption maximum at 400 cm-1 was assigned to 
vz since this mode would be expected to have the greater 
absorption intensity, while the band at 425 cm-1 was 
assigned to vh the molecule having a nonlinear con
figuration.

Molecular Geometries
In the preceding discussion, the magnitude of the 

frequency shift caused by isotopic substitution of the 
central metal atom was used to infer molecular geome
tries for some of the alkaline earth halides. The ex
perimental isotopic frequency ratio was compared with 
that calculated from the well-known expression12

{viY =  Mm(M j  +  2Mr sin2 6/2) 
vz Mm' (Mm +  2My sin2 6/2)

where the superscript i and the subscripts m and F 
denote isotope, alkaline earth metal, and fluorine, 
respectively, and 6 refers to the apex angle.

Unfortunately, the magnitude of the frequency shift 
is not a very sensitive function of the apex angle. 
As an illustration, in Table II the calculated values 
of r3(Ca40F2) are given as a function of 6 based on a 
value of F3(Ca44F2) =  550 cm-1. It is immediately

apparent that frequency measurements must be ac
curate to at least 0.1 cm-1 if a reliable decision is to be 
made concerning the molecular geometry of a bent 
molecule on the basis of such measurements. In 
this investigation the frequency measurements were 
accurate to ± 1  cm-1, resulting in a precision of only 
±30° in the calculated apex angle for calcium fluoride 
and magnesium fluoride.

Table II: Frequency Difference between Isotopes of Calcium 
Fluoride as a Function of Apex Angle Based 
on Ca41F2 = 550 cm - 1

e Y 3 (C a 40F 2)

Ap =

7 3 ( C a 40F 2 ) — 
Y 3 (C a 44F 2)

180 562.6 1 2 . 6
160 562.4 12.4
1 2 0 560.7 10.7
80 557.2 7.2

The other criterion that can be used to distinguish 
the linearity or nonlinearity of the alkaline earth 
fluorides is the number of infrared-active frequencies. 
Since two frequencies of appropriate order of magnitude 
for vi and r3 in a nonlinear molecule can be assigned to 
calcium, strontium, and barium fluorides from their 
spectra, nonlinearity for these molecules is inferred. 
Further support for this assignment would be avail
able if the bending frequencies of all these molecules 
had been observed, but because of instrument limita
tions this was not possible.

Two frequencies are assigned to beryllium fluoride 
and magnesium fluoride. Their magnitude is such 
that they are undoubtedly the unsymmetrical stretching 
and the bending modes, vs and v%, respectively. No 
absorption band was observed that could be assigned 
to vi, the symmetrical stretching mode, which would be 
infrared active if the molecule were bent. This might 
be taken as evidence that these molecules are linear. 
However, as noted previously, in a slightly bent mole
cule the vi absorption intensity might be very weak and 
escape observation. Attempts were made to find an 
absorption band assignable to vx by observing the 
spectra of large samples, but no absorption features 
that could be interpreted in this way were found.

On the basis of the spectral measurements it is con
cluded that the most probable molecular configurations 
for the halides investigated are: beryllium fluoride, 
beryllium chloride, and magnesium fluoride, linear; 
calcium fluoride, strontium fluoride, and barium 
fluoride, nonlinear.
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Table III : Frequencies of the Group Il-a Halides

V2
-Be* ' 2--------- '

vz
BeCh

vz
,------- M gF 2-------- - -̂--------C a F 2---------

V2 VZ v\ vz
-------3rFr-

VI VZ
✓--------- BaFr-

VI VZ
L iF
V

A1F
V

Neon 330 1542 1 1 2 2

Observed Matrix Frequencies (cm-1) 
254 862 504 581 468 471 437 413 8 6 8 785

Argon 309 1528 1108 243 840 489 561 447 450 421 398 835 774
Krypton 302 1524 1 1 0 0 238 834 487 555 439 443 416 392 820 768

A wx a 2 1 24 14
Differences in Frequencies 

11 22 15 23 2 1 2 1 16 15 33 1 1
A wa k 7 4 8 5 6  2 6 8 7 5 6 15 6

345 1555 1135
Corrected Frequencies 

270 875 520 595 485 490 450 430 890“ 798'

“ Experimentally observed gas-phase frequencies.

M atrix Effects
Most of the absorption bands exhibited splitting, 

due to the matrix environment.8 In beryllium fluoride 
and magnesium fluoride it was particularly pronounced. 
Since this splitting was present under all conditions 
of matrix dilution, it is attributed to the trapped 
species occupying more than one site in the matrix 
lattice.

More troublesome than the splitting of an absorption 
band is the effect of the matrix environment on the 
frequency of a given vibration. Depending on the 
particular matrix, the band center is shifted from the 
true gas-phase value to some other frequency. This 
effect is well illustrated in Table III, in which the ob
served frequencies of the alkaline earth halides are 
tabulated together with the frequency shifts, Av, 
between the neon and argon and the argon and krypton 
matrices. In all the halides Awna is greater than 
Apak. Avna ranges from about 1.6- to 6Apak. In all 
cases the shift is toward lower frequencies, in going 
from the neon to argon and the argon to krypton 
matrices. The behavior is paralleled by lithium mono
fluoride16 and aluminum monofluoride; in these com
pounds Apna lies between 1.8- and 2.2A?jak.

The frequency shift due to the matrix environment 
could not be calculated directly because the necessary 
data are not available. Instead, an empirical ap
proach was used to estimate the gas-phase frequencies 
from the matrix spectra, rhe frequency shifts of some 
monofluorides being used for comparison. The in
frared gas and matrix spectra of lithium monofluoride 
and aluminum monofluoride are accurately known. 
The frequency shift from the gas-phase value in the 
neon matrix is about —22 and —13 cm-1, respec
tively, for the two compounds. The alkaline earth 
halides are probably largely ionic compounds, and in

this respect they resemble lithium monofluoride and 
aluminum monofluoride. The former is completely 
ionic and the latter largely ionic.17 In view of the 
similarities of these compounds, it is suggested that the 
neon matrix frequencies of the alkaline earth halides 
be increased by 15 cm-1 in order to give a more realistic 
gas-phase frequency assignment.

Table III lists the frequencies corrected and rounded 
off to the nearest 5 cm-1 together with assignments to 
specific vibrational modes. An error limit for the ad
justed frequencies is difficult to estimate, but a value 
of ±  10 cm-1 is probably good.

Force Constants and 
Thermodynamic Considerations

Since it was not possible to observe all the funda
mental frequencies of any of the alkaline earth fluorides 
examined, a detailed force constant analysis is not 
possible. For beryllium fluoride and magnesium 
fluoride, however, the simple valence force-field method 
was applied.12 Table IV gives the results of such a 
calculation. The symmetric bending frequency, 
r2, of beryllium chloride was calculated on the assump
tion that the ratio of the bond-stretching to bond
bending force constant, fci/(fc/Z2), of beryllium fluoride 
is the same for beryllium chloride.1 Table IV also 
lists the experimentally determined entropies as well as 
those calculated by using standard statistical methods 
and the new vibration frequency assignments. In this 
calculation, a ground-state quantum weight of unity 
was assumed and the bond distances listed in the

(16) T o  be published.
(17) D . R . L ide , N ation a l B ureau o f Standards, A nn ual R ep ort, 
N o . 8504, U . S. G overn m en t P rin tin g  O ffice, W ash in gton , D . C ., 
1964, p  57.
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J AN AF18 thermochemical tables were used. The 
experimentally determined entropies of Hildenbrand19 
were used and are believed to be accurate to ±2.0 eu.

Table IV : Force Constants of Some Alkaline Earth Halides“

-C m “ 1- 105 dynes/cm cal/°KL mole Temp,
Halide V I V 2 vz hi k / l 2 Scaled £obsd °K

BeF2 (680) 345 1555 5.15 0 . 1 2 68.3 69.0 880
BeCh (380) (240) 1135 3.28 0.08 66.7 69.2 500
MgF2 (540) 270 875 3.00 0.07 78.8 82.4 1400

“ The values in parentheses were calculated.

The observed and the calculated entropies of beryl
lium fluoride11 are in good agreement, well within the 
experimental error of both sets of measurements. 
The molecular constants for this compound can be 
considered satisfactory.

The disagreement between the observed and the cal
culated entropies of beryllium chloride11 and magne
sium fluoride2 is larger than the assigned experimental 
error of ±2.0  eu. In the case of beryllium chloride 
this is not unexpected. The calculated value of the 
bending frequency, v2, is obviously in error since no 
absorption band corresponding to this frequency was 
observed in the experimental determination, which 
extended to 200 cm-1. When the observed entropy 
was used to derive the bending frequency of beryllium 
chloride, a value of about 150 cm-1 was obtained. The 
error limits on this value are large, of the order of ±40 
cm-1. The difference of ±3.6 eu between the ob
served20 and the calculated entropies of magnesium 
fluoride is difficult to explain if the observed value is 
assumed to be correct.

There are two possibilities. (1) The calculated 
value of v\ is too large. This implies that the simple 
two potential constant valence force-field approxi
mation is not adequate for this molecule. A large 
value of vi would result in the calculated entropy being 
too low. To bring the calculated entropy to within 
the range of the experimental determination, vx would 
have to be about 270 cm-1, or half the value calculated 
using the two-force constants potential function. (2) 
The discrepancy between the observed and the cal
culated entropy could be eliminated if the calculated 
entropy of magnesium fluoride were based on a non
linear model with an apex angle between 160 and 170°. 
Such a configuration, however, would have permitted 
observation of vx. As noted earlier, this absorption 
band may have a very low absorption intensity, which 
might account for its not being observed experimentally.

From the available data it is not possible to favor one 
of these alternatives more than the other.

Calculation of the force constants in the remaining 
fluorides, of calcium, strontium, and barium, was not 
possible because the apex angle could not be deter
mined with sufficient accuracy and the bending frequen
cies were not observed.

Conclusions
Although the results of this study were not as con

clusive as anticipated, the following points were estab
lished.

(1) The new frequency assignment for beryllium 
fluoride is in excellent agreement with recently de
termined thermodynamic data for this compound.

(2) The frequency of the bending mode of beryllium 
chloride, though not observed experimentally, is con
siderably lower than the previously assigned value14 
of 482 cm-1. On thermodynamic grounds this fre
quency is estimated to be 150 ±  40 cm-1.

(3) Infrared and electric deflection experiments 
predict a linear configuration for beryllium fluoride 
and beryllium chloride, in agreement with the results 
of this investigation.

(4) The new frequency assignment for magnesium 
fluoride is not consistent with existing thermodynamic 
data. The reason for this discrepancy has been dis
cussed, and it is possible the molecule may be nonlinear. 
This conflicts with the findings of Klemperer,14 who 
assigned a linear structure to this molecule from elec
tron-deflection experiments. However, for a slightly 
bent molecule the resultant dipole moment may be too 
small to allow detection in the electron-deflection ex
periments; hence, a nonlinear structure for this com
pound cannot be entirely eliminated on the basis of 
these experiments.

(5) The spectrum of barium fluoride can only be 
satisfactorily interpreted in terms of a molecule with a 
bent configuration. The arguments in favor of a 
similar structure for calcium and strontium fluoride 
from their spectra are less rigorous, but taken in con
junction with the findings of Klemperer14 do not ap
pear unreasonable.

(6) With the exception of beryllium fluoride and 
magnesium fluoride, the bending frequencies of group
Il-a halides may be expected to lie below 200 cm-1. 
Tabulated thermodynamic functions for these com-

(18) “ J A N A F  T herm oeh em ica l T a b les ,”  T h e  D o w  C hem ica l C o ., 
M id la n d , M ich .
(19) D . L . H ildenbrand , A eronutron ic R e p o r t  N o . U -1606, 1965.
(20) J. B erkow itz  and J. M arqua rd t, / .  Chem . P h y s ., 3 7 , 1853 
(1962).
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Waals forces between ions or between ions and solvent 
molecules, these should cause marked changes in the 
parameters of the equation since these forces are not 
directly related to the dielectric constant and the 
viscosity.

Experimental Section

Tetra-n-butylammonium fluoroborate was prepared 
by titrating a methanolic solution of tetrabutylam- 
monium hydroxide with an aqueous solution of fluoro- 
boric acid. The salt was recrystallized three times 
from 1:1 methanol-water mixtures and dried at 70° 
under vacuum to constant weight. The melting point 
was 161°. Fluorine analyses yielded 22.99 and 22.86% 
compared to the theoretical 23.08%.

The phenylacetonitrile was dried over molecular 
sieves and carefully fractionated. The specific con
ductance was less than 0.3 X 10-7 mho/cm and the 
refractive index was n25d 1.5208. The dielectric con
stants of the solvent were measured on a General 
Radio 716-C Schering bridge equipped with a 716-P4 
guard circuit. To reduce the effects of the higher 
solvent conductances at high temperature, measure
ments were made at 263 kHz and checked at 100 
kHz. The capacitance cell consisted of an inner high 
potential electrode l 1/ /  in. in diameter and 5 9/ i6  in. 
long which was suspended in a deep cup leaving an 
annulus of 3/ i6 in. The cup was the grounded electrode 
and the top inch of it was a guard ring. All metal 
parts were of stainless steel and the insulation was 
Supramica. The capacitance cell was calibrated at 
25° with nitrobenzene and ethylene dichloride whose 
dielectric constants are 34.82 and 10.36, respectively.5 
The nitrobenzene was purified by the method6 7 used 
previously, yielding a specific conductance of less than 
7 X 10- 9 mho/cm. The Eastman Spectrograde ethyl
ene dichloride was redistilled and had a specific con
ductance of much less than 2 X 10-9 mho/cm. The 
cell constant was 0.04213 which was independent of 
temperature within the precision of the measurements. 
The results in Table I agree with the approximate 
value of Grimm and Patrick5,7 and are about 1-2% 
above those of Walden.8

The viscosities were measured under argon in 
Ubbelohde viscometers. The densities were measured 
in a Sprengle-type pycnometer on which the two arms 
were interconnected and the whole pycnometer was 
completely submerged in the thermostat. The small 
vapor space required a maximum correction for the 
vapor volume of 0.03% at 200°.

The conductance bridge, the method of calibration, 
and the technique for the conductance measurements 
were similar to those used by one of the authors pre-

Table I : Dielectric Constant of Solvent

Temp, Dielectric
°c constant

24.9 18.77
58.9 16.57
78.6 15.46
99.0 14.45

117.7 13.53
138.9 12.69
162.8 11.86
185.4 11. u
201.4 10.7 2

viously.6 The cells used were two erlenmeyer cells 
whose cell constants were 0.15591 ±  0.00002 and 2.0714 
±  0.0003 cm-1. Both cells were calibrated directly 
with KC1. A small cell with a volume of about 20 ml 
was also used for the high-temperature runs and the 
cell constant was 2.8278 ±  0.0003. The temperatures 
were measured by a platinum resistance thermometer 
and the variation was no greater than ±0.03° at the 
highest temperature. All runs were performed with 
the solutions under an atmosphere of argon. The 
runs at 25 and 100° were performed by diluting the 
solutions in the erlenmeyer cell. The run at 75° 
was made in the same cell by diluting the solution suc
cessively in a flask at room temperature and then 
transferring a portion of the solution by a syringe to 
the cell. This could be done easily because the vapor 
pressure of the solvent at room temperature was so 
low that there was no significant amount of solvent 
lost through evaporation. This technique had to 
be used for the runs at 150 and 175° since decom
position was noticeable and thus a single sample could 
not be diluted for measurement at five different com
positions. The small cell was used for these two high- 
temperature runs and the vapor space at equilibrium 
was only about 1 ml, so that no correction for the 
amount of solvent in the vapor space was needed. The 
decomposition at 150° caused a resistance change of 
0.1% in 30 min and at 175° the change was 1% in the 
same period. For these two runs the resistance was 
measured only at 10 kHz since the runs at lower tem
perature indicated that the value extrapolated to 
infinite frequency differed by only about 0.01%.

(5 ) A . A . M a ry o tt  and  E . R . Sm ith , “ T a b les  o f-D ie lectr ic  C onstants 
o f  P ure L iq u id s ,”  N a tion a l B ureau  o f  S tandards C ircu lar 514, U . S. 
G overn m en t P rin tin g  O ffice, W ash in gton , D . C ., 1951.
(6 ) J. E . L ind , Jr., and R . M . F uoss, J. P h ys. Chem., 65, 999 (1961).
(7 ) F . V . G rim m  and W . A . P atrick , J . A m . Chem. Soc., 45 , 2794 
(1923).
(8 ) P . W alden , Z . P h ysik . Chem., 70 , 569 (1910).
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frequently differ markedly from data obtained on 
gaseous molecules.

The method proposed here is designed to obviate all of 
these objections. A linear interpolation of data is used, 
which is expected to be linear; the Kirkwood-Onsager 
equation for dielectric constants of liquids is used, and 
the polar solute is dissolved in a solvent of equal po
larity, thus assuring more ideal behavior. As expected, 
there is better agreement between results in the liquid 
and gaseous state.

A crucial part of this new approach was the choice of 
a solvent whose dielectric constant may be varied to 
match the molar polarization of solutes. The solvent 
consists of mixtures of dioxane and cyclic ethylene 
carbonate, with variation of dielectric constant from 2.3 
to about 60. These two compounds have the added 
advantage of having molecular weights which differ by 
only 0.06%, so that the molecular weight of mixtures 
is always constant.

Theoretical Development

The Kirkwood-Onsager equation4 

(e -  l)(2e +  1) M
P  = 9e d

4litN gn2
•-----oc -f- ----

3 2>kT
^ttNoix2,

Pa + ^ r  = p“ + p* (1)
is applicable to liquids since it takes into account the 
hindrance of rotation due to neighboring molecules. 
The correlation parameter g shows this hindering effect. 
However, the evaluation of g requires a knowledge of 
the structure of a liquid, which in general is not avail
able. Consequently, the Kirkwood-Onsager equation 
per se is not in general a valid way to calculate dipole 
moments when applied to pure liquids.

Oster6 has concluded, for polar solutes in nonpolar 
solvents, that the correlation parameter of the solute is 
a smooth function of mole fraction of solute and ap
proaches the value 1 in dilute solutions.6 We shall use 
such graphs of correlation parameter in the computation 
of dipole moments.

We choose a solvent of such dielectric constant that 
there is no change in the dielectric constant on adding 
the solute. We assume that the molar polarizations of 
solvent and solute are additive. For the solvent

Pi =
(e -  l)(2e +  1) M1

96 d1 (2)

For the solution

P 12 =
(e -  l)(2e +  1) M r.

9e dr.
=  X 1P1 +  X 2P2 (3)

In these equations the subscripts 1, 2, and 12 refer to 
solvent, solute, and solution, respectively, and X  is the 
mole fraction. Substituting (2) into (3), remembering 
that Myi =  X\Mi +  X ‘2M2 and rearranging, yields

P2/M 2 =
(e ~~ l)(2e -j- 1)/-. I Ai Mi di — dyX

9 ed12 \ +  X 2M2 dl ) (4)

It will be noted that the left side of the above equation 
contains quantities pertaining only to the solute and the 
right side contains only experimentally determined 
quantities. By use of eq 1 we can calculate the value of 
the dipole moment of the solute, provided that g is 
known. The dipole moment of the molecule in solution 
is calculated from the gas value by the Onsager equa
tion.7

(«- +  2) (2e +  1)
ß Mo 3(26 +  6.) (5)

It was stated previously that a linear interpolation of 
data is used to obtain figures to be used in the calcula
tions. (For details see the Experimental Section.) 
This graph for interpolation can be shown to be linear. 
For the solvent mixture

p  =  (^ -  1X261 +  m ,  =
!)6ir/,

[26! -  1 -  OAQjM i =  2e1Mi
9 dj 9 d1 1 ’

or Pi °c ei, if e is fairly large. Likewise for the solution, 
P 12 a e2. However, we have assumed molar polariza
tions to be additive, so

AP = P 12 -  Pi =  XJ\ +  XJ\  -  Pi =
Pi(Ai -  1) +  X 2P2 (7)

However, X, and X2 are constant in any series of meas
urements, and X 2P2 is constant, so AP is a linear func
tion of Pi. It follows from the previous relations that 
A e is a linear function of ei.

Experimental Section

The measurement of dielectric constant was made by 
using a General Radio Co. Type 821-A Twin-T impe
dance circuit and Type 1330-A bridge oscillator, and 
Hallicrafters’ S-85 receiver as detector. The Twin-T 
bridge was calibrated by the General Radio Co.

The dielectric constant cell followed the design of

(4 ) J . G . K irk w ood , J . Chem. P h ys ., 7 , 911 (1939).
(5 ) G . O ster, J . A m . Chem. S o c 68, 2036 (1946).
(6) T h e  tru e s ituation  is som ew hat different from  th e  conclusion s 
o f O ster. T h is  w ill be the su b ject o f  a  separate com m un ica tion .
(7 ) L . O nsager, J. A m . Chem. Soc., 58, 1486 (1936).
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Conner, Clark, and Smyth.8 The inner surfaces of the 
cell were gold plated. The cell was calibrated by use of 
air and pure water, dichloromethane, dioxane, 1-pro
panol, dimethyl formamide, 1,2-dichloroethane, acetone, 
and methanol. A graph of dielectric constant against 
capacity of the cell was linear, with the point for water 
on the line. Subsequent checks on the calibration 
curve were made by merely measuring the capacity of 
the empty cell and that of the cell when filled with 
water. It was found that if the cell was left plugged 
into the capacity bridge connector at all times, except 
when in use, its capacity remained constant, within 
experimental error. In fact, over a period of 3 years 
the measured capacitance of the cell filled with water 
was 512.7 ±  0.2 pf.

Refractive index was measured with a Bausch and 
Lomb precision Abbé refractometer. Refractive in
dices of solid solutes, which cannot be measured directly 
by use of the refractometer, were calculated from re
fractive index and density of solutions. The Lorenz- 
Lorentz molar refraction of the solution was calculated 
and assumed to be the sum of solvent and solute, re
spectively. The density for solute was calculated on 
the assumption that molar volumes are also additive. 
The result is the refractive index for a hypothetical 
pure liquid solute at 25°. The validity of this procedure 
is shown in Table I. Small errors in refractive index 
have little effect on calculations using eq 5.

Temperature was maintained at 25 ±  0.03°.
A 10-cc hypodermic syringe was used for transferring 

samples in order to protect them from moisture of the 
air. It was especially useful for filling the pycnometer.

All materials (except ethylene carbonate) were of 
reagent or spectroscopic grade from Eastman or Mathe- 
son Coleman and Bell. The ethylene carbonate was 
recrystallized by cooling to —15° at least three times 
from a 1.05:1 by volume mixture of chloroform and 
carbon tetrachloride. (A typical crystallization used 
210 ml of chloroform, 200 ml of carbon tetrachloride, 
and 200 ml of ethylene carbonate.) In order to prevent 
condensation of moisture on the cold crystals, an 
atmosphere of very low humidity was maintained in 
the Büchner funnel until the crystals came to room 
temperature. Excess solvent clinging to the crystals 
was removed in a vacuum desiccator by use of a water 
aspirator or by evaporation in the room if the humidity 
was below 30%. If the conductances of the solutions 
of ethylene carbonate in dioxane were too high to permit 
measurement of dielectric constant, then it was recrystal
lized until a product of suitably low conductance was 
obtained. It appeared that absence of moisture was 
the most important factor.

A solvent mixture was made up whose dielectric

Table I : Summary of Experimental Results Obtained from 
Graphs of Data for Individual Compounds:
4 Mole % of Solutes

if25* of d254 of
solvent soin, w26d of

Compd e di dii solute

Ji-C6Hl3Br 6.38 1.0548 1.0611 1.4572
re-CMsBr 7.28 1.0595 1.0696 1.4368
n-CoHuBr 7.78 1.0623 1.0703 1.4412
p-ClC6H4CH3 7.00 1.0572 1.0572 1.5180
c h 2ci2 9.95 1.0732 1.0808 1.4213
p-c ic 6h 4n o 2 11.72 1.0864 1.0968 1.588“
(C6H5)2CO 14.20 1.0928 1.0937 1.6186
c „ii.-c o c h 3 17.75 1.1089 1.1042 1.5299
CH3COCH3 22.75 1.1279 1.1161 1.3563
c h 3n o 2 39.25 1.1859 1.1844 1.3799c
c 6h 6n o 2 38.5 1.1836 1.1846 1.5499

“ Calculated from molar refraction, as indicated in text.
6 Calculated from molar refraction. Agrees fairly well with 
value of 1.605 interpolated from data for the supercooled liquid, 
taken from Beilstein. c J. Timmermans, “ Physico-Chemical 
Constants of Pure Organic Compounds,”  Elsevier Publishing 
Co., New York, N. Y., 1950, p 578.

constant was expected to be near the correct value, and 
its dielectric constant, density, and refractive index 
were measured. (The dielectric constant of the solvent 
mixture is near that of the solute if the latter is liquid. 
Solid solutes require more experimentation to obtain 
solvent mixtures of suitable dielectric constant.) 
Then a fixed mole percentage (either 4 or 10%) of 
solute was added, and the measurements were repeated. 
The difference in dielectric constant, Ae = en — ei, 
was determined. The measurements were repeated 
for at least two other solvent mixtures of slightly differ
ent composition, preferably including one with Ae of 
opposite sign. Graphs of Ae, dh du, (re26d) i, and (m26d)i2 

against ei were constructed, and the values of the 
variables were read off where Ae is zero. This will then 
fit the conditions imposed in eq 4. These graphs were 
always linear, provided Ae was no larger than ±0.5.

In practice we chose several solutes of known dipole 
moment (in the gaseous state) and calculated P2/M2. 
This was then plotted against the experimentally de
termined quantity on the right side of eq 4 called the e 
function. These compounds of known dipole moment 
were used to establish an empirical test of eq 4. We 
may assume that the correlation parameter of the solute 
was essentially the same as that for the ethylene carbon
ate in the solvent, since the structure of the solvent is 
to a large extent determined by the ethylene carbon-

(8 ) W . P . C onner, R . P . C lark, and  C . P . S m yth , J. A m . Chem. 
Soc., 72 , 2071 (1650).
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A d s o r p t i o n  o f  C a r b o n  M o n o x i d e  a n d  C h lo r id e  I o n s 1

by S. Gilman

General E lectric Research &  D evelopm ent Center, Schenectady, N ew  Y ork  ( Received M arch 7, 1966 )

In the absence of Cl-  and in the potential range —0.1 to 0.6 v, the structure of the adlayer, 
the maximum coverage, and the experimental rate of adsorption (initially diffusion con
trolled) remain constant for the adsorption of CO from 1 N HCIO4 solution. In the 
presence of any extent of initial surface coverage with Cl-  in this potential range, the charac
teristics of the CO adsorption remain unchanged. Therefore, the system tends toward 
full coverage with CO and very small residual coverage with Cl- . For any transient 
coverage with CO, there is an equilibrium coverage with Cl-  which is rapidly (probably 
transport limited) established by either desorption or adsorption of the ions. There is a 
simple linear relationship between equilibrium coverage with Cl-  and transient coverage 
with CO. It is possible to explain the inhibitive effect of dissolved chloride ions on the 
“ polarization curve”  on the basis of the findings of the competitive adsorption studies.

Introduction
It has long been recognized that the adsorption of 

anions can have profound effects on the adsorption and 
reaction of neutral molecules.2-4 Quantitative de
terminations of mixed surface coverages would seem 
a necessary prerequisite toward the understanding 
of such effects. Such determinations appear to be 
lacking, although there have been considerable studies 
of individual adsorbates.2 3 4 5

Since (on platinum) adsorbed organic and anionic 
species have distinctly different voltammetric proper
ties, it is possible to devise a multipulse potentiody
namic (MPP) sequence which permits quantitative 
study of competitive adsorption. For the first study, 
CO and Cl-  were chosen because of availability of 
considerable previous information for these adsor
bates.6-11

Experimental Section
The glassware, electronic equipment, etc. have been 

described previously.6 7 8 9 10 11 The electrolyte was 1 N per
chloric acid, prepared from the AR grade acid and 
quartz-distilled water. The hydrochloric acid was 
AR grade. Gas mixtures of CO and argon were pre

pared, bottled, and analyzed by the Matheson Co., 
using CP grade CO and “ prepurified”  grade argon. 
The working electrode was a length of CP grade 
platinum wire which was annealed in a hydrogen flame 
and sealed in a soft-glass tube so that a geometric 
area of 0.071 cm2 was exposed to the electrolyte. 
The “ saturation hydrogen coverage,” sQh, measured 
using a linear cathodic sweep6 was 0.29 mcoulomb/

(1) T h is  paper w as presented at the spring m eeting  o f  the E le c tro 
chem ica l S ociety , C leveland , O hio, M a y  1 -6 , 1966.
(2) (a) A . N . F rum kin  in “ M od ern  A sp ects  o f  E lectroch em istry ,”
V ol. 3, J. O ’M . B ockris and B . E . C on w a y , E d ., B u tterw orth  In c ., 
W ashington , D . C ., 1964, C hapter 3 ; (b ) P . D elah ay , “ D o u b le
L ayer and E lectrod e  K in e tics ,”  In terscience P ublishers, In c ., N ew  
Y o rk , N . Y .,  1965.
(3) M . W . B reiter, Electrochim . A cta , 9 , 827 (1964).
(4) B . I. P od lov ch en k o  and Z. A . Io fa , Z h. F iz. K h im ., 38 , 211 
(1964).
(5) S. G ilm an, J. P h ys. Chem., 66, 2657 (1962).
(6) S. G ilm an, ibid., 67 , 78 (1963).
(7) S. G ilm an, ibid., 68 , 2098 (1964).
(8) S. G ilm an, ibid., 68 , 2112 (1964).
(9) T . B . W arner and  S. Schuldiner, J. Electrochem . Soc., I l l ,  992 
(1964).
(10) R . A . M u n son , J . Electroanal. Chem., 5 , 292 (1963).
(11) S. B . B rum m er an d  J. I . F ord , J . P h y s . Chem., 69 , 1355 (1 965 ),
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Table VI: Comparison of Accuracy of Dipole Moments Determined in Solution, as Compared to Moment Determined in Gas

Substance MO (lit.)

(4 mole %), 
present 
method % dev

n-C6IIi;iBr 2 .1 7 2 . 2 2 +  2 .3
n-CsHnBr 2 . 2 0 2 .3 2 +  5 .4
n-C4H9Br 2 .1 7 2 .0 8 - 4 . 1
n-C3H,Br 2 .1 7
7>-ClC6H4CH3 2 .1 6 1 .9 7 - 8 . 8
(C6H5)2CO 3 . 06s 3 .2 0 + 4 . 6
CeHsCOCHs 3 .0 6 3 .1 8 + 3 . 9
CH3COCH3 2 .8 8 3 .0 8 +  6 .9
c h 3n o 2 3 .4 6 3 .2 6 - 5 . 8
c 6h 6n o 2 4 .2 5 4 .2 0 - 1 . 2
CH2C12' 1 .6 2 1.91 +  17 .9
p-c ic 6h 4n o 2 2 .7 7 2 .7 3 - 1 . 4

From McClellan’s compilation, ref 11. b Estimated; see text.

MO
(10 mole %), 

present 
method % dev

M in
benzene“ % dev

2 .1 5 - 0 . 9 1 .99 - 8 . 3
2 .1 6 - 1 . 8 2 .0 0 - 9 . 1
2 .1 1 - 2 . 8 1 .97 - 8 . 3
2 .0 9 - 3 . 8 1 .97 - 9 . 2
1 .96 - 9 . 3 1 .89 - 1 2 . 5
3 .1 7 + 3 . 6 2 .9 8 - 2 . 6
3 .1 9 + 4 . 2 2 .9 3 - 4 . 2
3 .1 0 + 7 . 6 2 .6 9 - 6 . 6
3 .2 7 - 5 . 5 3 .1 3 - 9 . 5
4 .1 8 - 1 . 6 3 .9 3 - 7 . 5
1 .9 0 +  17 .3 1 .53 - 5 . 9
2 .5 3 - 8 . 7 2 .6 0 - 6 . 1

method of Oster.9 The high value of the correlation 
parameter at 5 mole %  is no doubt real.

One of the difficulties of the present research was 
finding suitable solutes. These must first of all have 
accurately measured values for dipole moment in the 
gas phase and give a good range for P2/M2. In addi
tion they must not tend to form hydrogen bonds10 
with the solvent and should have varied shapes and 
sizes. One can find few compounds meeting these 
criteria and, therefore, giving a valid test of the method. 
It was necessary to use one compound (benzophenone) 
with estimated dipole moment.

The accuracy of the procedure is demonstrated in the 
following way. The values of P2/ M2 for each compound 
were calculated, assuming that the correlation param
eter for the solute was the same as that of the 
ethylene carbonate in the solution. Correlation param
eters were interpolated from a graph of data from Table
V. The moment of ethylene carbonate was assumed 
for this purpose to be 5.25. If this were the correct 
moment for ethylene carbonate then the result should 
be a straight line through the origin with a slope of 1. 
In practice, the data were fitted by the method of least 
squares to an equation of the form P2/M2 =  M(e 
function). The values of M  were 1.04 and 1.07 for 4 
and 10 mole %  solute, respectively.

Then the experimental e function was assumed to be 
correct, and the corresponding value of P2/M2 was 
calculated, i.e., as if the point lay on the line. From 
this the moment in the gas phase was computed. These 
calculated moments are compared to literature values 
of moments11 in the gas phase in Table VI. In the 
same place a comparison is also made with the average

moment11 of the compounds as obtained in benzene 
solution.

It can be seen that the present method gives results 
for dipole moment which are closer to the values in the 
gas phase. This is even more impressive when one 
realizes that the figures given for the moment in benzene 
solution are an average for several investigators. On 
examining the individual values making up any one of 
these averages one observes very wide deviations. 
This either indicates that the extrapolation is not 
linear, in which case different experimenters arrive at 
different extrapolated values, or means that errors in 
measurement are so high at the low concentrations used 
that the exact position of the straight line is in doubt. 
In any event the precision of measurements by differ
ent investigators is not high. On the other hand, the 
close agreement of moments determined by the present 
interpolation method with the average dipole moment is 
good indication of its high precision. It also appears 
that the method given here has nearly reached the 
maximum accuracy, or, in other words, averaging the 
results for several investigators will not give much 
improvement. This is clearly shown by the good agree
ment between the moments calculated for the 4 and 10 
mole %  solutions. One possible way to improve the 
accuracy may be to go to smaller concentrations of

(9 ) G . Oster, J . A m . Chem. Soc., 68 , 2036 (1946).
(10) Solutes w h ich  m ay  form  hyd rogen  bon d s  w ill be the  su b ject  of 
a separate study . O ster ’s ca lcu lations show  greater variab ility  for  
the  correlation  param eter fo r  h yd rogen -bon d in g  solutes.
(11) P ra ctica lly  all the  m om en ts used  w ere obta in ed  from  A . L . 
M cC le llan , “ T ab les  o f E xperim ental D ip o le  M o m e n ts ,“  W . H . Free
m an and C o ., San F rancisco , C a lif., 1963.
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solute; however, there is the limitation in the ability to 
measure accurately the change in dielectric constant.

The advantages of the method are: dipole moments
are obtained which are more nearly equal to values 
obtained on the gaseous compound; extreme accuracy 
is not needed for dielectric constants; the data are 
treated in a simple and straightforward way (in par

ticular an interpolation is used instead of an extrapola
tion); and, apparently, high precision of measured 
dipole moment. Possible disadvantages are: insufficient 
solubility of compound being measured, and reaction of 
compound with solvent (e.g., if it is a strong Lewis acid 
or can hydrogen bond with solvent). These can be 
obviated in many cases by changing the solvent system

R a te s  o f  H y d r o g e n  A b s t r a c t io n  f r o m  M e t h a n o l  b y  C F 3 R a d ic a ls

by Terry S. Carlton, J. Rodger Steeper, and Ronald L. Christensen

Departm ent o f  C hem istry, Oberlin College, Oberlin , Ohio 44074  ( Received M arch 21, 1966)

Hexafluoroazomethane was photolyzed in the presence of gaseous CH3OH plus CD3OD, 
CH3OD plus CD3OD, CH4 plus CD3OD, and CD3OH. From the relative rates of forma
tion of CF3H and CF3D, rate constants and Arrhenius parameters were determined for 
abstraction by CF3 radicals of the hydroxyl and alkyl hydrogens in CH3OH. The activa
tion energy for abstraction of each kind of hydrogen is 8.3 kcal/mole. The preexponential 
factor for alkyl hydrogen abstraction is 10 times the factor for hydroxyl hydrogen. The 
results are compared with those for abstraction from CH3OH by CH3 and CD3 radicals. 
A dipolar model is used to explain trends in the relative activation energies for abstrac
tions by CH3 and CF3.

Introduction
Arrhenius parameters have been reported for a large 

number of reactions in which CH3 abstracts hydrogen 
atoms from substrate molecules1 and for a smaller 
number of reactions in which CF3 abstracts hydrogen.2 3 4 
None of the CF3 reactions involved hydrogen abstrac
tion from a functional group. This paper reports 
the Arrhenius parameters for abstraction by CF3 of 
the hydroxyl and alkyl hydrogens of methanol and 
compares these parameters with those for the cor
responding abstractions by CH3.

Experimental Section
The CH3OH (Baker and Adamson reagent grade) 

was dried by passing the vapor through Drierite and 
purified by bulb-to-bulb distillations. The CD3OD, 
CH3OD, CD3OH, and hexafluoroazomethane (Merck 
Sharp and Dohme) were used without further puri

fication. Nmr showed that 0.3% of the methyl hy
drogen in CD3OD and CD3OH was protium, as was 
0.4% of the hydroxyl hydrogen in CD3OD and 0.3% 
in CH3OD. CF3H and CH4 (Matheson) were used 
without further purification, since the infrared spectra 
revealed no impurities.3,4 CF3D was synthesized from 
CF3H by shaking the latter with two successive por-

(1) See, fo r  exam ple : (a) A . F . T rotm a n -D ick en son , “ G as K in e tics ,”
B u tterw orth  and  C o. L td ., L on d on , 1955, p  199; (b ) S. W . B enson  
and  W . B . D e M o re , A n n . Rev. P h ys. Chem., 16, 397 (1965).
(2 ) See, fo r  exam ple : (a) H . C arm ichael and H . S. Joh nston , J.
Chem. P h ys., 41 , 1975 (1964); (b ) G . O . P ritchard , H . O. P ritchard , 
H . I . S chiff, and A . F . T rotm an -D ick en son , Trans. Faraday Soc., 
52 , 849 (1956); (c ) W . G . A lco ck  and E . W h ittle , ibid., 61 , 244
(1 965 ); (d ) W . G . A lco ck  and  E . W h ittle , ibid., 62 , 134 (1966).
(3) (a ) E . K . P ly ler and W . S. B ened ict, J. R es. N atl. B ur. Std., 47 , 
202 (1951); (b ) H . D . R ix , / .  Chem. P h ys ., 21 , 1077 (1953).
(4 ) A m erican  P etroleum  Institu te , R esearch  P ro je c t  44 , In fra red  
A b sorp tion  Spectrogram  N o . 528, 1946.
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ticns of 1.8 M  NaOD at 75 to 115° for about 2 days each 
tine- Infrared analysis showed CF3H contamination 
in the CF3D to be less than 1%.5

Hexafluoroazomethane was used as the source of 
CF3 radicals because it does not react with methanol, 
whereas hexafluoroacetone does. When hexafluoro
azomethane at 25.8 torr was mixed at 25° with meth
anol at 23.6 torr, the pressures were additive to within 
the total experimental uncertainty of 0.3 torr; but 
when hexafluoroacetone and methanol were mixed at 
100°, there was a markedly negative deviation from 
pressure additivity.

Reaction mixtures were prepared separately for 
each run. A check showed that isotopic exchange with 
the walls during mixture preparation was negligible. 
The pressure of hexafluoroazomethane was 0.4-1.6 torr, 
and the pressure of the alcohol in each run was between 
8 and 70 torr. The maximum percentages of substrate 
molecules which reacted in a single run were as follows : 
4.6% for CH3OH, 2.7% for CH3OD, 1.4% for CD3OD, 
1.6% for CD3OH, and 0.3% for CH4. The tempera
ture throughout the cylindrical Pyrex reaction vessel 
was maintained within 1° of its nominal value. Col
limated light from a high-pressure mercury lamp was 
filtered by soda glass before entering the reaction 
vessel to prevent mercury-photosensitized reactions.

After fractionation of the reaction mixture, CF3H, 
CF3D, and C2F6 were analyzed with a Perkin-Elmer 
621 infrared spectrophotometer. Air was added to 
make the pressure the same for each spectrum. Spec
tre photometric analyses of known mixtures of CF3H 
and CF3D gave 4.4% as the root-mean-square devia
tion from the true pressure ratios. Absorbances 
were measured at 1152 and 1210 cm-1, and in the few 
runs in which appreciable C2Fe was formed a correction 
was made for its absorbance at these frequencies.

Results
In runs with mixtures of CH3OH plus CD3OD, 

CF3H and CF3D were produced by the reactions

CF3 +  CH3OH — ► CF3II +  { c h 2o H}  (!)

and

CFa +  c d 3o d  — > c f 3d  +  { c d 2o d }  ( 2 )

Since the alcohol concentrations remained essentially 
constant throughout a run

h  =  [CF3H ][CD3OD] 
k2 [CF3D][CH3OH] 1

Experimental values of h/h  are shown in Table I and 
Figure 1.

Table I : Results from Mixtures of CH3OH and CD3OD

Temp,
°K

[C D ,OD] 
[CH ,OH]

Time,
min

[CF,H] 
[CF,D ] ki/ki

3 8 8 .4 5 .0 1 492 1.61 8 .0 6
4 0 4 .8 5 .0 6 510 1 .4 9 7 .5 4
4 2 4 .4 4 .2 7 332 1 .554 6 .6 4
4 5 0 .2 4 .4 0 371 1.39 6 .1 2
4 7 3 .7 5 .8 6 285 0 .9 34 5 .4 7
5 2 2 .3 5 .5 7 385 0 .8 1 0 4 .5 1
5 2 7 .7 4 .7 3 273 0 .9 35 4 .4 2

In runs with mixtures of CH3OD plus CD3OD, 
CF3H was produced by the reaction

CF3 +  CH3OD — ► CF3H +  CH2OD (4)

In addition, runs at 300 and 532 °K  with CH3OD as 
the only substrate produced negligible amounts of 
CFjD relative to CF3H. Therefore reaction 2 must 
have been the source of virtually all the CF3D in runs 
with mixtures of CH3OD and CD3OD, and

h  _  [CF3H][CD3OD] 
fc2 “  [CF3D][CH 3OD]

Experimental values of fc4/fc2 are shown in Table II and 
Figure 1.

Table II : Results from Mixtures of CH3OD and CD3OD

Temp,
°K

[C D ,OD] 
[CH ,OD]

Time,
min

[CF,H] 
[CF.D] ki/kt

4 0 7 .3 4 .0 2 314 1.63 6 .5 5
4 3 7 .8 5 .0 0 385 1 .155 5 .7 8
4 7 8 .0 3 .6 1 344 1.31 4 .7 3
5 2 5 .2 4 .3 4 194 0 .9 38 4 .0 7

Reaction 1 is composed of the two concurrent reac
tions

CFS +  CH3OH — ► CF3H +  CH30  (5)

and

CF3 +  CH3OH — >  CF3H +  CH2OH (6)

We shall assume that h  equals fc4, since evidence from 
several systems indicates that secondary isotope 
effects are negligible in hydrogen abstraction reactions;6 
therefore

(5 ) S. R . P o lo  and M . K . W ilson , J. Chem. P h ys., 21 , 1129 (1953).
(6 ) (a) J. R . M cN e sb y , J. P hys. Chem., 64, 1671 (1 960); (b ) P .
G ray  and J. C . J. T h ym ie , Trans. Faraday Soc., 59 , 2275 (1963); 
(c ) T . E . Sharp and  H . S. Johnston , J. Chem. P h ys ., 37 , 1541 (1962).
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Figure 5. Sequential mixed adsorption of CO and Cl“ .
The 1 N  HCIO4 contained 10“ 4 M HC1, was saturated 
with a gas mixture of 1% CO and 99% argon (30°)- and 
was paddle stirred (360 rpm). Adsorption of CO occurs 
during both steps D and E for Tn +  1 sec. Adsorption of 
Cl“  occurs only during step E (for 1  sec). Qco is related to 
absolute and relative coverages with CO by eq 4 and 6 , 
respectively. AQo is related to absolute and relative coverages 
with Cl“  by eq 2  and 7, respectively. AQo and Qco were 
evaluated from traces similar to those of Figure 2.

above, adsorption was conducted at potential U so 
that CO and Cl-  could adsorb simultaneously. In 
the experiments described below, CO was first adsorbed 
at a potential (0.06 v) at which only CO could adsorb. 
After achieving a desired CO coverage, the potential 
was then raised to 0.6 v, at which potential both CO 
and Cl-  could adsorb.

Procedure. The pulse sequence used appears in 
Figure 5. Steps A -C  of the sequence are identical 
with those employed in section II above. In step D, 
CO only was adsorbed for time interval Tn. In step 
E, further adsorption of CO could occur at 0.6 v, 
along with adsorption of Cl- . The rest of the se
quence served to obtain AQo and Qco, as described in 
the previous section.

Results. Values of charge are plotted against the 
total time (Td +  1) allowed for CO adsorption in 
Figure 5. The solid curves passing through the data 
points are identical with those measured in the previous 
section, for adsorption at 0.6 v.

IV. The “Polarization Curve” for CO. The linear 
anodic sweep (las) traces of Figures 1 and 2 correspond 
to CO adsorbed before the application of the rapid sweep. 
There is thus no appreciable “ turnover”  (additional 
adsorption and reaction) during the sweep. For exami-

Figure 6 . Anodic “polarization curves” for CO. The traces 
were recorded during the positive-going portion of a periodic 
triangular sweep (sweep speed, v = 0.04 v/sec) operating 
between 0.4 and 1.8 v. Trace 1 was obtained in the absence 
and trace 2 in the presence of 10“ 4 M  HC1. The 1  N  HCIO4 
electrolyte was saturated with pure CO (30°) for both traces 
and was paddle stirred (360 rpm). The hatched areas 
correspond to regions of oscillation of the current.

nation of the qualitative effects of Cl-  adsorption on 
steady-state anode performance, a slow periodic tri
angular sweep was applied alternatively in the presence 
and absence of dissolved Cl- . The results appear in 
Figure 6.

Discussion
I. Adsorption of CO in the Absence of Cl~. Struc

ture of the Adsorbed Layer. Previous studies of the CO 
adlayer at 0.4 v6 suggested that the adsorbed layer re
tained the composition of the adsorbate in the gas 
phase. The results were also consistent with the con
clusion that the adlayer comprised CO bonded to the 
surface in both bridged and linear configurations. 
The las traces measured for —0.1 v ^ U ^ 0.7 v after 
10-sec adsorption time (trace 2, Figure 1) are identical. 
This suggests that the adlayer formed over this range 
is constant in composition and structure. On the other 
hand, the trace obtained at —0.2 v is noticeably shifted 
to the left on the potential axis (trace 3, Figure 1). 
At medium potentials (e.g., 0.4 v, ref 6), such shifts 
sometimes correspond to decreasing coverage for an 
adsorbed phase of constant composition.12 However, 
since the oxidative charge corresponding to trace 3 is 
almost identical with that for trace 2, the observed 
potential shift is not simply a surface coverage effect 
but must likely represent a change in composition or

(12) S. G ilm an, J . P h ys. Chem., 67 , 1898 (1 9 6 3 ); 68, 70  (1964).

The Journal o f  P hysica l Chem istry



C o m p e t i t i v e  A d s o r p t i o n  o f  C a r b o n  M o n o x i d e  a n d  C h l o r i d e  I o n s 2885

structure of the adlayer (e.g., partial reduction at highly 
cathodic potentials).

It is the opposing rate of oxidation of CO (to CO2) 
which prevents buildup of CO surface coverage at 
potentials much above 0.7 v. If, for the conditions 
of Figure 1, the adsorption time is increased to 100 sec, 
it is possible to compare the las traces for as high as 
0.8 v. It is then found that the traces for potentials 
between 0.1 and 0.8 v are identical. The traces for 
lower potentials are similar, but the traces for the 
clean surface (trace 1 of Figure 1) and that for the CO- 
covered surface no longer merge in the high-potential 
region. This eifect may again be due to the final 
buildup of some small quantity of refractory reduction 
product or may be due to the accumulation of a small 
amount of an (cationic) impurity.

The over-all results suggest that the structure of the 
adlayer remains constant over a range of potentials 
extending from —0.1 to 0.8 v.

Rate of Adsorption of CO. It has already been shown6 
that, at 0.4 v, the adsorption of CO from a quiescent 
or paddle-stirred solution is transport controlled until 
almost full coverage is achieved. The constancy of 
Qco after 1.0 sec of adsorption over a range of - 0 .1 -  
0.6 v (Table I) suggests that the adsorption is transport 
controlled over this entire range.

At 0.0 and —0.1 v, the solution adjacent to the elec
trode is saturated with H2 (perhaps supersaturated at 
the lower potential). Hence, the observation of trans
port-controlled CO adsorption at these potentials im
plies a relatively slow rate of displacement of dissolved 
CO by dissolved H2 (in a region extending from the 
surface through the diffusion layer and into the bulk 
of the solution). The lower rate of CO adsorption at 
— 0.2 v might, on the other hand, be due to an appreci
able rate of displacement of CO in the solution phase, 
by very vigorously evolved H2, rather than to slow ad
sorption kinetics.

The lower values of Qco for U =  0.7 and 0.8 v are 
likely due to the oxidation of some CO to C 02. For 
the 10- and 100-sec points of Table I, it may be seen 
that even U = 0.7 and 0.8 v fall within the region of 
constancy. This is because the adsorption is no 
longer transport controlled in the higher range of cover
age6 and there is sufficient transport of CO to the sur
face to allow both further adsorption and oxidation of 
CO.

Maximum Surface Coverage with CO. After the 
region of transport-controlled adsorption (approxi
mately 85% of full coverage for a quiescent solution 
with 1 atm partial pressure of CO, ref 5; approximately 
75% of full coverage for a stirred solution with 0.01 
atm partial pressure of CO, Figure 3), the adsorption

becomes activation controlled and changes gradually 
with time. After 100 sec, approximately the same 
maximum charge was obtained for 0.01 and 0.1 atm 
partial pressure of CO. This charge, (Qco)max, has 
the value 0.38 mcoulomb/cm2 (geometric area). We 
may obtain the charge per unit of “ hydrogen area” 
by dividing by the “ roughness factor.” Hence, 
(Qco)max/RF = 0.28 mcoulomb/cm2 (“ hydrogen
area” ). As previously pointed out6 “ full coverage” 
is not meant to imply that all (hydrogen) sites are 
occupied. In fact, hydrogen-codeposition experiments 
suggest that 10-20% of the hydrogen sites are still 
vacant. (Hydrogen-codeposition experiments are not 
sensitive at very high coverages with CO. Determi
nations suggest 20% of the hydrogen sites remain 
vacant, but a value of only 10% would be in better 
agreement with the apparent ratio of bridged to linear 
CO.6) It is also possible even higher coverages would 
very slowly result if the adsorption were continued 
over much longer periods of time. Without consider
able improvements in the level of solution purity such 
measurements would be suspect.6

Validity of CO-Coverage Determinations. There are 
some working assumptions implicit in MPP determina
tions of surface coverage6,6 as is generally the case with 
quantitative voltammetric measurements of other 
types. The validity of the final results for this particu
lar system, however, is best supported by the good 
quantitative agreement between adsorption rates and 
diffusion theory which applies until full coverage is 
almost complete.6 Although this paper relies mainly 
on the low-coverage data, it seems justifiable to make 
comparison with the full-coverage values of others, 
in view of current interest.

Munson10 measured medium- to low-current galvano- 
static transients (after adsorption at 0.40) for 0.1 A  
perchloric acid saturated with CO at 25°. After 
graphically eliminating mass-transport contributions 
to the measured transition times, Munson obtained a 
coverage with CO approximately 30% higher than 
corresponding adsorption of hydrogen. This is equiva
lent to (Qco)max/RF = 0.27, which is in good agree
ment with the value 0.28 mcoulomb/cm2 (“ hydrogen 
area” ) offered here. Warner and Schuldiner9 report 
values (sulfuric acid), which are over 50% higher 
than those reported here. Brummer and Ford11 
have already suggested that these values are in error 
owing to faulty evaluation of the transition time. 
Brummer and Ford11 have offered (1 N HCIO4, 40°, 
0.3 v) the value of 0.365 mcoulomb/cm2 (32% higher 
than reported here) for Qco/RF and have suggested 
that the value offered in a previous paper5 and here 
is in error owing to improper correction for “ oxygen
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adsorption.”  Although several rather arbitrary cor
rections were made by Brummer and Ford in arriving 
at their final value, the main issue is whether they have 
made a proper correction for “ oxygen adsorption” 
using their particular cathodic reduction scheme. 
Vetter and Bemdt,13 Laitinen and Enke,14 15 and Feld- 
berg, Enke, and Bricker16 have all concluded that 
balance could not be attained between the charges 
passed in oxidizing and reducing the surface. Gilman16 
showed that charge balance (within 10%) could be 
attained by reducing the surface at 0.4 v. However, 
the reduction followed an exponential decay law so 
that from 200 msec (for small oxygen coverage) to 
10 sec (for large coverage) was required to achieve 
charge balance. Brummer and Ford’s11 typical re
duction was made in only ca. 3 msec, making it likely 
that the surface was only partially reduced. This 
would have lead to undercorrection for “ oxygen”  and 
values of Qco which are too high.

II. Proof of the Thermodynamic Dependence of 
Chloride Ion Surface Coverage on the Instantaneous 
Coverage of the Surface with Carbon Monoxide. The 
data of Figure 3 correspond to the following experi
mental situation. (1) Adsorption (step D) occurs when 
passive film is reduced. (2) The concentration of dis
solved chloride ion is approximately 10 times higher 
than that of dissolved CO and the rate of transport of 
the two species to the surface is in approximately 
the same ratio. (3) The initial value of dco is zero.
(4) The initial value of chloride coverage is very low 
(0ci- =  0.04).

The experimental results appearing in Figure 3 may 
be summarized as follows. (1) The adsorption of CO 
follows the same law over the entire range of potentials 
studied (activation controlled at high coverage; trans
port controlled at lower coverage) in the presence of 
adsorbed chloride ion. This law is identical with 
that observed in the absence of Cl- . (2) Within 1 
sec (the approximate time required for transport con
trol), the adsorption of Cl-  reaches a maximum value 
close to the equilibrium value measured in the absence 
of CO.8 The Cl-  coverage then decreases linearly as 
CO coverage increases. Extrapolation of the linear 
0c i- - time plots back to zero adsorption time yields 
intercepts which agree (within a few per cent) with the 
equilibrium values measured on this electrode in the 
absence of CO. Agreement with equilibrium values 
previously determined on another electrode8 is within 
8%.

The results suggest that the experimental rate of CO 
adsorption is unaffected by the presence of adsorbed 
Cl- . Since this rate is transport controlled (through 
most of the range of coverage), this does not preclude

the possibility that the large kinetic rate is affected. 
The adsorption of CO goes to the usual state of comple
tion, causing the gradual desorption of chloride ions. 
There are two possible explanations for the observed 
experimental rate of desorption of Cl- . (1) The de
sorption may be an activated process, and the rate of 
Cl-  desorption may reflect kinetics of desorption. 
(2) There may be an equilibrium value of Cl-  surface 
coverage (with kinetics of adsorption and desorption 
both rapid, compared with mass transport) correspond
ing to each value of CO surface coverage. The ap
parent rate of desorption of Cl-  may reflect only an 
indirect dependence on the rate of CO adsorption. 
The experimental results presented in Figure 5 estab
lish that possibility 2 is the correct intrepretation.

The data of Figure 5 correspond to the following ex
perimental conditions. (1) Adsorption of CO is allowed 
to proceed for time Tv at 0.06 v. Because of the low 
potential, Oc a -  remains zero.7 (2) The potential is 
then raised to 0.6 v for 1.0 sec. During this time both 
CO and Cl-  may adsorb. In Figure 5, values of AQo 
and Qco are plotted against CO adsorption time (Tv +  
1). For each point, the total adsorption time for Cl-  
is, however, only 1.0 sec. The results are in good 
agreement with those obtained when the adsorption is 
conducted entirely at 0.6 v (Figure 3). When we re
call that all of the values of AQo for Figure 5 are arrived 
at by adsorption of Cl-  in just 1.0 sec and that all of 
the corresponding values in Figure 3 are obtained by 
gradual desorption of Cl- , this constitutes proof that 
the measured Cl-  coverages bear a thermodynamic 
relationship to the CO coverages.

III. Quantitative Dependence of Cl~ Coverage on 
CO Coverage, Electrode Potential, and Concentration of 
Dissolved Cl~. In the last section, we established 
that Cl-  adsorption-desorption is a reversible process 
with the equilibrium Cl-  coverage dependent on the 
instantaneous CO surface coverage. Previous results8 
show that Cl-  adsorption is also reversibly dependent 
on the potential. The thermodynamic data are pre
sented in a convenient form in Figure 4. We see that 
for any value of 6Co 0.6, the Cl-  coverage decreases 
linearly with decrease in potential. For dco = 0.7, 
the Cl-  coverage decreases linearly with decreasing 
potential at first but does not drop below Oc i- = 
0.04, which seems to be the minimum attainable (by 
displacement with CO) Cl-  coverage. Hence, for

(13) K . J. V etter  and D . B erndt, Z . Elektrochem ., 62 , 378 (1958).
(14) H . A . L aitinen  and  C . G . E nk e, J. Electrochem . Soc., 107, 773 
(1960).
(15) S. W . F eldberg , C . G . E nke, and C . E . B rieker, ib id ., 110, 826 
(1963).
(16) S. G ilm an, Electrochim . Acta, 9 , 1025 (1964).
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Table I: F re q u e n cie s  a n d  fo r  A lc o h o l  O H  S tre tch  V ib ra t io n s  a t  V a r io u s  T e m p e ra tu re s

•Wavelength-----------•« -— -——----- -—-— -----*— ------ -—-— ------ ------- -—-—-——ea-
Alcohol ft (cm 9 21.7° 30.2° 39.1° 48.1°

Methyl
Ethyl
n-Propyl
Isopropyl
«-Butyl
Isobutyl
¿-Butyl
Neopentyl

2.745 ±  2 (3643 ± 3 )  
2.752 ±  2 (3634 ± 3 )  
2.750 ±  2 (3636 ± 3 )  
2.757 ±  2 (3627 ±  3) 
2.748 ±  1 (3639 ±  2) 
2,747 ±  1 (3640 ±  2) 
2.766 ±  1 (3615 ±  2) 
2.744 ±  1 (3644 ± 2 )

60.6 ± 2 .8 “ (60.4)6 
56.9 ±  1.6(56.7) 
58.3 ±  1.9(58.1)
59.7 ±  2.1 (59.6) 
59.5 ±  1.1(59.4)
64.1 ±  1.4 (63.9)
66.7 ± 2 .5  (66.5)
72.1 ± 2 .8 (7 1 .6 )

56.4 ± 3 .0  (56.8)
53.8 ±  1.4(54.3) 
56.4 ±  1.7(56.8) 
56.2 ± 2 .4  (56.6)
56.8 ±  1.2 (57.3)
61.1 ±  1.5 (61.5) 
66.7 ± 2 .5  (63.3)
69.1 ±  2.7 (69.4)

52.3 ±  2.8(53.4) 
50.9 ±  1.5(51.9) 
53.8 ±  1.6(54.6)
52.6 ± 2 .4  (53.5)
54.7 ±  1.0(55.8) 
58.5 ±  2.1(59.6)
59.1 ±  1.3 (60.2)
66.2 ± 2 .7  (67.2)

48.3 ± 2 .8  (49.8) 
48.6 ±  1.8(50.1) 
51.6 ±  1.3(53.3)
49.3 ±  2.0(50.9) 
52.8 ±  1.1 (54.4)
56.4 ±  2.1 (58.2) 
56.2 ± 1 .7 (5 8 .0 ) 
63.4 ± 2 . 0(65.1)

° C a lcu la te d  u s in g  th e  d e n s ity  o f  c a r b o n  te tra ch lo r id e  a t  2 4 ° . 
w ith  te m p e ra tu re .

b V a lu e s  in  p a ren th eses  are  c o r r e c te d  fo r  ch a n g es  in  s o lu t io n  d e n s ity

with open window brass screw caps to secure the 
assembly. Teflon gaskets prevented the end caps 
from damaging the salt windows. The brass shells 
were provided with tubular inlets and outlets placed 
at opposite ends and at 180°. Both sample and refer
ence cells were temperature regulated with a Haake 
Series F circulator-heater which was coupled with a 
Brinkman Thermo-Cool heat pump. This system con
trolled cell temperature to ±0.1°. In changing tem
perature a 15-min equilibration period was used.

Materials. The solvent used was carbon tetra
chloride. Ordinary spectroscopic grade carbon tetra
chloride contains too much water for use with long- 
path cells. To eliminate error due to hydrogen 
bonding between water and alcohol and to prevent 
loss of energy in the critical spectral region, the solvent 
was rendered completely anhydrous (no absorbance 
above base line in the 4000-3000 cm-1 range). To 
obtain this level of desiccation the carbon tetrachloride 
was shaken with Woelm neutral alumina, decanted 
into a phosphorus pentoxide containing distilling flask, 
and distilled into phosphorus pentoxide. All further 
solvent transfers were carried out in a phosphorus 
pentoxide dried glove box. Just prior to use, it was 
passed through an 8 X 2 cm column of Woelm neutral 
alumina and collected in a flask closed with a hollow, 
phosphorus pentoxide containing stopper.

The solute alcohols were purified by ordinary 
methods.4 Additionally, they were distilled from so
dium in a desiccated, all-glass system, just prior to use. 
To avoid adsorption of atmospheric water, all transfers 
were carried out in the drybox. Alcohol solutions were 
prepared gravimetrically by using samples sealed in 
melting point capillaries. The capillaries were crushed 
in suitably sized volumetric flasks containing a small 
volume of carbon tetrachloride. The samples were 
made to volume at 24°. Each value of ea appearing in 
Table I represents eight individual samples. The con

centrations of alcohols ranged from slightly over 0.002 
M  to just under 0.004 M. At each temperature three 
to five separate spectra were made for each sample. 
In each case the recorded curves were symmetrical 
and very sharp. The values of ea were calculated using 
the usual relationships. Values of B° were calculated 
from gravimetrically measured integrated absorb
ancies and approximate integrated absorbancies de
rived from area measurements based on triangles.

Results and Discussion
Table I summarizes the t data for the eight alcohols. 

Figure 1 contains plots of the average ea values as a 
function of temperature. At the concentrations used 
(>0.002 and <0.004 M) there was no spectroscopic 
evidence for the existence of alcohol dimer in the 3500- 
cm_1 region or polymer in the 3350-cm_1 region at any 
of the temperatures. The values of ea are independent 
of concentration and vary linearly with temperature, 
a phenomenon observed previously.21 The linear 
relationship between ea and temperature may be ex
pressed by the equation: t =  —at -f  b, where the
factors a and b were calculated by the method of least 
squares. The data appear in Table II. The values 
of slope a are in terms of ea units per degree and the 
values of intercept b are the ea values at 0°. An in
teresting relationship appears on extrapolation to the 
boiling temperatures of the solutes. These points 
in Figure 1 are indicated by open circles. From these 
data it appears that regardless of whether an alcohol 
is primary, secondary, or tertiary and regardless of its 
boiling point, the ea at that temperature will be ap
proximately 42. This predicts that high molecular 
weight and h.gh boiling point alcohols may have low 
values of a. Alternatively, their ea values at low tem
peratures may exceed the ranges usually quoted for

(4) A . W eissberger, “ T ech n iqu e  o f O rganic C h em istry ,”  V o l. 7, 
In terscience P ublishers, In c ., N ew  Y o rk , N . Y ., 1955.
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Figure 1. Temperature dependency of <?■ for 
alcohol OH stretching fundamentals.

particular structural types. On the limited experience 
provided by neopentyl alcohol, ea values for higher 
alcohols will be greater than expected.

There are few ea values in the literature with which 
to compare these results. They are in general agree-
ment with those recently published by Ungenade5 6

Table H : Boiling Point Values of e“ as
Calculated by the Equation e* = — at +  6

Bp, e*
Alcohol °c a b (bp)

Methyl 64.72 0.438 70.4 42.0
Ethyl 78.32 0.269 62.6 41.5
n-Propyl 97.18 0.219 63.3 42.0
Isopropyl 82.40 0.356 67.5 38.2
n-Butyl 117.7 0.197 63.6 40.4
Isobutyl 107.9 0.236 69.0 43.4
¿-Butyl 82.50 0.336 73.7 46.0
Neopentyl 113.0 0.299 78.7 45.0

and the earlier data of Liddel and Becker,6 but in the 
case of ¿-butyl alcohol there is disagreement. Our 
value of ta, as obtained at high dilution and rigid tem
perature control, are intermediate between those of 
the other two groups. However, comparisons are 
difficult because the former work does not cite the 
temperatures of experimentation and the latter was 
conducted on solutions which were a minimum of 
0.01 M  in ¿-butyl alcohol.

We have not observed a temperature dependence for 
the hydroxyl bands described here. The dependency of 
such bands on temperature has previously been noted to 
be slight.21 Because of this it appears that our experi
mental error would obscure any very small shifts in Ama* 
with temperature.

If the series of methyl, ethyl, isopropyl, and ¿-butyl 
alcohols is considered, it is apparent that the inductive 
effect of added methyls at the Carbon a to the hydroxyl 
groups shifts Amax to higher values. A plot of Amax in 
terms of log (cm-1) vs. number of methyl groups is 
linear and serves to indicate the changes in hydroxyl 
group electrical environment as a consequence of 
methyl substitutions. If substitution effects are con
sidered on a broader basis and the series of ethyl, n- 
propyl, n-butyl, isobutyl, and neopentyl alcohols is 
examined, it is seen that substitution at the carbon (3 
to the hydroxyl group shifts Amax to lower wavelengths. 
A plot of Amax as cm-1 vs. number of added carbon atoms 
is linear, indicating no changing electrical environment 
at the hydroxyl group but rather a mass effect.
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A surface excess coefficient of self-diffusion for an ion is defined for a suspension of col
loidal material capable of sorbing that ion. Four independent experimental quantities 
are necessary: the coefficient for the solution in dialytic equilibrium with the suspension, 
the gross coefficient for the suspension, the surface excess of ions for the suspended mate
rial, and the formation factor of the suspension as determined by measurements of con
ductivity. These surface diffusion coefficients are produced for suspensions of a highly 
purified montmorillonite clay in solutions of sodium chloride, over a range of concentra
tions of salt, for a variety of clay contents up to 5% by weight, and at three temperatures. 
The surface coefficients are shown to be independent of clay content, to vary exponentially 
with the square root of the salt concentration, and to give an energy of activation near 
that for self-diffusion in pure solution.

We here define and present measurements of a 
quantity which describes the self-diffusion of an ion in 
the neighborhood of the surfaces of a siliceous ion ex
changer dispersed in an aqueous solution. This sur
face self-diffusion coefficient is a typical excess quantity 
and receives its definition in an almost purely opera
tional fashion. The reason for the qualification will 
become apparent. For the case at hand, sodium ion in 
suspensions of montmorillonite, the quantity will be 
seen to be independent of the extent of the surface, but 
strongly dependent on the concentration of the neigh
boring solution and on the temperature. Tentative 
suggestions are offered in explanation of the behavior of 
these quantities.

The surface diffusion coefficient derives its meaning, 
in part, from the possibility of establishing the existence 
and value of a “ formation factor”  for the suspension. 
The formation factor is an average over the suspension 
of a measure of the angle between the true flux and the 
macroscopic gradient producing it. (The actual form 
of this measure is unimportant; it is, however, the 
reciprocal of the average square of the cosine of the 
angle mentioned.) We determine the formation factor 
by measurements of conductance, that is, for a flux in an 
applied electrical gradient, and use these results in 
treating measurements of flux in a gradient of isotopic 
concentration. The nature of the case at hand is such 
that this step cannot be completely justified, although 
evidence is adduced in support of its plausibility. The

procedure may be taken as part of our definition of the 
surface coefficient. In addition, the surface diffusion 
coefficient depends very directly on the fraction of ions 
counted as belonging to the surface. This fraction, of 
cations in the present case, is defined in terms of the 
base exchange capacity of the suspended mineral. 
It will be shown that any ambiguity in the definition of 
this quantity is less than a rather small experimental 
uncertainty. Thus the excess diffusion coefficient 
measures the difference between the rate of transport 
through a suspension and the rate through an equilib
rium dialyzate in terms of the geometry of the gel and 
its surface excess of ions. The diffusion coefficient in 
pure solution and the concentration of that solution 
are taken as points of reference.

It is necessary to distinguish four diffusion coefficients 
with the following meanings: D, the directly observed 
self-diffusion coefficient for the suspension or gel; 
D0, the diffusion coefficient for a fictitious suspension in 
which all surfaces are oriented parallel to the macro
scopic gradient (In terms of the formation factor, F, 
D0 = FD. ) ; Ds, the diffusion coefficient for the dialyzate 
in equilibrium with the suspension; Da, the surface 
excess diffusion coefficient to be defined.

We consider a suspension through which a diffusive 
flow, J, due to an isotopic gradient is taking place along

(1 ) V isiting  F ellow . R esearch  F ellow  o f the F on d s N ational de la 
R ech erch e  Scientifique, B elg ium , C ath olic  U niversity  o f  L ouvain .
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an axis, z, determined by the equipment. The sus
pended particles, with ion-exchange characteristics, are 
in chemical equilibrium with a dialyzate of concentra
tion cs. In addition, the particles are in isotopic equi
librium with neighboring solution but only in layers per
pendicular to the average flux. If c is the concentration 
of all ions free to move, averaged through the volume 
available for motion, and 6 is the fraction of these iso- 
topically tagged, then c is constant throughout, and 6 
is constant in layers perpendicular to the flux but 
varies with z. The observed flux can then be written

dd Dn _dd DaX„ +  DsX s_dd
— J = Dc~~ =  — c— = -------------------c—

dz F dz F dz

The surface coefficient Dc is here defined through the 
relation involving the four independent experimental 
quantities D, DB, F, and X a, the surface excess ionic 
fraction

DF =  DaX a +  Z>.( 1 -  X„) (1)

Of these four quantities the meanings of D and Ds are 
unambiguous; X„ and particularly F require comment.

The fraction of cations in the suspension to be asso
ciated with the surface is determined by isotopic distri
bution through a membrane impermeable to the clay 
particles. The weight of the clay and the total weight 
of material within the membrane are measured. The 
solution within is conventionally taken to be of the same 
concentration as the dialyzate without. Isotopic dilu
tion then gives directly the base exchange capacity, q, 
as defined by this convention, and hence

X a = (weight of clay X ^/(solution volume
in suspension X cs +  weight of clay X q)

The extent of anion exclusion from the suspension is a 
measure of the ambiguity of this definition. Anion ex
clusion for suspensions of the clay we here use has been 
measured.2

For our most concentrated suspension (5% clay) in 
0.1 J f solution, where the effect is greatest, neglect of 
anion exclusion corresponds to an uncertainty in X a of 
1.3%. In all other cases the effect is less than the exper
imental uncertainty in the distribution experiment 
(1-2%) which determines the error in X a.

Our use of the formation factor from measurements 
of conductance is more open to attack. The theory of 
transport through heterogeneous materials and in 
particular through dilute suspensions of disordered 
particles produces a relation between a formation factor 
and the porosity, <f>.3 Nothing in the theory predicts 
the range of validity of this relation. For these dilute 
suspensions the relation is simple.

F ~ 1 = k— ^  (2)
<p

in which tp is the volume fraction of solvent and k de
pends only on the shapes of the particles and not on 
their sizes. For a suspension of stationary particles 
bearing a surface charge and characterized by a for
mation factor F, the conductance may be written

K e =  ^  +  K ,  (3)

where the quantity K„, defined by this equation, results 
from the contribution to the conductance of the coun
terions. In terms of equivalent conductances, Ag = 
Ke/(q +  0c,), A„ =  FKJq, and A, =  K s/ca, this de
finition has the same form as that adopted for D„.

FAg = A'X, +  A,(l -  X.) (4)

The applicability of these relations has been quite 
extensively examined for different clay minerals.4 In 
particular, for the montmorillonite used in the present 
study (the purified mineral from Camp Berteau, Mo
rocco) the measurements have now been extended, for 
sodium chloride solutions, to cover the range from 0.001 
to 2.2 M. Over a wide range of salt content (0.025-2.2 
M), constant values of F are obtained which are related 
to the porosities by eq 2 with the shape factor k =  8.6. 
In the model which pictures the clay particle as an 
oblate ellipsoid, this value of k corresponds to an axial 
ratio of 36.

A sensitive representation of these measurements of 
conductance is afforded by a plot of K s — Kg vs. K s. 
If the surface contribution is small or constant, a 
straight line will be obtained, the slope of which is 
(F — 1 )/F. Deviations from this line might be caused 
by a varying surface contribution or to a failure in the 
constancy of F. We return later to this important 
point.

Experimental Section
1. Preparation of the Clay. The crude montmoril

lonite from Camp Berteau, Morocco, was immersed in 
1 M  NaCl. The solution was renewed several times, 
and after a third or fourth change the suspension was 
washed with distilled water and allowed to stand for 
several hours. The supernatant was removed, fresh 
water added, and the procedure repeated until spon
taneous peptization occurred. A fine fraction separated 
by decantation was again treated with 1 M  NaCl and 
washed with water in a centrifuge. The speed of the

(2 ) H . L audelou t, B ull. Groupe Franc. A rgiles , 9 , 61 (1957).
(3 ) See, e.g., H . F rick e, P hys. Rev., 24, 575 (1924).
(4 ) A . C rem ers and H . L audelou t, J. Chim. P h ys., 62 , 1155 (1965).
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centrifuge and the extent of washing were adjusted to 
allow the separation of a fraction finer than 0.2 n 
equivalent spherical diameter. This suspension was 
concentrated tc about 4% using a Sharpies “ Super
centrifuge.”  The 4% suspension was dialyzed against 
0.001 M  NaCl for about a week, with renewal of the 
dialyzate several times a day and occasional shaking. 
From this preparation three stock suspensions were 
prepared containing 1.21, 2.43, and 3.80% clay. 
Each of these was divided into nine portions, to which 
were added appropriate amounts of NaCl so as to ob
tain a series at concentrations of 0.001 to 0.1 M. 
Each suspension was dialyzed to equilibrium with 
its corresponding solution, shaking continuously. Dry 
weights in each series were rechecked after the conduc
tivity measurements. After correction for the salt 
present these were found to be within 1% of the original 
values. Porosities were based on d = 2.5 g/cm 3 
for the density of the clay.

2. Conductivity Measurements. The conductivities 
of the equilibrated suspensions and their dialyzates 
were measured at 25°; those of the 2.43% series were 
also measured at 15 and 35° to search for any possible 
dependence on temperature of the formation factor. 
The conductivities were determined at 1000 cps using 
a Hewlett-Packard wide-range oscillator with a Leeds 
and Northrup shielded ratio box, an air capacitor, and 
a No. 4755 ac resistance box. A tuned amplifier 
detector with a sensitivity of 1 ¿¿v determined bridge 
balance. Measurements were made in a No. 4920 
Leeds and Northrup conductivity cell, the constant of 
which was determined with standard KC1 solutions.

3. Cation-Exchange Capacity. The base exchange 
capacity of the clay has been determined by several 
variants of the experiment which consists essentially 
of bringing a known weight of a suspension to isotopic 
equilibrium, through a dialysis membrane, with its 
chemically equilibrated solution. The results are 
based on the weight of the sodium form of the clay 
found after 14-15 hr at 110°. (No further change in 
weight was found after 2-3 days at this temperature.) 
The results obtained show a distinct dependence on 
the concentration of the solution, which cannot be 
accounted for by anion exclusion. This variation 
in capacity has, however, a nearly negligible influence 
on the values of Da. We find for the capacity

NaCl, q, m equiv/g
M of Na clay

0 . 0 0 1 0.802 ±  0 . 0 1 1
0 . 0 0 2 0.900 ±  0.013
0.006 0.985 ±  0.025
0 . 0 1 0 1 . 0 0 0  ± 0 . 0 2 0

It-. The Diffusion Experiment. The method for the 
determination of the self-diffusion coefficients has been 
described in detail and the treatment of the data dis
cussed.6,6 The method is applicable to y-emitting 
ions in gels or viscous suspensions at equilibrium with 
known solutions. The results of the present work are 
strongly dependent on the values used for Ds, the co
efficients for the equilibrium solutions. We have here 
used those obtained by Slade, et al,,9 who state the ac
curacy to be 1% or better.

In the early stages of the work with the clay suspen
sions the 22Na tag was added in the form of a few drops 
of carrier-free solution carefully adjusted to the same 
salt concentration as that of the suspension in ques
tion. The clay content of the suspension was corrected 
for this addition. The small uncertainties involved 
in this procedure were later avoided by evaporating 
appropriate amounts of carrier-free 22NaCl to dryness 
and taking up the residue directly into the suspension. 
The spiked suspensions were allowed to stand for a few 
days, with occasional shaking, to ensure isotopic 
mixing.

The diffusion cell used in this work was the piece of 
equipment described by Slade.5 6 7 * The cavity was filled 
until a small inverted meniscus of suspension was ob
tained, great care being taken to avoid air bubbles. 
A Plexiglas plate lightly lubricated with silicone 
grease was slowly pushed across the metal surface 
of the cell to remove extra suspension and to close the 
bottom of the cell. Traces of extra suspension were 
mopped up with cotton. That this technique gives 
a reproducible filling is demonstrated by the following 
initial counts for eight fillings, each of which is the 
average of ten to twelve 1-min counts: 287,417, 
287,862, 286,592, 287,964, 283,448, 288,370, 288,319, 
and 287,316. After assembling the cell, it was put into 
the thermostat for 10 min before installing in the 
counter well.

It has been demonstrated6-7 that diffusion coef
ficients obtained by this method are independent of 
the thickness of the cellophane membrane through 
which the diffusion takes place into the moving solu
tion. We have used the samples of cellophane desig
nated 300 NR and 300 PUD, as described by Slade.7 
Diffusion runs required from 8 to 16 hr according to 
the magnitude of D. Each result is based on a least-

(5 ) G . F . A llen , H . Schurig , L . Slade, and  H . C . T h om as, J. P hys. 
Chem., 67 , 1402 (1963).
(6 ) A . L . Slade, A . E . Crem ers, and H . C . T h om as, ibid., 70 , 2840 
(1966).
(7 ) A . L . Slade, P h .D . D issertation , U niversity  o f N o rth  C arolina,
C hapel H ill, N . C „  1964.
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Figure 2. Spectra of poly A-PR solutions at pH 7.5,
25.0°, ionic strength = 0.1 M, [PR] = 2.5 X 10~ 6 M:
--------- , [poly A] = 0 M ; ------- , [poly A] = 1.82 X 10~ 3 M;
---------- , [poly A] = 7.28 X 10“ 4 M ; --------- , [poly A] =
1.82 X 10- 4  M ; — ■ —, [poly A] = 2.28 X 10" 5 M.

ing value of this relaxation process at infinite time. A 
plot of the logarithm of the amplitude against t is 
linear. Figure 3 shows a typical oscilloscope trace and 
the semilogarithmic plot extracted from it by the above 
procedure. The relaxation time obtained in this 
manner is to a good approximation independent of the 
concentrations of poly A and AO (in the limited concen
tration range of the latter employed) and appears to be 
independent of the ionic strength of the solution. 
However, when the value of [poly A ]/[AO ] is reduced 
to less than about 6, a faster relaxation process can be 
distinguished. The method given above was applied 
to evaluation of the relaxation times of both processes, 
the faster of which is of the order of 0.7 msec, while the 
magnitude of the slower relaxation is of the same order 
of magnitude as its counterpart at high poly A con
centrations. The precision with which the relaxation 
times can be measured is very poor when both processes 
are observed; this is due to the fact that the amplitude 
of the faster process is very small and that both proc
esses have relaxation times of the same order of magni
tude. In view of the small concentration range in 
which the faster process can be distinguished, and the 
polydisperse nature of the poly A, a detailed inter
pretation will not be attempted. The faster relaxa
tion process is probably always part of the over-all re
laxation spectrum but only becomes discernible at very 
low concentrations of poly A. The complexity of the 
relaxation spectrum prevents a more exact evaluation 
of the relaxation parameters.

I -----1-----1-----1-----1-----1-----1-----1-----1___ l i i i
0  2 4  6 8 10 12t (msec)

Figure 3. A typical relaxation effect and plot of logarithm 
of amplitude of light intensity change, SA, vs. time.
[Poly A] = 4.24 X 10~ 3 M, [AO] = 2.5 X K) - 6 M, 
pH 7.5, r = 6.05 msec. The time scale on the 
photograph is one large division of the horizontal 
axis = 2 msec. Details of the method for obtaining 
the plot are described in the text.

Measurement of the relaxation time characterizing 
the slowest part of the over-all relaxation effect was 
attempted by use of both the Guggenheim13 and the 
Swinborne methods,14 but the difficulty of distinguish
ing between chemical relaxation effects and absorption 
changes of the solution due to convection within the 
temperature-jump cell after 200 msec has elapsed after 
the temperature jump makes any estimate extremely 
dubious. Attempts to characterize quantitatively 
the slowest part of the relaxation spectrum by a con
centration-jump method and by direct mixing of 
polymer and dye in a flow apparatus were not success
ful because of the very small amplitude of the relaxa
tion effect in the former experiments and because of 
the lack of reproducibility in measurement of the slow 
reactions in the latter method. However, the results 
indicate a relaxation process with a relaxation time of 
approximately 0.5 to 2.0 sec is occurring. The fact that 
only an order of magnitude can be placed upon the 
relaxation time of the slowest part of the relaxation 
effect prevents evaluation of its dependence on the re
actant concentrations and the molecularity of the 
process involved. Therefore, attention is confined to 
the faster relaxation process.

Qualitatively, the observed relaxation effect for the 
poly A -PR  system is similar to that for the poly A-AO 
system in that it is a spectrum which extends over the 
time range measurable by the temperature-jump 
technique, and has a step in the first part of the spec
trum which yields a linear semilogarithmic plot ob
tained in the manner already described. Nevertheless, 
significant differences from the poly A-AO system

(13) E . A . G uggenheim , P hil. M ag., 2 , 538 (1926).
(14 ) E . S. Sw inborne, J. Chem. Soc., 2371 (1960).
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Figure 3. Excess self-diffusion coefficients for montmorillonite 
in NaCl solutions according to eq 5: A, 0.1 M;
■,0.05 M; •, 0.025 M ; ▼,0.0107 M ; A, 0.002 M ;
O, 0.001 M. (To spread out the lines the ordinates, from 
top to bottom, have been divided by 1/1.1, 1, 1.5, 3.)

h a v e  b e e n  m a d e  a t  1 5  a n d  3 5 °  o n l y  a t  0 . 0 0 1 ,  0 . 0 0 2 ,  a n d  

0 . 0 1  M. T h e  l i n e s  f o r  t h e s e  a r e  e n t i r e l y  s i m i l a r  t o  t h o s e  

o f  F i g u r e  3 .  T a b l e  I I I  g i v e s  a l l  t h e  r e s u l t s  f o r  D„, 
t h e  a v e r a g e  d e v i a t i o n s  b e i n g  c o m p u t e d  r e g a r d l e s s  o f  

c l a y  c o n t e n t .

Table III : Surface Excess Self-Diffusion Coefficients for 
Sodium Ion in Montmorillonite-Sodium Chloride Suspensions“

C o n cn  o f  
e q u ilib r iu m  
d ia ly z a te , 
m e q u iv /1. 1 5 ° 2 5 ° 3 5 °

1.00 1.25 ±  0.05 1.65 ±  0.08 2.19 ±  0.04
2.00 1.41 ±  0.03 1.80 ±  0.13 2.41 ±  0.08

10.70 2.05 ±  0.14 2.43 ±  0.09 3.28 ±  0.24
25.00
50.00 

100.00

3.85 ±  0.07 
4.64 ±  0.24 
5.15 ±  0.39

“ All D„ for 0.0107 M  and greater concentrations are derived 
from the best lines of Figure 3, not forced through the origin.

D iscussion

T h e  m a r k e d  d e p a r t u r e  o f  t h e  c o n d u c t a n c e  f r o m  

s i m p l e  b e h a v i o r  a t  l o w  c o n c e n t r a t i o n s  ( F i g u r e  1 )  m u s t  

b e  a s c r i b e d  a t  l e a s t  i n  p a r t  t o  a  d e c r e a s e  i n  t h e  c o n 

t r i b u t i o n  o f  t h e  s u r f a c e  e x c e s s  c o n d u c t a n c e .  A s  i s

s e e n  f r o m  e q  4 ,  i f  t h e  e f f e c t  w e r e  s o l e l y  d u e  t o  a  c h a n g e  

i n  t h e  f o r m a t i o n  f a c t o r ,  t h i s  w o u l d  n e c e s s a r i l y  b e  a  

d e c r e a s e  w i t h  d e c r e a s i n g  c o n c e n t r a t i o n  o f  s a l t .  T h e  

o p p o s i t e ,  i f  a n y t h i n g ,  i s  t o  b e  e x p e c t e d ;  p e p t i z a t i o n  

i s  t a k i n g  p l a c e  a n d  t h e  c l a y  p l a t e l e t s  a r e  b c o m i n g  

m o r e  e c c e n t r i c — t h e  s h a p e  f a c t o r ,  k, s h o u l d  b e c o m e  

l a r g e r .  I f  t h e r e  w e r e  n o  c h a n g e  i n  s u r f a c e  c o n d u c t a n c e  

b e l o w  t h e  m i n i m a  o f  t h e  c u r v e s  o f  F i g u r e  1 ,  t h e  c o r 

r e s p o n d i n g  v a l u e s  o f  F  w o u l d  b e  l e s s  t h a n  u n i t y ,  a n  

a b s u r d i t y .

O v e r  a  w i d e  r a n g e  o f  c o n c e n t r a t i o n  ( 0 . 0 2 5 - 2 . 2  M) 
t h e  c o n d u c t a n c e  d a t a  a r e  r e p r e s e n t e d  b y  c o n s t a n t  

v a l u e s  o f  K „  a n d  F . i  U n l e s s  a n  e x t r a o r d i n a r y  c o m p e n 

s a t i o n  i s  p r e s e n t ,  e q u a l l y  e f f e c t i v e  a t  t h r e e  t e m p e r a 

t u r e s ,  t h e  p e r t i n e n t  g e o m e t r y  o f  t h e  s u s p e n s i o n  r e m a i n s  

u n c h a n g e d  o v e r  t h i s  r a n g e  o f  c o n c e n t r a t i o n .  I t  d o e s  

n o t  f o l l o w  t h a t  t h e  s a m e  i s  t r u e  a t  l o w e r  c o n c e n t r a 

t i o n s .  S o m e  i n d i r e c t  s u p p o r t  f o r  t h e  a s s u m p t i o n  o f  

t h e  c o n s t a n c y  o f  F  i n  t h i s  r e g i o n  i s  t o  b e  f o u n d  i n  m e a s 

u r e m e n t s  o f  t h e  v i s c o s i t y  o f  s a l t - f r e e  s u s p e n s i o n s .4 
F r o m  s u c h  w o r k  i s  d e d u c e d  a  v a l u e  f o r  t h e  s h a p e  

f a c t o r  i n  c l o s e  a g r e e m e n t  w i t h  t h a t  o b t a i n e d  f r o m  

h i g h  s a l t  c o n d u c t i v i t y .  N e v e r t h e l e s s ,  i n  t h e  a b s e n c e  

o f  d i r e c t  p r o o f  o f  t h e  c o n s t a n c y  o f  F  a t  l o w  s a l t  c o n 

c e n t r a t i o n s ,  w e  a r e  f o r c e d  t o  a d o p t  t h i s  o n l y  a s  a  n o t  

u n r e a s o n a b l e  a s s u m p t i o n .  I n  e q  2  a n d  3  w e  h a v e  a  

m e t h o d  o f  e x t r a p o l a t i n g  t h e  f o r m a t i o n  f a c t o r  i n t o  

t h e  d i l u t e  r e g i o n .  A l l  o f  o u r  c o m p u t a t i o n s  a r e  m a d e  

o n  t h i s  b a s i s .  I t  i s  i n  t h i s  r e g a r d  t h a t  o u r  d e f i n i t i o n  

o f  D„  i s  n o t  s t r i c t l y  o p e r a t i o n a l :  D a c a n n o t  b e  d e d u c e d  

s o l e l y  f r o m  m e a s u r e m e n t s  m a d e  o n  t h e  s y s t e m  a t  

h a n d .  W i t h  t h i s  q u a l i f i c a t i o n  i n  m i n d ,  w e  e x a m i n e  

s o m e  o f  t h e  p r o p e r t i e s  o f  t h e  e x c e s s  s e l f - d i f f u s i o n  c o 

e f f i c i e n t s .  T h e  b e h a v i o r  o f  t h e s e  i s  f a r  l e s s  c o m p l e x  

t h a n  t h a t  o f  t h e  A „  ( o b t a i n a b l e  f r o m  e q  4 ) ;  a m o n g  

o t h e r  t h i n g s ,  t h e  l a t t e r  d e p e n d  o n  t h e  c l a y  c o n t e n t  o f  

t h e  s u s p e n s i o n s ,  w h e r e a s  t h e  v a l u e s  o f  D a d o  n o t .

I n  F i g u r e  4  a r e  g i v e n  t h e  l i n e s  d e p i c t i n g  t h e  d e p e n d 

e n c e  o f  I n  D a o n  1/T;  t h e s e  a r e  s e e n  t o  b e  q u i t e  a c c u 

r a t e l y  s t r a i g h t  f o r  t h e  t w o  l o w e r  c o n c e n t r a t i o n s ,  

0 . 0 0 1  a n d  0 . 0 0 2  M. T h e  d a t a  f o r  t h e  l i n e  a t  0 . 0 1 0 7  

M  p r o b a b l y  r e f l e c t  t h e  a c c u m u l a t i o n  o f  e r r o r s  u n a v o i d 

a b l e  a t  t h e  h i g h e r  c o n c e n t r a t i o n s .  ( T h e  l i n e  f o r  t h e  

s a l t - f r e e  s u s p e n s i o n s  w a s  o b t a i n e d  b y  t h e  e x t r a p o l a t i o n  

o f  F i g u r e  5 . )  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  e n e r g y  

o f  a c t i v a t i o n  a r e ,  f o r  i n c r e a s i n g  c o n c e n t r a t i o n ,  5 . 1 0  

( a t  c 8 =  0 ) ,  4 . 9 0 ,  4 . 7 1 ,  3 . 9 7  k c a l / m o l e .  T h e s e  a r e  s e e n  

t o  b e  b u t  l i t t l e  d i f f e r e n t  f r o m  t h o s e  f o u n d  f o r  t h e  s e l f 

d i f f u s i o n  o f  s o d i u m  i n  a q u e o u s  s o l u t i o n ;  t h e  d a t a  o f  

S l a d e ,  et al,,6 a t  0 . 0 0 1  M  g i v e 4 . 4 5  k c a l / m o l e .

F r o m  t h e s e  r e s u l t s  o n e  m a y  e s t i m a t e  t h e  v a l u e  o f  

X 2 e x p ( A S  +/ 7 2 )  i n  t h e  E y r i n g  e q u a t i o n  a s  a p p l i e d  t o  

D c. F u r t h e r  d i s c u s s i o n  h i n g e s  o n  t h e  c h o i c e  o f  X ,
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Figure 4. Arrhenius plots for the surface excess 
self-diffusion coefficient. From top to bottom:
0.0107, 0.002, 0.001 M  NaCl. The lowest line 
is from the extrapolation to zero salt of Figure 5.

t h e  “ j u m p  d i s t a n c e ”  f o r  t h e  e l e m e n t a r y  d i f f u s i o n a l  

p r o c e s s .  A  m i n i m u m  v a l u e  f o r  X m i g h t  r e a s o n a b l y  b e  

t a k e n  a s  t h e  a v e r a g e  d i s t a n c e  b e t w e e n  e x c h a n g e  s i t e s  

o n  a  c l a y  p l a t e l e t .  F o r  t h e  C a m p  B e r t e a u  m o n t -  

m o r i l l o n i t e  t h i s  d i s t a n c e  i s  n e a r  1 0 . 9  A .8-9 T h i s  c h o i c e  

c o r r e s p o n d s  t o  —  A S 1' =  7 . 0 ,  7 . 3 ,  9 . 1  e a l / m o l e  d e g  

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 .  S i n c e  l i t t l e  o r  n o t h i n g  

i s  k n o w n  a b o u t  t h e  d i s t r i b u t i o n  o f  sizes o f  t h e  c l a y  p a r 

t i c l e s  o r  a b o u t  t h e i r  a r r a n g e m e n t  i n  s u s p e n s i o n ,  w e  c a n  

m a k e  n o  e s t i m a t e  o f  t h e  average j u m p  d i s t a n c e  f o r  t h e  

p r o c e s s .  I t  d o e s  a p p e a r  r e a s o n a b l e  t o  s u p p o s e  t h a t  

t h e  a c t i v a t e d  c o m p l e x  i s  f o r m e d  w i t h  a  f a l l  i n  e n t r o p y  

g r e a t e r  t h a n  7  u n i t s .

O n e  i s  l e d  t o  s p e c u l a t e  t h a t  t h e  o r d e r i n g  e f f e c t  i n  

t h e  s u r f a c e  d i f f u s i o n  p r o c e s s  i s  a s s o c i a t e d  w i t h  a  r e 

h y d r a t i o n ,  i n  t h e  b u l k  s o l u t i o n ,  o f  i o n s  f r o m  t h e  s u r f a c e  

w h e r e  t h e y  h a d  l o s t  p a r t  o f  t h e i r  s h e l l  o f  w a t e r  m o l e 

c u l e s .  T h e  g a i n  i n  e n e r g y  d u e  t o  s u c h  a n  e f f e c t  h e l p s  

t o  e x p l a i n  w h a t  o t h e r w i s e  a p p e a r s  t o  b e  a n  u n a c c o u n t 

a b l y  l o w  v a l u e  f o r  t h e  e n e r g y  o f  a c t i v a t i o n .  I t  w i l l  

b e  i n t e r e s t i n g  t o  s e e  i f  t h i s  s p e c u l a t i o n  c a n  s u r v i v e  a  

t e s t  w i t h  i o n s  k n o w n  t o  b e  l e s s  h y d r a t e d  t h a n  s o d i u m .

T o  d i s c u s s  t h e  c o n c e n t r a t i o n  d e p e n d e n c e  o f  D „  
w e  n e e d  t h e  f o r m  o f  t h e  E y r i n g  e q u a t i o n  w i t h  a c t i v i t y  

c o e f f i c i e n t s  e x p l i c i t l y  e x p r e s s e d .  T o  a r r i v e  a t  t h i s ,  

w e  n o t e  m e r e l y  t h a t  t h e  t h e r m o d y n a m i c  a c t i v i t y  o f  

t h e  a c t i v a t e d  c o m p l e x  m u s t  b e  a  c o n s t a n t : t h e  c o m p l e x  

i s  i n  e q u i l i b r i u m  w i t h  a  s a t u r a t e d  s u r f a c e .  T h u s  

c t Y t  i s  c o n s t a n t ,  a n d  i f ,  w i t h  E y r i n g ,  w e  p u t  D a p r o 

p o r t i o n a l  t o  c t  w e  h a v e  a t  o n c e

Figure 5. The dependence of the surface excess 
diffusion coefficient on the concentration of the 
equilibrium dialyzate; in !>„ vs. the square root of 
ca in mequiv/1.: ■, 15°; •, 25°; ▼, 35°.

I n  D a(cs)  =  —  I n  7 * +  I n  D a{0 )

H e r e  7 * i s  t h e  s i n g l e - i o n  a c t i v i t y  c o e f f i c i e n t  f o r ,  p e r 

h a p s ,  N a 22+ - ( a q )  i n  a  s o l u t i o n  o f  c o n c e n t r a t i o n  cs. 
O n e  i s  l e d  a t  o n c e  t o  m a k e  p l o t s  o f  I n  D c vs. \ /c s. 
T h e s e  a r e  g i v e n  i n  F i g u r e  5 ,  w h e r e  I n  I ) a i s  s e e n  t o  b e  

l i n e a r  a t  l o w  c o n c e n t r a t i o n .  F o r  t h e s e  s o l u t i o n s  a  

s e m i q u a n t i t a t i v e  e s t i m a t e  o f  I n  7 * c a n  b e  o b t a i n e d  

f r o m  t h e  D e b y e - H i i c k e l  l i m i t i n g  l a w ,  I n  7 1’ =  —Z 2A  ■ 
V 7c s w i t h  Z  =  2 .  T h e  s l o p e s  o f  t h e  l i n e s  o f  F i g u r e  5  

a r e  t h e r e b y  p r e d i c t e d  t o  b e  4 . 6 ,  4 . 7 ,  4 . 8 .  T h e  l e a s t -  

s q u a r e s  b e s t  l i n e s  t h r o u g h  t h e  t h r e e  p o i n t s  a t  t h e  

l o w e r  c o n c e n t r a t i o n s  h a v e  s l o p e s  o f  6 .6 , 5 . 4 ,  a n d  5 . 5 .  

T h e  c h a r a c t e r  o f  t h i s  s o m e w h a t  b e t t e r  t h a n  q u a l i 

t a t i v e  a g r e e m e n t  l e n d s  v e r i s i m i l i t u d e  t o  a n  o t h e r w i s e  

u n c o n v i n c i n g  p i c t u r e  f o r  t h e  a c t i v a t i o n  p r o c e s s .  

C l e a r l y  a  s e v e r e  t e s t  o f  t h i s  i d e a  w i l l  b e  p o s s i b l e  o n l y  

w i t h  d a t a  f o r  a n  i o n  o f  m u l t i p l e  c h a r g e .
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(8 ) J. J. F rip ia t, Bull. Groupe Franc. Argiles, 4 , 23 (1957).
(9 ) J . J. F rip iat, “ P roceedings o f th e  12th N ational C on feren ce  on 
C lays an d  C la y  M inera ls ,”  P ergam on Press, N ew  Y o rk , N . Y . ,  1964, 
p  327.
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T h e  p r e p a r a t i o n  a n d  c h a r a c t e r i z a t i o n  o f  g r a f t  c o p o l y m e r s  o f  m e t h y l a t e d  x y l a n  a n d  p o l y 

s t y r e n e  a r e  d e s c r i b e d .  T h e  c o p o l y m e r s  w e r e  p r e p a r e d  a n i o n i c a l l y  b y  r e a c t i o n  b e t w e e n  

“ l i v i n g ”  p o l y s t y r e n e  a n d  t h e  m e t h y l  g l u c u r o n a t e  m o i e t y  t o  g i v e  w e l l - d e f i n e d  o o m b l i k e  

s t r u c t u r e s .  I n f r a r e d  a n a l y s i s  i n d i c a t e d  t h a t  a l l  e s t e r  f u n c t i o n s  r e a c t e d .  C o p o l y m e r  c o m 

p o s i t i o n s  w e r e  d e t e r m i n e d  b y  o x y g e n  a n a l y s e s  a n d  o p t i c a l  r o t a t i o n  m e a s u r e m e n t s .  T h e  

g r a f t e d  s t r u c t u r e s  w e r e  e s t a b l i s h e d  t h r o u g h  m o l e c u l a r  w e i g h t  a n a l y s i s  w h i c h  s h o w e d  t h a t  

o n  t h e  a v e r a g e  e a c h  e s t e r  h a d  r e a c t e d  a t  l e a s t  o n c e .  T h e  i n t r i n s i c  v i s c o s i t y  w a s  f o u n d  t o  

d e c r e a s e  w i t h  i n c r e a s i n g  b r a n c h  d e n s i t y .  C o n t r a r y  t o  p r e d i c t i o n s  f o r  h o m o p o l y m e r  

g r a f t s ,  t h e  o s m o t i c  s e c o n d  v i r i a l  c o e f f i c i e n t  i n c r e a s e d  w i t h  b r a n c h  d e n s i t y .

I n t r o d u c t i o n

T h i s  r e p o r t  i s  c o n c e r n e d  w i t h  t h e  p h y s i c o c h e m i c a l  

c h a r a c t e r i z a t i o n  o f  m e t h y l a t e d  x y l a n - p o l y s t y r e n e  g r a f t  

c o p o l y m e r s .  A  p r e v i o u s  n o t e 1 r e p o r t e d  t h e  s y n t h e s i s  

o f  t h i s  t y p e  o f  g r a f t  c o p o l y m e r  w h i c h  i s  s u m m a r i z e d  

i n  F i g u r e  1 ,  w h e r e  X  s t a n d s  f o r  a  m o n o m e r  u n i t  i n  t h e  

l i n e a r  b a c k b o n e  o f  p o l y - / ? - D - a n h y d r o x y l o s e .  T h e  a c t u a l  

g r a f t i n g  s i t e  i s  o n  t h e  e s t e r  g r o u p i n g  o f  t h e  m e t h y l a t e d  

g l u c u r o n a t e  m o i e t y  w h i c h  o c c u r s  r a n d o m l y  a l o n g  t h e  

b a c k b o n e .  T h e  s u b s t r a t e  i s  e s s e n t i a l l y  a  l i n e a r  c o 

p o l y s a c c h a r i d e  o f  a  s i m p l e  c a r b o h y d r a t e — 2 , 3 - d i m e t h y l -  

x y l o s e — a n d  a  d i s a c c h a r i d e — 3- m e t h y l - 2 - 0 - ( m e t h y l  

2 ,3 ,4 - t r i m e t h y l g l u c u r o n a t e ) x y l o s e .  A  q u e s t i o n  r a i s e d  

b y  t h e  d a t a  i n  t h e  p r e v i o u s  p a p e r  c o n c e r n s  t h e  e x t e n t  

o f  r e a c t i v i t y  o f  t h e  e s t e r  g r o u p  a n d  w h e t h e r  o n e  o r  t w o  

l i v i n g  p o l y s t y r e n e  c h a i n s  r e a c t  w i t h  e a c h  e s t e r  g r o u p .  

K o r o t k o v ,  et a l,  h a v e  s u g g e s t e d  t h a t  t h e  s e c o n d  r e a c 

t i o n  c a n  t a k e  p l a c e  b u t  t h e i r  r e s u l t s  w i t h  t h e  p o l y -  

( m e t h y l  m e t h a c r y l a t e ) - p o l y s t y r e n e  s y s t e m  p r o v i d e  n o  

e v i d e n c e  o f  i t s  o c c u r r e n c e .  T h e  c o n t r o l l i n g  f a c t o r  

i n  t h e  s e c o n d - s t a g e  r e a c t i o n  i s  m o r e  l i k e l y  s t e r i c  r a t h e r  

t h a n  e l e c t r o n i c  s i n c e  t h e  p r e p a r a t i o n  o f  a n  a l c o h o l  via 
n u c l e o p h i l i c  a t t a c k  o n  t h e  e s t e r  c a r b o n y l  i s  a  c l a s s i c a l  

o r g a n i c  r e a c t i o n .  E v i d e n c e  t h a t  t h e  g r a f t i n g  e f f i c i e n c y  

( n u m b e r  o f  p o l y s t y r e n e  c h a i n s  p e r  e s t e r )  i s  g r e a t e r  t h a n  

u n i t y  n e c e s s i t a t e s  a  c a r e f u l  a n a l y s i s  o f  t h e  r e a c t i o n  

p r o d u c t .  T h e  p r e s e n t  c o p o l y m e r ,  b e c a u s e  o f  t h e  u n i q u e  

s t r u c t u r e  o f  i t s  p o l y s a c c h a r i d e  b a c k b o n e ,  l e n d s  i t s e l f  

t o  a  r a t h e r  c o m p l e t e  c h a r a c t e r i z a t i o n  w h i c h  i s  d e s c r i b e d  

h e r e i n .

E x p e r i m e n t a l  S e c t i o n  a n d  R e s u l t s

Synthesis. P o l y s t y r y l p o t a s s i u m  w a s  p r e p a r e d  b y  

c o n v e n t i o n a l  h i g h - v a c u u m  t e c h n i q u e s  i n  t e t r a h y d r o -  

f u r a n  ( T H F )  s o l u t i o n  w i t h  c u m y l p o t a s s i u m  a s  i n i t i a t o r .2 
I t s  m o l e c u l a r  w e i g h t  w a s  c a l c u l a t e d 3 a s  1 1 0 0  a n d  b y  

m e a s u r e m e n t  i n  a  M e c h r o l a b  v a p o r  p r e s s u r e  o s m o m e t e r  

i n  c h l o r o f o r m  a t  3 7 °  i t  w a s  e x p e r i m e n t a l l y  f o u n d  t o  b e  

1 0 7 0 .  T h e  p o l y s t y r y l p o t a s s i u m  “ l i v i n g  e n d ”  c o n c e n 

t r a t i o n  w a s  d e t e r m i n e d  s p e c t r o p h o t o m e t r i c a l l y  a t  3 4 0  

m / i .

T h e  4 - O - m e t h y l  g l u c u r o n o x y l a n  f r o m  A s p e n 4 5 6 w a s  

m e t h y l a t e d  a n d  e s t e r i f i e d  b y  w e l l  k n o w n  p r o c e d u r e s .6,6 
C o m p l e t e  m e t h y l a t i o n  a n d  e s t e r i f i c a t i o n  w a s  e s t a b 

l i s h e d  b y  m e t h o x y l ,  o x y g e n ,  a n d  i n f r a r e d  a n a l y s i s .  

T h e  n u m b e r - a v e r a g e  m o l e c u l a r  w e i g h t  o f  t h i s  s a m p l e  

a s  m e a s u r e d  i n  c h l o r o b e n z e n e  i n  a  M e c h r o l a b  m e m 

b r a n e  o s m o m e t e r  w a s  1 5 , 5 0 0 .  T h e  x y l a n  s o l u t i o n  i n  

T H F  w a s  p r e p a r e d  b y  f r e e z e  d r y i n g  a  w e i g h e d  a m o u n t  

o f  x y l a n  i n  t h i o p h e n e - f r e e  b e n z e n e  i n  a n  a m p o u l e  w i t h  

a t t a c h e d  b r e a k - s e a l ,  e v a c u a t i n g  i t  f o r  a n  a d d i t i o n a l

(1 ) J. J. O ’M a lley  and R . H . M archessau lt, J . P olym er Set., B 3 , 685 
(1965).
(2 ) R . A sam i, M . L e v y , and M . Szw arc, J. Chem. Soc., 361 (1962).
(3 ) R . W aach , A . R em b au m , J. D . C oom b es, and  M . Szwaro, J. 
A m . Chem. Soc., 79 , 2026 (1957).
(4 ) J. K . N . Jones, C . B . P urves, and T . E . T im ell, Can. J . Chem., 
39 , 1059 (1961).
(5 ) W . N . H aw orth , J. Chem. Soc., 107, 8 (1915).
(6 ) R . K u h n , H . T irsch m an, and I . L ow , Angew . Chem., 67 , 32 
(1955).
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4 8  h r ,  a n d  f i n a l l y  d i s t i l l i n g  T H F  i n t o  t h e  a m p o u l e  t o  

m a k e  t h e  d e s i r e d  c o n c e n t r a t i o n .

T h e  g r a f t  c o p o l y m e r s  w e r e  p r e p a r e d  b y  a d d i n g  a  

T H F  s o l u t i o n  o f  x y l a n  t o  s t i r r e d  “ l i v i n g ”  p o l y s t y r y l -  

p o t a s s i u m  a t  r o o m  t e m p e r a t u r e .  T h e  m o l a r  r a t i o  o f  

“ l i v i n g  e n d s ”  t o  e s t e r  f u n c t i o n s  w a s  2.0  i n  t h e  r e a c t i o n  

m i x t u r e .  T h e  r e a c t i o n  w a s  t e r m i n a t e d  a f t e r  1 h r  b y  

t h e  a d d i t i o n  o f  m e t h a n o l .  T h e  g r a f t  c o p o l y m e r s  w e r e  

r e c o v e r e d  b y  p r e c i p i t a t i o n  i n  m e t h a n o l  a n d  s u b s e q u e n t  

f r e e z e  d r y i n g  f r o m  b e n z e n e .

A  c o m m e n t  r e g a r d i n g  t h e  v i s u a l  o b s e r v a t i o n s  m a d e  

o n  t h e  g r a f t i n g  r e a c t i o n  m a y  b e  i n  o r d e r .  U p o n  

a d d i t i o n  o f  t h e  x y l a n  s o l u t i o n  t o  t h e  “ l i v i n g ”  p o l y 

s t y r e n e  s o l u t i o n ,  t h e  i n t e n s e  r e d  c o l o r  d i m i n i s h e d  c o n 

s i d e r a b l y  a n d  d e t e r m i n a t i o n  o f  t h e  “ l i v i n g  e n d ”  c o n 

c e n t r a t i o n  i n d i c a t e d  t h a t  a p p r o x i m a t e l y  8 0 %  o f  t h e  

“ l i v i n g ”  p o l y m e r  h a d  r e a c t e d .  T h e  v i s c o s i t y  o f  t h e  

r e a c t i n g  s o l u t i o n  i n c r e a s e d  t o  a  v i s c o u s  s y r u p  a n d  a f t e r  

10 m i n  r e a c t i o n  t i m e ,  a  g e l l i k e  p r e c i p i t a t e  a p p e a r e d  

f o l l o w e d  b y  a  d e c r e a s 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 .  

T h e  v i s c o u s  s y r u p  w a s  p r o b a b l y  d u e  t o  i n t e r m o l e c u l a r  

i o n i c  a s s o c i a t i o n  o f  t h e  m o l e c u l e s  i n  s o l u t i o n 7 w h i c h  

i s  d e s t r o y e d  b y  t h e  p r e c i p i t a t i o n  o f  t h e  p o t a s s i u m  

m e t h o x i d e  s a l t .  T h e  r e d d i s h  o r a n g e  c o l o r  o f  t h e  r e a c 

t i o n  m e d i u m  p e r s i s t e d  d u r i n g  t h i s  p e r i o d  a n d  u p o n  

a d d i t i o n  o f  m e t h a n o l  a n d  o p e n i n g  o f  t h e  a p p a r a t u s  t o  

t h e  a t m o s p h e r e  t h e r e  w a s  n o  c h a n g e  i n  t h i s  c o l o r .  

T h e  f a c t  t h a t  n e i t h e r  m e t h a n o l  n o r  o x y g e n  d e c o l o r i z e d  

t h e  s o l u t i o n  i n d i c a t e s  t h e  c o l o r  c a n n o t  b e  d u e  t o  u n 

r e a c t e d  p o l y s t y r e n e  “ l i v i n g  e n d s . ”  T h e  g e l l i k e  p r e 

c i p i t a t e  i s  t h o u g h t  t o  b e  p o t a s s i u m  m e t h o x i d e  b e c a u s e  

o f  i t s  s o l u b i l i t y  i n  m e t h a n o l ,  a  n o n s o l v e n t  f o r  b o t h  

p o l y m e r s  u s e d .

Fractionation and Composition of Graft Fraction. 
T h e  g r a f t  c o p o l y m e r  w a s  f r a c t i o n a t e d  f r o m  b e n z e n e  

s o l u t i o n  b y  t h e  a d d i t i o n  o f  p e t r o l e u m  e t h e r  a n d  f r a c 

t i o n s  c o n t a i n i n g  v a r y i n g  a m o u n t s  o f  x y l a n  w e r e  i s o 

l a t e d .  T h e s e  f r a c t i o n s  w e r e  c h a r a c t e r i z e d  a c c o r d i n g  

t o  t h e i r  p o l y s t y r e n e  c o m p o s i t i o n ,  o p t i c a l  r o t a t i o n ,  

n u m b e r - a v e r a g e  m o l e c u l a r  w e i g h t ,  a n d  i n t r i n s i c  v i s 

c o s i t y .

T h e  p o l y s t y r e n e  c o n t e n t  o f  t h e  f r a c t i o n s  w a s  d e 

t e r m i n e d  b y  o x y g e n  a n a l y s i s .  I n i t i a l l y ,  i t  w a s  t h o u g h t  

t h a t  t h e  s p e c i f i c  o p t i c a l  r o t a t i o n  o f  a  1%  s o l u t i o n  o f  

t h e  g r a f t  i n  c h l o r o f o r m  a t  a  w a v e l e n g t h  o f  5 8 9  m /n  

c o u l d  a l s o  b e  u s e d  f o r  t h i s  d e t e r m i n a t i o n  s i n c e  o n l y  

t h e  x y l a n  i s  o p t i c a l l y  a c t i v e .  T h e  c o m p o s i t i o n  d a t a ,  

b a s e d  o n  o x y g e n  a n a l y s i s  a n d  o p t i c a l  r o t a t i o n ,  a r e  

s h o w n  i n  T a b l e  I .

A  l a r g e  d i s c r e p a n c y  i s  a p p a r e n t  b e t w e e n  t h e  a n a 

l y t i c a l  r e s u l t s  f o r  t h e  t w o  m e t h o d s  u s e d  f o r  d e t e r m i n i n g  

t h e  c o m p o s i t i o n .  O x y g e n  a n a l y s i s  i s  c l e a r l y  m o r e  

a b s o l u t e  t h a n  t h e  s p e c i f i c  r o t a t i o n  a n a l y s i s .  T h e  l a t t e r

Table I : Composition Analysis of Graft Fractions“ Based 
on Oxygen Analysis and Optical Rotation

wt,
[a p *D

(c = 1%, % ✓— %  x y la n  f r o m —
F r a c t io n g in CHCI3) o x y g e n R o t a t io n O x y g e n

Reference — 63.0 40.34 100 100
xylan

1 0.5 Insol
2 1 . 1 -7 8 .2 34.75 124 86.1
3 0.58 -7 4 .3 35.07 118 86.8
4 0.82 -5 8 .6 29.14 92.8 72.2
5 0.5 -4 0 .0 24.57 62.5 60.9
6 0.3 -3 4 .5 21.76 54.8 53.9
7 0.5 -3 3 .9 21.32 53.8 52.8
8 0.3 -3 0 .9 17.83 49.0 44.2
9 0.75 -2 7 .4 19.95 43.5 49.5

10 1.0 -2 .9 4.6
1 1 0.3 -3 .1 4.9

“ The fractionation yielded a total of 6.8 g or an 89% recovery 
of the material fractionated.

m e t h o d  i n v o l v e s  t h e  a s s u m p t i o n  t h a t  a l l  f r a c t i o n s  o f  

t h e  m e t h y l a t e d  x y l a n  c h a i n s  a r e  e q u a l l y  s u b s t i t u t e d  i n

4 - O - m e t h y l g l u c u r o n i c  a c i d  r e s i d u e s .  T h i s  a s s u m p t i o n  

i s  q u e s t i o n a b l e  s i n c e  p r e v i o u s  s t u d i e s  h a v e  s h o w n  t h a t  

f r a c t i o n s  w i t h  d i f f e r e n t  u r o n i c  a c i d  c o n t e n t  c a n  b e  

i s o l a t e d  f r o m  a  g i v e n  x y l a n  s a m p l e  o r  a  g i v e n  w o o d  

s o u r c e .8 S i n c e  t h e  x y l a n  r o t a t i o n  i s  i n c r e a s i n g l y  

n e g a t i v e  f o r  l o w e r  u r o n i c  a c i d  c o n t e n t ,  t h e  g r e a t e r  t h a n  

1 0 0 %  x y l a n  c o n t e n t s  c a l c u l a t e d  f o r  f r a c t i o n s  2  a n d  3  

f r o m  t h e  o b s e r v e d  r o t a t i o n s  a r e  b e s t  e x p l a i n e d  i n  t e r m s  

o f  a  “ l o w e r  t h a n  a v e r a g e  u r o n i c  c o n t e n t . ”  O n l y  o x y 

g e n  a n a l y s i s  w a s  r e l i e d  o n  f o r  d e t e r m i n i n g  t h e  c o m p o 

s i t i o n  o f  t h e  g r a f t  f r a c t i o n s .

I n  a n o t h e r  r e s p e c t  t h e  o p t i c a l  a c t i v i t y  o f  t h e  p o l y 

s a c c h a r i d e  b a c k b o n e  p r o v e d  t o  b e  u n i q u e l y  v a l u a b l e  

a s  a n  a n a l y t i c a l  t o o l .  T h e  s p e c i f i c  r o t a t i o n  o f  a c i d i c  

x y l a n  i s  a  f u n c t i o n  o f  u r o n i c  a c i d  c o n t e n t . 9 T h e  r e a s o n  

f o r  t h i s  d e p e n d e n c e  i s  t h e  o p p o s i t e  r o t a t o r y  c o n t r i b u 

t i o n s  o f  t h e  0  l i n k a g e s  i n  t h e  b a c k b o n e  a n d  t h e  a 
l i n k a g e s  o f  t h e  u r o n i c  a c i d  s i d e  g r o u p s  t o  t h e  s p e c i f i c  

r o t a t i o n .  T h e  s p e c i f i c  r o t a t i o n  d e c r e a s e s ;  t h a t  i s ,  

i t  h a s  a  l a r g e r  n e g a t i v e  v a l u e ,  a s  t h e  n u m b e r  o f  u r o n i c  

a c i d  g r o u p s  o n  a  g i v e n  c h a i n  d e c r e a s e s .  T h i s  i s  a l s o  

t r u e  o f  m e t h y l a t e d  x y l a n .  T h i s  d e p e n d e n c y  e n a b l e s  

o n e  t o  d e t e r m i n e  t h e  n u m b e r  o f  u r o n i c  e s t e r s  p e r  x y l o s e  

u n i t  i n  x y l a n  b y  s e t t i n g  u p  a  c a l i b r a t i o n  c u r v e  o f  s p e c i f i c  

r o t a t i o n  vs. t h e  n u m b e r  o f  u r o n i c  e s t e r s  p e r  x y l o s e  a n d

(7 ) D . H . R ich ard s and M . Szw arc, T rans . F araday S o c 55, 1644 
(1959).
(8 ) I. C roon  and  B . F . E nstrom , T appi, 4 4 , 870 (1961).
(9 ) R . H . M archessaü lt, T .  E . T im ell, and H . H o la va , Can . J . Chem., 
41 , 1912 (1963).
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G r a f t  C o p o l y m e r s  o f  M e t h y l a t e d  X y l a n  a n d  P o l y s t y r e n e 3237

t h e n  m e a s u r i n g  t h e  s p e c i f i c  r o t a t i o n  o f  t h e  x y l a n .  

T h e  c u r v e  h a s  b e e n  c o n s t r u c t e d  u s i n g  v a l u e s  o f  [ q t ] d  

r e p o r t e d  i n  t h e  l i t e r a t u r e  f o r  m e t h y l a t e d  x y l a n s  h a v i n g  

d i f f e r e n t  d e g r e e s  o f  u r o n i c  a c i d  s u b s t i t u t i o n .  A  l i n e a r  

r e l a t i o n s h i p  w a s  f o u n d  a s  h a s  b e e n  r e a l i z e d  p r e v i o u s l y  

i n  t h e  c a s e  o f  t h e  u n m e t h y l a t e d  x y l a n s .8'9 T h e  l i n e a r  

r e l a t i o n  i s  g i v e n  b y

H d  =  + 2 4 9 ( 1 / < t)  -  9 1  ( 1 )

w h e r e  a i s  t h e  r a t i o  o f  x y l o s e  t o  e s t e r  g r o u p s  i n  t h e  

m e t h y l a t e d  x y l a n .

T o  u s e  t h e  c a l i b r a t i o n  c u r v e  f o r  a n a l y z i n g  t h e  u r o n i c  

a c i d  c o n t e n t  o f  x y l a n  i n  g r a f t  c o p o l y m e r s ,  i t  i s  n e c e s 

s a r y  t o  c o r r e c t  t h e  m e a s u r e d  s p e c i f i c  r o t a t i o n  o f  t h e  

g r a f t  c o p o l y m e r  f o r  t h e  p o l y s t y r e n e  c o n t e n t  w h i c h  

c o n t r i b u t e s  n o t h i n g  t o  t h e  r o t a t i o n .  T o  d o  s o ,  t h e  

m e a s u r e d  s p e c i f i c  r o t a t i o n  i s  d i v i d e d  b y  t h e  p e r  c e n t  

x y l a n  i n  t h e  g r a f t  c o p o l y m e r  a s  f o u n d  b y  o x y g e n  a n a l y 

s i s .  I f  t h e  x y l a n  u s e d  i n  t h e  g r a f t i n g  r e a c t i o n  w a s  

h o m o g e n e o u s  w i t h  r e s p e c t  t o  u r o n i c  a c i d  c o m p o s i t i o n ,  

t h e  c o r r e c t e d  v a l u e s  f o r  t h e  s p e c i f i c  r o t a t i o n  o f  t h e  x y l a n  

i n  e a c h  g r a f t  f r a c t i o n  s h o u l d  b e  — 6 3 . 0 °  w h i c h  c o r 

r e s p o n d s  t o  1 a c i d  p e r  9  x y l o s e  u n i t s .  H o w e v e r ,  

t h e  i n i t i a l  x y l a n  w a s  h e t e r o g e n e o u s  w i t h  r e s p e c t  t o  

u r o n i c  a c i d  s u b s t i t u t i o n ,  a n d  t h e r e f o r e  t h e  c o r r e c t e d  

s p e c i f i c  r o t a t i o n s  d e v i a t e  f r o m  t h i s  v a l u e .  T h e  c o r 

r e c t e d  s p e c i f i c  r o t a t i o n s  a n d  t h e  n u m b e r  o f  x y l o s e  u n i t s  

p e r  u r o n i c  e s t e r  a r e  g i v e n  i n  T a b l e  I I  f o r  f r a c t i o n s  4 ,  

5, 6 , 7 ,  a n d  9  w h i c h  w e r e  c h o s e n  f o r  m o r e  e x t e n s i v e  

s t u d y  b e c a u s e  t h e y  e x h i b i t e d  g o o d  s o l u b i l i t y  p r o p e r t i e s .

Table II : Uronic Acid Substitution of 
Xylan in Graft Fractions

Frac
tion Wi>

%
xylan by 
O2 anal.

l « ] D

(cor)

No. of
xylose
units/
uronic
ester

4 - 5 8 . 6 7 2 . 2 - 8 1 . 1 2 5 . 0

5 - 4 0 . 0 6 0 .9 - 6 5 . 7 9 . 8

6 - 3 4 . 5 5 3 . 9 - 6 4 . 0 9 . 2

4 - 3 3 . 9 5 2 . 8 - 6 4 . 1 9 . 2
9 - 2 7 . 4 4 9 . 5 - 5 5 . 3 7 . 0

I t  i s  r e a d i l y  s e e n  f r o m  t h e  d a t a  i n  t h e  l a s t  c o l u m n  o f  

T a b l e  I I  t h a t  t h e  x y l a n  c h a i n s  u s e d  i n  t h e  g r a f t i n g  

e x p e r i m e n t  a r e  h e t e r o g e n e o u s  i n  u r o n i c  e s t e r  c o m p o 

s i t i o n .  T h e  f r a c t i o n  c o n t a i n i n g  t h e  l o w e s t  a m o u n t  o f  

p o l y s t y r e n e  a l s o  h a s  t h e  l o w e s t  u r o n i c  e s t e r  s u b s t i t u 

t i o n .

Molecular Weight Analysis of Graft Fractions. 
M o l e c u l a r  w e i g h t  m e a s u r e m e n t s  h a v e  a l w a y s  b e e n  a n

i m p o r t a n t  a s p e c t  o f  g r a f t  c o p o l y m e r  c h a r a c t e r i z a 

t i o n . 1’10;11 O n l y  m o l e c u l a r  s i z e  d i s t i n g u i s h e s  a  g r a f t  

c o p o l y m e r  s a m p l e  a n d  a  p h y s i c a l  m i x t u r e  o f  t h e  s a m e  

t w o  p o l y m e r s .  T h e  n u m b e r - a v e r a g e  m o l e c u l a r  w e i g h t s  

w e r e  m e a s u r e d  i n  c h l o r o b e n z e n e  a t  3 7 °  i n  a  M e c h r o l a b  

( M o d e l  5 0 1 )  m e m b r a n e  o s m o m e t e r .

K n o w i n g  t h e  n u m b e r - a v e r a g e  m o l e c u l a r  w e i g h t  

(M n) o f  t h e  g r a f t  c o p o l y m e r  a n d  i t s  c o m p o s i t i o n ,  o n e  

i s  a b l e  t o  c a l c u l a t e  t h e  M n o f  t h e  x y l a n  i n  e a c h  g r a f t  

f r a c t i o n .  A l t h o u g h  t h e  n u m b e r - a v e r a g e  m o l e c u l a r  

w e i g h t  o f  t h e  x y l a n  u s e d  i n  t h e  g r a f t i n g  r e a c t i o n  w a s  

1 5 , 5 0 0 ,  t h e  h e t e r o g e n e i t y  i n  m o l e c u l a r  w e i g h t  o f  t h e  

x y l a n  w i l l  c a u s e  t h e  c a l c u l a t e d  M n o f  t h e  x y l a n  i n  e a c h  

f r a c t i o n  t o  v a r y .  B y  d i f f e r e n c e  o n e  a l s o  o b t a i n s  t h e  

s u m m a t i v e  M n o f  t h e  g r a f t e d  p o l y s t y r e n e  i n  t h e  f r a c 

t i o n .  I t  i s  t h e n  s i m p l e  t o  c a l c u l a t e  t h e  a v e r a g e  n u m b e r  

o f  p o l y s t y r e n e  c h a i n s  p e r  s u b s t r a t e  m o l e c u l e  s i n c e  t h e  

M n o f  e a c h  p o l y s t y r e n e  c h a i n  i s  1 1 0 0 .  T h e  d a t a  a r e  

s h o w n  i n  T a b l e  I I I .

Table III:: Molecular Weight Analysis of Graft Fractions

F r a c 
t io n 10 -<Mn

%
x y la n

10-<Afn
(x y la n )

10 ~<Mn 
( p o ly 

s ty re n e )

N o .  o f  
g r a ft  

ch a in s

4 2.77 72.2 1.96 0.81 7.4
5 2.78 60.1 1.70 1.08 9.8
6 3.06 53.9 1.65 1.41 12.8
7 2.78 52.8 1.47 1.31 11.9
9 2.58 49.5 1.28 1.30 11.8

F r o m T a b l e  I I I t h e f o l l o w i n g c o n c l u s i o n s s e e m

r e a s o n a b l e ,  ( a )  T h e  M n o f  o u r  g r a f t  f r a c t i o n s  a r e  v e r y

s i m i l a r ,  t h e  h i g h e s t  a n d  l o w e s t  d i f f e r i n g  b y  a b o u t  1 5 % .

( b )  T h e  c a l c u l a t e d  M n o f  x y l a n  i n  e a c h  f r a c t i o n  i n 

d i c a t e s  t h e  x y l a n  i s  s o m e w h a t  h e t e r o g e n e o u s  i n  m o l e c u 

l a r  w e i g h t ,  ( c )  T h e  n u m b e r  o f  g r a f t e d  p o l y s t y r e n e  

c h a i n s  a p p e a r s  t o  b e  i n d e p e n d e n t  o f  t h e  x y l a n  M n. 
T h e  l a s t  c o n c l u s i o n  m e r i t s  f u r t h e r  c o m m e n t .  B o t h  

R e m p p 10 a n d  K o r o t k o v 12 h a v e  f o u n d  t h a t  f o r  a  p o l y -  

d i s p e r s e  b a c k b o n e  p o l y m e r  (i.e., P M M A ) ,  t h e  e f 

f i c i e n c y  o r  d e g r e e  o f  g r a f t i n g  ( r a t i o  o f  r e a c t e d  s i t e s  t o  

t o t a l  s i t e s  a v a i l a b l e  f o r  r e a c t i o n )  i s  h i g h e s t  f o r  t h e  l o w e s t  

m o l e c u l a r  w e i g h t  b a c k b o n e  p o l y m e r .  R e m p p  a l s o  

c o m m e n t s  t h a t  f o r  a  m o n o d i s p e r s e  b a c k b o n e  t h e r e  i s  

l i t t l e ,  i f  a n y ,  f l u c t u a t i o n  i n  t h e  d e g r e e  o f  g r a f t i n g .  

F r o m  t h e  d a t a  i n  T a b l e  I I I  w e  s e e  t h a t  t h e  m o l e c u l a r

(10 ) Y . G a llo t , P . R e m p p , and  J. P arrod , J. P olym er S ei., B l ,  329 
(1963).
(11 ) C. P . J. G lau dem an s and  E . Passaglia , ibid., C 2, 189 (1963).
(12) S. P . M itsen gend ler, G . A . A n d reyev a , K . I. S ok olava , and  
A . A . K o r o tk o v , V ysokom olekul. S oed in ., 4 , 1366 (1962).
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2898 W. L. M a s t e r t o n  a n d  M .  C. G e n d r a n o

t h e  c o e f f i c i e n t  o f  t h e  q u a d r a t i c  t e r m  i s  e x t r e m e l y  s m a l l  

( 0 . 0 0 0 3 ) ,  a n d  t h e  a v e r a g e  d e v i a t i o n  r e m a i n s  ± 0 . 0 0 0 2 .  

I n c r e a s i n g  t h e  d e g r e e  o f  t h e  p o l y n o m i a l  t o  3  o r  4  (i.e., 
n — 3  o r  4  i n  e q  9 )  d o e s  n o t  i m p r o v e  t h e  f i t .  T h u s ,  o u r  

d a t a  s h o w  n o  e v i d e n c e  f o r  a s s o c i a t i o n  o f  w a t e r  m o l e 

c u l e s  i n  b e n z e n e  s o l u t i o n .

T h e  s i t u a t i o n  i n  c h l o r o f o r m  s o l u t i o n s  o f  w a t e r  i s  

q u i t e  d i f f e r e n t .  F i t t i n g  t h e  d a t a  t o  a n  e q u a t i o n  o f  

t h e  s a m e  f o r m  a s  ( 10)  g i v e s

C w =  0 . 0 7 2 9 a w ( 1 2 )

T h e  a v e r a g e  d e v i a t i o n  h e r e  i s  ± 0 . 0 0 0 6 ,  t h r e e  t i m e s  t h e  

e s t i m a t e d  e r r o r  i n  C w . M o r e o v e r ,  t h e  d e v i a t i o n s  a t  

l o w  w a t e r  a c t i v i t i e s  ( < 0 .8 )  a r e  a l l  n e g a t i v e ,  w h i l e  t h o s e  

a t  h i g h e r  v a l u e s  o f  aw a r e  p o s i t i v e .  T h i s  s u g g e s t s  t h a t  

a  s e c o n d - d e g r e e  p o l y n o m i a l  o f  t h e  f o r m  o f  ( 11)  w o u l d  

g i v e  a  b e t t e r  f i t .  L e a s t - s q u a r e s  t r e a t m e n t  g i v e s

C w  =  0 . 0 6 9 1 a w +  0 . 0 0 4 5 a w 2 ( 1 3 )

T h e  a v e r a g e  d e v i a t i o n  i s  n o w  r e d u c e d  t o  ± 0 . 0 0 0 2 ;  p o s i 

t i v e  a n d  n e g a t i v e  d e v i a t i o n s  o c c u r  r a n d o m l y .  S t a t i s 

t i c a l  a n a l y s i s 12 r e v e a l s  t h a t  t h e  c o e f f i c i e n t  o f  t h e  q u a d 

r a t i c  t e r m  i s  s i g n i f i c a n t  a t  t h e  9 9 . 5 %  c o n f i d e n c e  l i m i t .  

W e  c o n c l u d e  t h a t  s i g n i f i c a n t  a s s o c i a t i o n  o f  w a t e r  m o l e 

c u l e s  o c c u r s  i n  c h l o r o f o r m  s o l u t i o n .

O n  t h e  b a s i s  o f  o u r  d a t a ,  i t  i s  n o t  n e c e s s a r y  t o  p o s t u 

l a t e  t h e  p r e s e n c e  o f  p o l y m e r i c  w a t e r  s p e c i e s  h i g h e r  

t h a n  d i m e r s  i n  c h l o r o f o r m  s o l u t i o n .  F i t t i n g  t h e  d a t a  

t o  a n  e q u a t i o n  o f  t h e  f o r m  o f  ( 9 )  w i t h  n =  3  g i v e s

C w =  0 . 0 7 0 7 a w +  0 . 0 0 3 0 a w 3 ( 1 4 )

T h e  a v e r a g e  d e v i a t i o n  i n  t h i s  c a s e  i s  ± 0 . 0 0 0 2 ,  p r e 

c i s e l y  t h a t  o b t a i n e d  w i t h  e q  1 3 .

T h e  c o n c l u s i o n s  r e a c h e d  w i t h  c h l o r o f o r m  s o l u t i o n s  

a r e  e q u a l l y  v a l i d  f o r  s o l u t i o n s  o f  w a t e r  i n  1 ,2- d i c h l o r o -  

e t h a n e .  T h e  r e l a t i o n s  b e t w e e n  c o n c e n t r a t i o n  a n d  a c 

t i v i t y  o f  w a t e r  a r e  b e s t  e x p r e s s e d  b y  t h e  s e c o n d - d e g r e e  

p o l y n o m i a l s

( 2 5 ° )  C w =  0 . 1 1 3 1 a w +  0 . 0 1 3 8 a w 2

( a v  d e v  ± 0 . 0 0 0 2 )  ( 1 5 )

( 5 ° )  C w =  0 . 0 6 3 9 a w +  0 . 0 0 4 9 a w 2

( a v  d e v  ± 0 . 0 0 0 4 )  ( 1 6 )

T h e  i n c r e a s e d  s c a t t e r  o f  t h e  d a t a  a t  5 °  m a y  r e f l e c t  

e r r o r s  i n  e s t i m a t i n g  t h e  a c t i v i t y  o f  w a t e r  i n  c a l c i u m  

c h l o r i d e  s o l u t i o n s  a t  t h i s  t e m p e r a t u r e .  S t a t i s t i c a l  

a n a l y s i s  s h o w s  t h a t  t h e  c o e f f i c i e n t s  o f  t h e  q u a d r a t i c  

t e r m s  i n  ( 1 5 )  a n d  ( 1 6 )  a r e  s i g n i f i c a n t  a t  t h e  9 9 . 5  a n d  

9 8 %  c o n f i d e n c e  l i m i t s ,  r e s p e c t i v e l y .  T h i r d - d e g r e e  

e q u a t i o n s  s i m i l a r  t o  ( 1 4 )  d o  n o t  i m p r o v e  t h e  f i t ;  t h e

a v e r a g e  d e v i a t i o n s  b e t w e e n  e x p e r i m e n t a l  a n d  c a l c u 

l a t e d  v a l u e s  o f  C w r e m a i n  ± 0.0002  a t  2 5 °  a n d  ± 0 . 0 0 0 4  

a t  5 ° .

E q u i l i b r i u m  c o n s t a n t s  f o r  d i m e r  f o r m a t i o n  c a n  b e  

c a l c u l a t e d  f r o m  t h e  c o e f f i c i e n t s  o f  t h e  l i n e a r  a n d  q u a d r a 

t i c  t e r m s  o f  e q  1 3 ,  1 5 ,  a n d  1 6 .  C o m p a r i s o n  o f  e q  7  

a n d  11 s h o w s  t h a t

I t  i s  e v i d e n t  f r o m  T a b l e  I I I  t h a t ,  a t  a  g i v e n  t e m p e r a 

t u r e  a n d  c o n c e n t r a t i o n ,  w a t e r  i s  a s s o c i a t e d  t o  a p p r o x i 

m a t e l y  t h e  s a m e  e x t e n t  i n  c h l o r o f o r m  a s  i n  1 ,2 - d i c h l o r o -  

e t h a n e .  T h e  r e l a t i v e l y  s m a l l  c h a n g e  w i t h  t e m p e r a 

t u r e  o f  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  a s s o c i a t i o n  o f  w a t e r  

i n  1 , 2 - d i c h l o r o e t h a n e  i s  r a t h e r  s u r p r i s i n g .  I t  i s  d i f f i 

c u l t ,  h o w e v e r ,  t o  a t t r i b u t e  t o o  m u c h  s i g n i f i c a n c e  t o  t h i s  

b e c a u s e  o f  t h e  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  a w a t  5 ° .  

O n e  c a n  c a l c u l a t e  t h a t  a  c h a n g e  o f  2 0 %  i n  t h e  v a l u e  o f  

t h e  h e a t  o f  d i l u t i o n  c o u l d  i n c r e a s e  K  a t  5 °  t o  a b o u t  0 . 7  

1. m o l e - 1 .

Table III : Equilibrium Constants for 2H20  ?-  (H20 )2

T e m p , K ,
S o lv e n t ° c 1 . m o le - 1

Chloroform 25 0.47
1,2-Dichloroethane 25 0.54
1,2-Dichloroethane 5 0.6

I t  s h o u l d  b e  e m p h a s i z 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 s  r e p o r t e d  i n  T a b l e  I I I  c o r r e s p o n d  t o  r e l a t i v e l y  

s m a l l  a m o u n t s  o f  a s s o c i a t i o n .  O n e  c a n  c a l c u l a t e ,  f o r  

e x a m p l e ,  t h a t  i n  a  s a t u r a t e d  s o l u t i o n  o f  w a t e r  i n  c h l o r o 

f o r m  a t  2 5 ° ,  o n l y  a b o u t  6%  o f  t h e  w a t e r  m o l e c u l e s  

w o u l d  b e  a s s o c i a t e d .

C h r i s t i a n ,  et al. , 6 f o u n d  s o m e w h a t  l a r g e r  d e v i a t i o n s  

f r o m  H e n r y ’ s  l a w  i n  s o l u t i o n s  o f  w a t e r  i n  1 , 2 - d i c h l o r o 

e t h a n e  t h a n  t h o s e  r e p o r t e d  h e r e .  L i k e w i s e ,  t h e y  o b 

s e r v e d  a  l a r g e r  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  a s s o c i a 

t i o n  c o n s t a n t  f o r  t h i s  s y s t e m .
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Figure 1. Reaction scheme for coupling of 
“living” polystyrene and methyl glucuronate 
ester of completely methylated xylan.

%  X Y LA N

Figure 2. Effect of copolymer composition on the 
intrinsic viscosity in chlorobenzene measured at 37°.

s y s t e m ,  a h a s  b e e n  a s s u m e d  t o  b e  e q u a l  t o  1 . 0  a n d  K  
h a s  b e e n  c a l c u l a t e d  u s i n g  t h e  i n t r i n s i c  v i s c o s i t y  a n d  

n u m b e r - a v e r a g e  m o l e c u l a r  w e i g h t  m e a s u r e d  i n  t h i s  

w o r k .  T h e  v a l u e  o f  K  w a s  f o u n d  e x p e r i m e n t a l l y  t o  

b e  a b o u t  2 . 8  X  1 0 “ 6. T h e  d a t a  a r e  s h o w n  i n  F i g u r e  3  

a n d  t h e  o b s e r v e d  d e c r e a s e  i n  t h e  r a t i o  [77 ] b /  [j? ] l  i s  

i n  a g r e e m e n t  w i t h  t h e o r e t i c a l  p r e d i c t i o n s  o f  t h e  e f f e c t  

o f  b r a n c h i n g  o n  v i s c o s i t y .  I n  f a c t ,  s e v e r a l  t h e o r e t i c a l  

t r e a t m e n t s 14’ 17' 18 o f  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

%  X Y L A N

Figure 3. Effect of copolymer composition on the viscosity 
ratio of graft to equivalent linear methylated xylan.

b r a n c h e d  h o m o p o l y m e r s  a t t e m p t  t o  r e l a t e  a  p a r a m 

e t e r  “g,” d e f i n e d  a s  t h e  r a t i o  o f  t h e  m e a n - s q u a r e  r a d i i  

o f  g y r a t i o n  o f  a  b r a n c h e d  a n d  l i n e a r  p o l y m e r  o f  t h e  

s a m e  m o l e c u l a r  w e i g h t  t o  s o m e  f u n c t i o n  o f  t h e  a b o v e -  

m e n t i o n e d  v i s c o s i t y  r a t i o .  U n f o r t u n a t e l y ,  t h e r e  i s  n o  

e q u i v a l e n t  p a r a m e t e r  w h i c h  c a n  b e  u s e d  t o  c h a r 

a c t e r i z e  b r a n c h e d  c o p o l y m e r s .

P r e l i m i n a r y  e x p e r i m e n t s  o n  t h e  s o l u b i l i t y  c h a r a c t e r 

i s t i c s  o f  t h e  g r a f t  c o p o l y m e r s  i n d i c a t e  t h e  p o l y s t y r e n e  

g r a f t s  e x e r t  c o n s i d e r a b l e  i n f l u e n c e  o n  t h e  s o l u b i l i t y  

o f  t h e  c o p o l y m e r s .  X y l a n  i s  s w o l l e n  b y  d i m e t h y l -  

f o r m a m i d e  ( D M F )  a n d  i s  i n s o l u b l e  i n  c y c l o h e x a n e ,  

y e t  f r a c t i o n  9  i s  e a s i l y  d i s s o l v e d  i n  p u r e  D M F  a n d  

8 0 %  c y c l o h e x a n e - 20%  c h l o r o b e n z e n e  w i t h  n o  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  a s  m e a s u r e d  i n  p u r e  c h l o r o 

b e n z e n e .  M o r e  e x t e n s i v e  m e a s u r e m e n t s  w i l l  b e  c o m 

m u n i c a t e d  a t  a  l a t e r  d a t e .

The Second Viria l Coefficients. 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 2, w a s  o b t a i n e d  f o r  t h e  f r a c t i o n s  f r o m  

t h e  s l o p e  o f  t h e  r e d u c e d  o s m o t i c  p r e s s u r e - c o n c e n t r a 

t i o n  p l o t s .  F i g u r e  4  s h o w s  A 2 p l o t t e d  a g a i n s t  t h e  c o m 

p o s i t i o n  o f  t h e  g r a f t  f r a c t i o n s .  T h e o r y  p r e d i c t s 17 
a  d e c r e a s e  i n  A 2 a s  a  r e s u l t  o f  b r a n c h i n g ,  a n d  t h i s  i s  

o b s e r v e d  i n  t h e  p r e s e n t  s t u d y  s i n c e  t h e  u n g r a f t e d  

m e t h y l a t e d  x y l a n  h a s  A 2 =  2 . 6 5  X  1 0 ~ 3 i n  c h l o r o b e n 

z e n e .  A l s o  p l o t t e d  i n  F i g u r e  4  i s  r 2 vs. c o m p o s i t i o n .

(17) W . H . S tock m ayer and  M . F ixm an, A n n . N . Y . Acad. Sci., 57, 
334 (1954).
(18) C . D . T h u rm on d  and B . H . Z im m , J. P olym er Sci., 8 , 477 
(1952); B . H . Z im m  and R . W . K ilb , ibid., 37 , 19 (1959).
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Figure 4. Effect of copolymer composition on the 
osmotic second virial coefficient. r 2 is the product 
of Ai with the number-average molecular weight.

T h i s  q u a n t i t y  i s  r e l a t e d  t o  t h e  v i r i a l  c o e f f i c i e n t  b y  t h e  

r e l a t i o n s h i p ,  T 2 =  A 2Mn. T h e  t r e n d  i n  r 2 w i t h  c o m 

p o s i t i o n  i s  s i m i l a r  t o  t h a t  o f  A 2, s i n c e  t h e  m o l e c u l a r  

w e i g h t  o f  e a c h  f r a c t i o n  i s  s i m i l a r  a n d  i t  c a n  b e  i n 

t e r p r e t e d  i n  t h e  s a m e  m a n n e r .

I n  a d d i t i o n ,  h o w e v e r ,  t h e  d a t a  o f  F i g u r e  4  s h o w  a  

s i g n i f i c a n t  r i s e  i n  A 2 a s  a  f u n c t i o n  o f  t h e  b r a n c h  d e n s i t y  

a l o n g  t h e  b a c k b o n e .  S i n c e  a l l  f r a c t i o n s  h a v e  n e a r l y  

t h e  s a m e  m o l e c u l a r  w e i g h t ,  i t  a p p e a r s  t h a t  t h e  i n c r e a s e  

i n  A 2 i s  b e s t  e x p l a i n e d  i n  t e r m s  o f  r e p u l s i v e  i n t e r a c 

t i o n s  b e t w e e n  t h e  t w o  d i s s i m i l a r  s e g m e n t s  o f  t h e  g r a f t  

c o p o l y m e r .19 A l t h o u g h  s e l d o m  c o n s i d e r e d ,  t h e s e  e x t r a  

i n t e r a c t i o n s  w o u l d  s e e m  t o  b e  t h e  r e a s o n  f o r  s o m e  o f  

t h e  f a v o r a b l e  s o l u b i l i t y  p r o p e r t i e s  o f  g r a f t s  c o m p a r e d  

t o  t h e i r  c o m p o n e n t  h o m o p o l y m e r s  o r  c o m p a r e d  t o  

c o m p o s i t i o n a l l y  e q u i v a l e n t  b l o c k  a n d  s t a t i s t i c a l  c o 

p o l y m e r s .20 Q u a l i t a t i v e l y ,  t h e s e  i n t e r a c t i o n s  s h o u l d  

e x p a n d  t h e  p o l y m e r  c o i l  a n d  c a u s e  [ ^ ] b  t o  b e  l a r g e r  

t h a n  w o u l d  b e  o b s e r v e d  i n  a  9 s o l v e n t ,  [t/ ] b «. I n  t h e  

p r e c e d i n g  s e c t i o n  i t  w a s  s h o w n  t h a t  [i? ] b  d e c r e a s e s  

o v e r  t h e  s a m e  r a n g e  o f  c o m p o s i t i o n  f o r  w h i c h  A 2 i n 

c r e a s e s .  T h i s  w a s  i n e v i t a b l e  s i n c e  t h e  s h a p e  f a c t o r  

f a r  o u t w e i g h s  t h e  i n t e r a c t i o n  f a c t o r  w i t h  i n c r e a s i n g  

d e g r e e  o f  b r a n c h i n g .  W h a t  m u s t  b e  c o m p a r e d  i s  t h e  

r a t i o  [>?]b / M b 0 a t  e a c h  g r a f t i n g  l e v e l  a n d  t h i s  s h o u l d

i n c r e a s e  i n  p a r a l l e l  w i t h  A 2 a s  a  f u n c t i o n  o f  c o m p o s i 

t i o n .21 S u c h  m e a s u r e m e n t s  a r e  i n  p r o g r e s s ;  h o w e v e r ,  

c a l c u l a t i o n  o f  [>7 ] b « u s i n g  K r i g b a u m ’ s 22 s e m i e m p i r i c a l  

e q u a t i o n  w h i c h  r e l a t e d  i n t r i n s i c  v i s c o s i t y  t o  A 2 s h o w s  

t h a t  c o n s i d e r a b l e  c o i l  c o n t r a c t i o n  i s  t o  b e  e x p e c t e d  f o r  

t h e  m o r e  h i g h l y  g r a f t e d  f r a c t i o n s .  F r e n c h  w o r k e r s 23 
h a v e  a l r e a d y  m a d e  o b s e r v a t i o n s  o f  t h i s  p h e n o m e n o n  

a n d  h a v e  r e f e r r e d  t o  t h e  t i g h t l y  c o i l e d  m o l e c u l e s  a s  

" m o l e c u l a r  m i c e l l e s ”  o r  “ i n t e r n a l l y  p r e c i p i t a t e d . ”

Conclusions

T h e  p h y s i c o c h e m i c a l  c h a r a c t e r i z a t i o n  o f  w e l l - d e 

f i n e d  g r a f t  c o p o l y m e r s  o f  m e t h y l a t e d  x y l a n  a n d  p o l y 

s t y r e n e  h a s  b e e n  p r e s e n t e d .  H e r e t o f o r e ,  s u c h  a n a l y s e s  

o f  g r a f t  c o p o l y m e r s ,  e s p e c i a l l y  i n  t h e  p o l y s a c c h a r i d e  

f i e l d ,  h a v e  b e e n  h a m p e r e d  b y  t h e  i l l - d e f i n e d  s t r u c t u r e s  

s y n t h e s i z e d .  W e  h a v e  s u c c e e d e d  i n  a l l o w i n g  e a c h  

p o t e n t i a l  g r a f t i n g  s i t e  t o  r e a c t  a t  l e a s t  o n c e  a n d ,  a s  a  

r e s u l t ,  h a v e  o b t a i n e d  p r e d i c t a b l e  s t r u c t u r e s .  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  m a d e ,  b u t  t h e i r  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  i s  p r e m a t u r e  s i n c e  n o  t h e o r i e s  

e x i s t  f o r  h e t e r o p o l y m e r  c o n s t r u c t s .  T h e  e x p e c t e d  

d e c r e a s e  i n  v i s c o s i t y  d u e  t o  b r a n c h i n g  h a s  b e e n  o b 

s e r v e d .  T h e  p a r a l l e l  i n c r e a s e  i n  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  d a t a  w i t h  b r a n c h  d e n s i t y  i s  n o t  p r e d i c t e d  b y  

t h e o r y  a n d  c o n s t i t u t e s  o n e  a r e a  w h e r e  e x i s t i n g  t h e o r i e s  

o n  h o m o p o l y m e r  c o n s t r u c t s  a r e  n o t  a p p l i c a b l e  t o  t h e  

p r e s e n t  c a s e .

A l t h o u g h  o n l y  b r i e f l y  m e n t i o n e d ,  a n o t h e r  i n t e r e s t i n g  

o b s e r v a t i o n  w a s  t h e  s o l u b i l i z i n g  e f f e c t  e x e r t e d  b y  p o l y 

s t y r e n e  o n  t h e  x y l a n  p a r t  o f  t h e  c o p o l y m e r  i n  s o l v e n t s  

w h i c h  d o  n o t  d i s s o l v e  t h e  u n g r a f t e d  x y l a n  d e r i v a t i v e .  

F u r t h e r  s t u d y  i s  b e i n g  c o n d u c t e d  i n  t h i s  a r e a .
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T h e  e m f ’ s  o f  t h e  s y s t e m s  g i v e n  i n  t h e  t i t l e ,  m e a s u r e d  p o t e n t i o m e t r i c a l l y ,  h a v e  t h e  v a l u e s  f o r  

-F °273  o f  0 . 9 2 6 9  ±  0 , 0 0 1 9 , 1 . 3 8 1 6  ±  0 . 0 0 7 1 ,  a n d  0 . 5 6 5 4  ±  0 . 0 0 6 9 v  a n d  t h e  v a l u e s  f o r  AG°m  
o f  — 4 2 . 7  ±  0 . 1 ,  — 3 1 . 8  ±  0 . 2 ,  a n d  — 2 6 . 1  ±  0 . 3  k c a l / m o l e ,  r e s p e c t i v e l y .  F r o m  t h e  s a m e  

d a t a ,  t h e  t h e r m o d y n a m i c  i o n i z a t i o n  c o n s t a n t s  T ib  (apparent) a n d  i fb ( m o ia r )  w e r e  c a l c u l a t e d  

f o r  t h e  r e a c t i o n s  A g F  ^  A g +  +  F ~  a n d  T 1 F  T 1 +  +  F ~  i n  H F  a t  0 ° .  T h e  a p p a r e n t  

a n d  m o l a r  a c t i v i t y  c o e f f i c i e n t s  f o r  t h e  e l e c t r o l y t e s  a b o v e  w e r e  a l s o  c a l c u l a t e d .

Introduction

D a t a  o n  c e l l  p o t e n t i a l s  i n  l i q u i d  h y d r o g e n  f l u o r i d e  

h a v e  b e e n  r e p o r t e d  i n  o n l y  a  f e w  i n s t a n c e s .  T h e y  a r e  

o f  c o n s i d e r a b l e  i n t e r e s t ,  h o w e v e r ,  b e c a u s e  o f  t h e  i n 

f o r m a t i o n  w h i c h  t h e y  c a n  g i v e ,  n o t  o n l y  o n  t h e  f r e e  

e n e r g i e s  o f  t h e  c e l l  r e a c t i o n s  b u t  a l s o  o n  a c t i v i t y  c o 

e f f i c i e n t s ,  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  l i k e ,  a n d  a l s o  

f o r  t h e  c o n t r i b u t i o n s  w h i c h  t h e y  c a n  m a k e  t o w a r d  

d e t e r m i n a t i o n  o f  o t h e r  t h e r m o d y n a m i c  p r o p e r t i e s .

I n  a  c o n t i n u a t i o n  o f  t h e  p o t e n t i o m e t r i c  s t u d i e s  i n  

l i q u i d  H F  r e p o r t e d  e a r l i e r ,4 t h e  s t a n d a r d  e l e c t r o d e  

p o t e n t i a l s  w e r e  d e t e r m i n e d  f o r  t h e  s y s t e m s  m e n t i o n e d  

i n  * h e  t i t l e .  U s i n g  t h e s e  d a t a ,  t h e  G i b b s  f r e e  e n e r g i e s  

f o r  t h e  c e l l  r e a c t i o n s  w e r e  c a l c u l a t e d  a n d  a l s o  t h e  b a s i c  

i o n i z a t i o n  c o n s t a n t s  a n d  a p p a r e n t  a n d  m o l a r  a c t i v i t y  

c o e f f i c i e n t s  o f  t h e  e l e c t r o l y t e s  A g F  a n d  T 1 F  i n  H F  a t  

0 ° .

T h e  s t a n d a r d  e l e c t r o d e  p o t e n t i a l  o f  t h e  s i n g l e - c o m 

p a r t m e n t  c e l l

Cu(s),CuF2(s) | T 1 F ( H F )  |T1F3(s) ( P t )

w a s  r e d e t e r m i n e d  a n d  f o u n d  t o  b e  0 . 9 2 6 9  ±  0 . 0 0 1 9  v ,  

w h i c h  d i f f e r s  b y  1 . 3  m v  f r o m  t h e  p r e v i o u s l y  r e p o r t e d  

v a l u e .4
T h e  p o t e n t i a l s  f o r  t h e  c e l l

A g ( s )  | A g F , T l F  ( H F )  | T 1 F 3( s )  ( P t )  

c o u l d  a l s o  b e  d e t e r m i n e d  i n  a  s i n g l e  c o m p a r t m e n t ,  s i n c e

n e i t h e r  o f  t h e  e l e c t r o l y t e s  i n  s o l u t i o n  c o u l d  b e  o x i d i z e d  

b y  T 1 F 3 o r  r e d u c e d  b y  s i l v e r  m e t a l .  T h e  s t a n d a r d  

e l e c t r o d e  p o t e n t i a l  o f  t h e  c e l l  a t  0 °  w a s  f o u n d  t o  b e  

0 . 5 6 5 4  ±  0 . 0 0 6 9  v .

S i m i l a r l y ,  a  s i n g l e  c o m p a r t m e n t  s u f f i c e d  f o r  t h e  c e l l

A g ( s )  | A g F  ( H F )  | A g F 2( s )  ( P t )

f o r  w h i c h  E ° 273 w a s  f o u n d  t o  b e  1 . 3 8 1 6  ±  0 . 0 0 7 1  v .  

G r e a t  d i f f i c u l t y  w a s  e x p e r i e n c e d  i n  o b t a i n i n g  s t a b l e  a n d  

c o n s i s t e n t  p o t e n t i a l s  i n  t h i s  l a s t  c a s e  u n t i l  m e t h o d s  w e r e  

d e v e l o p e d  f o r  t h e  p u r i f i c a t i o n  o f  t h e  s i l v e r  f l u o r i d e s .  

I n  a l l  t h r e e  c a s e s  t h e  o x i d i z i n g  f l u o r i d e s  ( T 1 F 3 a n d  A g F 2)  

w e r e  p r e p a r e d  o r  p u r i f i e d  e x t e r n a l l y  a n d  w e r e  t r a n s 

f e r r e d  i n  a n  a n h y d r o u s  a t m o s p h e r e  t o  a  p l a t i n u m - c u p  

e l e c t r o d e ,  a s  d e s c r i b e d  i n  r e f  4 .

Experim ental Section

Apparatus. T h e  e x p e r i m e n t a l  a p p a r a t u s  w a s  e s s e n 

t i a l l y  a s  p r e v i o u s l y  d e s c r i b e d .4

(1 ) W o rk  su pp orted  b y  U . S. A to m ic  E n ergy  C om m ission  under 
C on tra ct N o . A T ( l l - l ) - 6 2 0 ;  paper N o . C O O -620-2 .
(2 ) T a k en  from  th e  thesis su bm itted  to  the fa cu lty  o f P urdue U ni
versity  in  partia l fu lfillm ent o f  the  requirem ents fo r  the degree o f 
D o c to r  o f  P h ilosop hy  o f M . W . W a d ley , and  fo r  the  degree o f  M aster 
o f  Science o f  W . D . P ardieck .
(3) D ep artm en t o f  C hem istry , V irgin ia  P o ly tech n ic  Institu te , 
B lacksburg , V a . 24061.
(4) A . F . C lifford  and E . R . Zam ora, Trans. Faraday Soc., 57, 1963 
(1961).
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Reagents. T h a l l i u m ( I )  f l u o r i d e ,  p u r c h a s e d  f r o m  K  &  

K  L a b o r a t o r i e s  ( J a m a i c a ,  N .  Y . ) ,  w a s  a n a l y z e d  f o r  

t h a l l i u m  c o n t e n t  u s i n g  t h e  m e t h o d  o f  S m i t h  a n d  W i l c o x . 8 

T h e  f l u o r i d e  c o n t e n t  w a s  d e t e r m i n e d  b y  t i t r a t i o n  w i t h  

a n  a q u e o u s  s o l u t i o n  o f  t h o r i u m ( I V )  n i t r a t e  p r e v i o u s l y  

s t a n d a r d i z e d  a g a i n s t  a  s o l u t i o n  o f  a c c u r a t e l y  w e i g h e d  

K F  u s i n g  a l i z a r i n  r e d  S  i n d i c a t o r  ( F o u n d :  T l ,  9 0 . 6 % ;  

F ,  8 . 4 % ) .  T h e  t h a l l i u m ( I I I )  f l u o r i d e  u s e d  w a s  t h a t  

p r e p a r e d  b y  Z a m o r a . 4 T h e  s i l v e r ( I )  f l u o r i d e ,  p u r 

c h a s e d  f r o m  H a r s h a w  C h e m i c a l  C o . ,  C l e v e l a n d ,  O h i o ,  

w a s  p u r i f i e d  b y  r e c r y s t a l l i z a t i o n  f r o m  l i q u i d  h y d r o g e n  

f l u o r i d e  t o  o b t a i n  t h e  w h i t e  s a l t  A g H F 2, w h i c h  w a s  e i t h e r  

u s e d  a s  s u c h  o r  w a s  h e a t e d  i n  a  p l a t i n u m  e v a p o r a t i n g  

d i s h  t o  o b t a i n  t h e  y e l l o w - o r a n g e  A g F .  T h i s  h a d  a  

s i l v e r  f l u o r i d e  c o n t e n t  o f  9 9 . 6 6 % .  T h e  s i l v e r ( I I )  

f l u o r i d e ,  a l s o  f r o m  H a r s h a w  C h e m i c a l  C o . ,  w a s  p u r i f i e d  

b y  s t i r r i n g  i t  i n  l i q u i d  H F  f o r  8  h r ,  f i l t e r i n g  o f f  t h e  b u l k  

o f  t h e  l i q u i d ,  a n d  r e p e a t i n g  t h e  p r o c e s s  t w i c e  m o r e  o n  

t h e  r e s i d u e .  T h i s  p r o c e d u r e  r e m o v e d  a n y  s i l v e r ( I )  

f l u o r i d e  a n d  a n y  o x i d e  a s  w a t e r .

General Procedure. T h e  s y s t e m  w a s  f i r s t  r i n s e d  w i t h  

l i q u i d  h y d r o g e n  f l u o r i d e  a n d  t h i s  l i q u i d  w a s  d i s c a r d e d .  

I n  a  d r y b o x  t h e  e l e c t r o l y t e  w a s  w e i g h e d  i n t o  t h e  v e s s e l  

c o n t a i n i n g  a  T e f l o n - c o a t e d  m a g n e t i c  s t i r r i n g  b a r .  T h e  

v e s s e l  w a s  r e m o v e d  f r o m  t h e  d r y b o x  i n  a  p o l y e t h y l e n e  

b a g  c o n t a i n i n g  a  d e s i c c a n t  a n d  w a s  q u i c k l y  p u t  i n  p l a c e  

a f t e r  t h e  T 1 F S o r  A g F 2 w a s  p l a c e d  i n  t h e  p l a t i n u m - c u p  

e l e c t r o d e ,  w h i l e  b e i n g  f l o o d e d  w i t h  d r y  n i t r o g e n .  T h e  

c e l l  w a s  f l u s h e d  w i t h  d r y  n i t r o g e n  f o r  a t  l e a s t  0 . 5  h r  a n d  

f i n a l l y  w i t h  H F  v a p o r s .  L i q u i d  h y d r o g e n  f l u o r i d e ,  

d o u b l y  d i s t i l l e d  i n t o  t h e  r e s e r v o i r  a n d  h a v i n g  a  c o n 

d u c t i v i t y  v a r y i n g  f r o m  1 . 5 4  t o  5 . 7 2  X  1 0 “ 3 o h m “ 1 c m “ 1 

c o r r e s p o n d i n g  t o  w a t e r  c o n c e n t r a t i o n s  o f  0 . 0 1  M  o r  l e s s ,  

w a s  a l l o w e d  t o  f l o w  i n t o  t h e  c e l l  w i t h  t h e  m a g n e t i c  

s t i r r e r  i n  o p e r a t i o n .  A f t e r  t h o r o u g h  s t i r r i n g  t o  d i s s o l v e  

t h e  e l e c t r o l y t e ,  t h e  p o t e n t i a l s  w e r e  m e a s u r e d  b y  a  d i g i 

t a l  v o l t m e t e r  w h i c h  w a s  f r e q u e n t l y  c o m p a r e d  w i t h  a  

K - 2  p o t e n t i o m e t e r  ( L e e d s  a n d  N o r t h r u p ) .  T h e  l a r g e s t  

d e v i a t i o n  w a s  0 . 0 7  m v .  S a m p l e s  w e r e  r e m o v e d  f r o m  

t h e  c e l l  b y  f o r c i n g  l i q u i d  i n t o  t h e  b u r e t  u s i n g  n i t r o g e n  

p r e s s u r e  a f t e r  t h e  s y s t e m  h a d  a t t a i n e d  t h e  “ s t e a d y - s t a t e  

p o t e n t i a l , ”  t h a t  i s ,  w h e n  t h e  p o t e n t i a l  c h a n g e d  l e s s  t h a n  

1  m v / h r .  T h e s e  w e r e  e v a p o r a t e d  a n d  a n a l y z e d  f o r  

c o n c e n t r a t i o n  o f  e l e c t r o l y t e .

B y  a  m e t h o d  o f  s u c c e s s i v e  d i l u t i o n s ,  f u r t h e r  p o t e n t i a l s  

a t  v a r i o u s  c o n c e n t r a t i o n s  w e r e  o b t a i n e d .

Treatment of Data. A l l  c a l c u l a t i o n s  w e r e  p e r f o r m e d  

o n  t h e  I B M  7 0 9 0  c o m p u t e r .  I n  t h e  t r e a t m e n t  o f  d a t a ,  

t w o  a s s u m p t i o n s  w e r e  m a d e  w h i c h  s e e m e d  j u s t i f i e d  b y  

t h e  r e s u l t s .  T h e y  a r e  ( 1 )  t h a t  t h e  e l e c t r o l y t e  w a s  c o m 

p l e t e l y  d i s s o c i a t e d  a t  a l l  c o n c e n t r a t i o n s  a n d  ( 2 )  t h a t  

m o l a r i t y  r a t h e r  t h a n  m o l a l i t y  m a y  b e  u s e d  f o r  e x p r e s s 

i n g  c o n c e n t r a t i o n s .  I f  t h e  f i r s t  o f  t h e s e  a s s u m p t i o n s

i s  n o t  c o r r e c t ,  t h e  s l o p e  o f  t h e  l i n e  o b t a i n e d  b y  p l o t t i n g  

t h e  s q u a r e  r o o t  o f  t h e  i o n i c  s t r e n g t h  vs. c a l c u l a t e d  p o 

t e n t i a l s  w i l l  d i f f e r  f r o m  t h a t  w h i c h  w o u l d  b e  o b t a i n e d  

i f  i t  i s  c o r r e c t ,  b u t  t h e  i n t e r c e p t  a t  i n f i n i t e  d i l u t i o n  

s h o u l d  n o t  c h a n g e ,  u n l e s s  d i s s o c i a t i o n  a t  i n f i n i t e  d i l u 

t i o n  i s  i n c o m p l e t e .  H o w e v e r ,  j u d g i n g  f r o m  t h e  o b 

s e r v e d  t r e n d s  o f  t h e  a c t i v i t y  c o e f f i c i e n t s ,  t h i s  i s  n o t  t h e  

c a s e .  A s  t o  t h e  l a t t e r  a s s u m p t i o n ,  i n  s o l u t i o n s  f o r  

w h i c h  t h e  d e n s i t y  i s  v e r y  n e a r l y  t h e  s a m e  a s  t h a t  o f  t h e  

p u r e  s o l v e n t ,  a n d  t h e  d e n s i t y  o f  p u r e  s o l v e n t  i s  n e a r  

u n i t y — a s  i t  i s  f o r  H F — t h e  t e r m s  m a y  b e  u s e d  i n t e r 

c h a n g e a b l y  w i t h o u t  a p p r e c i a b l e  e r r o r .

T h e  c a l c u l a t e d  p o t e n t i a l s  w e r e  o b t a i n e d  u s i n g  t h e  

e q u a t i o n

oD rp
E ° '  =  .F cb sd  H---------- „  I n  m ±  ( 1 )n F

w h i c h  f o r  t h e  c e l l s  h a v i n g  n =  2  b e c o m e s

E ° '  =  E ohsi +  0 . 0 5 4 2  [ y 2( l o g  [ M + ]  +  l o g  [ F ~ ] >  ] ( 2 )

T h e  a p p a r e n t  a c t i v i t y  c o e f f i c i e n t s  w e r e  c a l c u l a t e d  

f r o m  t h e  c e l l  p o t e n t i a l s  a c c o r d i n g  t o  t h e  m e t h o d  u s e d  i n  

r e f  4  u s i n g  t h e  e q u a t i o n

l ° g  7 ± (a p p a re n t)  =  “ ( A °  —  E ° ') ( 3 )

“ M o l a r ”  a c t i v i t y  c o e f f i c i e n t s  w e r e  a l s o  c a l c u l a t e d  u s i n g  

t h e  e q u a t i o n

i S a ' /2  ,  ^  ^
l o g  -  r T 7 T 7,  -  l o g  (_1  +  ( 4 )

w h e r e  S  i s  a  f u n c t i o n  o f  v a l e n c e  a n d  n u m b e r  o f  i o n s ,  

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  a b s o l u t e  t e m 

p e r a t u r e ;  a =  2 CiZi2 (i.e., 2 / 7 ) ;  A  i s  a  f u n c t i o n  o f  i o n i c  

s i z 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  a b s o l u t e  

t e m p e r a t u r e ;  /3 i s  t h e  n u m b e r  o f  i o n i c  s p e c i e s  p r o 

d u c e d  b y  t h e  d i s s o c i a t i o n  o f  o n e  m o l e c u l e  o f  e l e c t r o l y t e ;  

a n d  M i  i s  t h e  m o l e c u l a r  w e i g h t  o f  t h e  s o l v e n t .  T h e s e ,  

h o w e v e r ,  s h o w e d  n o  g r e a t e r  i n t e r n a l  c o n s i s t e n c y  t h a n  

t h e  a p p a r e n t  a c t i v i t y  c o e f f i c i e n t s  a n d  w e r e  n o t  u s e d  

i n  t h e  f i n a l  i n t e r p r e t a t i o n .

A l l  f l u o r i d e  i o n  c o n c e n t r a t i o n s  i n c l u d e d  t h e  c o n t r i 

b u t i o n  f r o m  t h e  s o l v o l y s i s  o f  w a t e r  ( n o t  e x c e e d i n g  

0 . 0 1  M) a c c o r d i n g  t o  t h e  e q u a t i o n

H F  +  H 20  H 30 +  +  F -  ( 5 )

T h e  b a s i c  i o n i z a t i o n  c o n s t a n t  f o r  w a t e r  i n  H F  h a s  

b e e n  f o u n d  b y  K o n g p r i c h a  a n d  C l i f f o r d 5 6 t o  h a v e  t h e  

v a l u e  0 . 5 5 ,  f o r  t h e  e q u i l i b r i u m  g i v e n  i n  e q  6 .

(5) G . F . Sm ith  and C . S. W ilcox , Ind . Eng. Chem., A nal. Ed., 14, 
49 (1942).
(6) S. K on gp rich a  and A . F . C lifford , J. Incrg . N ucl. Chem., 18, 270 
(1961).
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T h e  H y d r o g e n  F l u o r i d e  S o l v e n t  S y s t e m 3243

=  [ H 30 + ] [ F ~ ]  

[ H 20 ]
( 6 )

I n  t h i s  e q u a t i o n  [ F _ ] r e p r e s e n t s  t o t a l  f l u o r i d e  i o n  c o n 

c e n t r a t i o n  f r o m  a l l  s o u r c e s ,  b u t  [ H 20 ]  r e p r e s e n t s  u n d i s 

s o c i a t e d  w a t e r  o n l y .  E q u a t i o n  6  m a y  b e  e x p r e s s e d  

f o r  t h i s  w o r k  a s

_  [ H 3Q + ] ( [ s u m  o f  o t h e r  c a t i o n s ]  +  [ H 30 + ] )  

b “  ( 0 . 0 1  -  [ H 30 + ] )

0 . 5 5  ( 7 )

L e t t i n g  X  =  [ H 30 + ] ,  t h i s  b e c o m e s  t h e  q u a d r a t i c  

X 2 +  ( [ s u m  o f  o t h e r  c a t i o n s ]  +

1 . 0 4  ±  0 . 0 3 ,  s e v e r a l  o r d e r s  o f  m a g n i t u d e  g r e a t e r  t h a n  

r e p o r t e d  i n  r e f  4 .

T h e  s y s t e m  A g ( s ) | A g F ( H F ) | A g F 2( s ) ( P t )  w a s  f o u n d  

t o  f o l l o w  t h e  e q u a t i o n

E ° '  =  1 . 3 8 1 6  +  0 . 0 9 5 2 6 m 1/s ( 1 3 )

T h e  d i s s o c i a t i o n  c o n s t a n t  o f  A g F  i n  H F  w a s  c a l c u l a t e d  

t o  b e  0 . 0 8 7  ±  0 . 0 0 2 5 .

T h e  s y s t e m  A g ( s ) | A g F , T l F ( H F ) | T l F 3( s ) ( P t )  f o l l o w e d  

t h e  e q u a t i o n

E 0' =  0 . 5 6 5 4  ±  0 . 0 4 7 m V s ( 1 4 )

T h e  d a t a  a r e  s u m m a r i z e d  i n  T a b l e  I  a n d  F i g u r e  1 .

0 . 5 5 ) X  -  0 . 0 0 5 5  =  0  ( 8 )

T h i s  t o t a l  f l u o r i d e  i o n  c o n c e n t r a t i o n  i s  t h e  s u m  o f  t h e  

c o n c e n t r a t i o n s  o f  a l l  c a t i o n s  i n  t h e  s o l u t i o n  i n c l u d i n g  

o x o r . i u m  i o n  c o n c e n t r a t i o n  o b t a i n e d  b y  s o l v i n g  e q  8  

f o r  e a c h  s e t  o f  d a t a .

T h e  b a s i c  i o n i z a t i o n  c o n s t a n t  o f  t h e  e l e c t r o l y t e  m a y  

b e  c a l c u l a t e d  u s i n g  t h e  e q u a t i o n s

M F ( H F )  ^  M +  +  F - ( 9 )

[ M + ] y m  [ F _ ] y p  

[ M F J y m f
( 1 0 )

w h e r e  t h e  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 s  a n d  w h e r e  

[ M F ]  i s  t h e  c o n c e n t r a t i o n  o f  u n - i o n i z e d  m e t a l  f l u o r i d e ,  

i.e., t h e  s t o i c h i o m e t r i c  c o n c e n t r a t i o n  o f  m e t a l  f l u o r i d e  

m i n u s  [ M + ] ,  T o  t a k e  t h e  e f f e c t  o f  t h e  i o n i z a t i o n  o f  

w a t e r  i n t o  a c c o u n t

[ F - ]  =  [ M + ]  +  [ H 30 + ]  ( 1 1 )

1.6-

Figure 1. Oxidation potential vs. (ionic strength)1-72.
A: Ag(s)jAgF(HF)|AgF2(s) (Pt); O, run 1, A, run 2; 
curve drawn for run 2 only. B: Cu(s),CuF2(s)| 
TlF(HF)|TlF3(s)(Pt); V, this work; □, ref 4. C: 
Ag(s)|AgF,TlF(HF)|TlF3(s)(Pt); curve omits highest point.

t h e  w a t e r  c o n t e n t  o f  t h e  H F  w a s  a l w a y s  d e t e r m i n e d  

c o n d u c t o m e t r i c a l l y  i m m e d i a t e l y  b e f o r e  e a c h  r u n .

I f  n o w  t h e  a s s u m p t i o n  i s  m a d e  t h a t  t h e  a c t i v i t y  c o 

e f f i c i e n t s  a c t u a l l y  r e p r e s e n t  t h e  d e g r e e  o f  i o n i z a t i o n ,  

a n  a p p a r e n t  K b ' c a n  b e  c a l c u l a t e d  f o r  e a c h  e l e c t r o l y t e  

c o n c e n t r a t i o n  ( t a k e n  a s  t h e  i o n i c  s t r e n g t h ) .  E x t r a p 

o l a t i o n  b y  t h e  I B M  7 0 9 0  o f  - 1 / l o g  K b ' vs. mv * t o  

z e r o  i o n i c  s t r e n g t h  g a v e  t h e  t h e r m o d y n a m i c  K b f o r  

t h e  m e t a l  f l u o r i d e .

R esults

T h e  E °m  r e p o r t e d  b y  C l i f f o r d  a n d  Z a m o r a 4 f o r  t h e  

C u ( s ) , C u F 2( s ) | T l F ( H F ) | T l F 3( s ) ( P t )  s y s t e m  w a s  c o r 

r o b o r a t e d .  T h e  c e l l  p o t e n t i a l s  w e r e  f o u n d  t o  o b e y  t h e  

e q u a t i o n

E ° '  =  0 . 9 2 6 9  +  0 . 1 0 0 2 i i ‘ /2  ( 1 2 )

T h e  d i s s o c i a t i o n  c o n s t a n t  o f  T 1 F  i n  H F  w a s  f o u n d  t o  b e

Discussion

Dissociation Constants. T h e  v a l u e  o f  1 . 0 4  f o u n d  f o r  

t h e  K b o f  T 1 F  i n  H F  a t  0 °  m a y  b e  c o m p a r e d  w i t h  t h a t  

o f  T l O H  i n  w a t e r ,  w h i c h  w a s  m e a s u r e d  b y  B e l l ,  et al., 
a s  0 . 1 5 1 , 7 0 . 1 4 1 , 8 o r  0 . 1 5 1 9 a t  2 5 ° ,  t h e  l a s t  t w o  v a l u e s  

b e i n g  c o r r e c t e d  t o  z e r o  i o n i c  s t r e n g t h .  B e l l  a n d  G e o r g e 7 

f o u n d  v e r y  l i t t l e  v a r i a t i o n  w i t h  t e m p e r a t u r e ,  t h e  v a l u e  

m e a s u r e d  a t  0 °  b e i n g  0 . 1 5 5 .  T h a l l i u m  f l u o r i d e ,  T 1 F ,  

w a s  f o u n d  b y  t h e s e  s a m e  w o r k e r s  t o  h a v e  a  d i s s o c i a t i o n  

c o n s t a n t  o f  0 . 7 9  i n  w a t e r  a t  2 5 ° .

T h e  v a l u e  o f  0 . 0 8 7  f o u n d  f o r  t h e  K b o f  A g F  i n  H F  a t  

0 °  m a y  b e  c o m p a r e d  w i t h  t h a t  o f  A g O H  i n  w a t e r  a t

(7 ) R . P . B ell and  J. H . B . G eorge, Trans. Faraday Soc., 49 , 619 
(1953).
(8) R . P . B ell and M . H . P anckhurst, J . Chem. Soc., 2836 (1956).
(9 ) R . P . B ell and M . H . P anckhurst, R ee. Trav. Chim ., 75 , 725 
(1956).
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Table I : Data for the Cell Reactions

A. The System Cu(s),CuF2(s)|TlF(HF)|TlF3(s)(Pt)

[T1F] T±(app) 7 ±(molar) [F Jtotal / A Rob ad R » ' Aß(app)

0.0032 1.1117 0.7527 0.0130 0.0899 1.0425 0.9238
0.0061 1.2399 0.7384 0.0158 0.1047 1.0299 0.9212
0.0082 0.8892 0.7300 0.0179 0.1142 1.0329 0.9290 1.2774 X IO"1
0.0277 0.6275 0.6850 0.0371 0.1800 1.0182 0.9372 3.7977 X 10- *
0.0348 0.6244 0.6751 0.0441 0.1986 1.0136 0.9442 4.5776 X IO“ 2
0.0450 0.4708 0.6635 0.0541 0.2226 1.0148 0.9440 2.2659 X IO“ 2
0.1038 0.1384 0.6237 0.1121 0.3286 1.0252 0.9746 2.4921 X IO-3
0.1518 0.0976 0.6048 0.1596 0.3946 1.0248 0.9819 1.6847 X IO-3
0.3560 0.0620 0.5589 0.3620 0.5992 1.0158 0.9917 1.4835 X IO-8
0.4134 0.0146 0.5500 0.4191 0.6452 1.0464 0.9987 9.065 X IO“»
0.9760 0.0079 0.4892 0.9796 0.9888 1.0408 1.0403 6.162 X IO"5
0.0450 0.0080 0.4594 1.3620 1.1664 1.0728 1.0402 8.787 X IO-*
1.8610 0.0043 0.4269 1.8633 1.3646 1.0399 1.0545 5.317 X IO-6
1.2102 0.0003 0.3298 4.0639 2.0158 1.0985 1.1172 3.6 X IO“7

-1 /lo g  A b(TIF) =  1.0415 - 0.77037m1/!

B. The System Ag(s)|AgF(HF)|AgF2(s)(Pt)1'

[AgF] 7±(app> [F [total <•*/* Robsd R»' EB(app)

1.7580 0.07244 1.7628 1.3268 1.4506 1.5038 C
0.9622 0.2504 0.9694 0.9828 1.4487 1.4454 c
0.5152 0.4587 0.5254 0.7213 1.4784 1.4169 c
0.3495 0.7211 0.3616 0.5963 1.4930 1.3956 c
0.2384 0.4867 0.2521 0.4592 1.5462 1.4141 c
0.1440 0.3444 0.1595 0.3896 1.6080 1.4304 c
0.8687 0.3971 0.1037 0.3087 1.6454 1.4237 c
2.0094 0.06167 2.0116 1.4179 1.4455 1.5113 8.840 X IO"3
1.2829 0.08997 1.2859 1.1333 1.4700 1.4936 1.2451 X IO“ 2
0.8001 0.1420 0.8042 0.8957 1.4929 1.4721 2.0762 X IO“ 2
0.5219 0.2252 0.5270 0.7242 1.5112 1.4504 3.8117 X IO“ 2
0.3254 0.2802 0.3317 0.5732 1.5449 1.4401 4.0686 X IO“ 2
0.2136 0.3870 0.2208 0.4660 1.5687 1.4249 6.1241 X IO-2
0.1291 0.5553 0.1371 0.3648 1.5978 1.4079 1.09381 X IO“ 1 d
0.07970 0.7603 0.08830 0.2898 1.6264 1.3931 2.56566 X IO“ 1d
0.06092 0.3928 0.06977 0.2556 1.6813 1.4242 2.2776 X IO“ 2d

— 1/log A B(AgF) =  0 .9 4 3 3 5  -  0 .3 4 6 5 3 MV !

C. The System Ag(s)|AgF,TlF(HF)|TlF3(s)(Pt)
[AgF] Ti(app) [T1F] y ±*TlF [F [total / A Robsd RO'

0 .0 1 7 1 .7 5 9 0 0 .0 2 9 0 .6 8 5 0 .0 5 5 0 .2 2 4 8 0 .7 8 5 4 0 .5 4 5 5
0 .0 3 2 0 .3 7 8 0 0 .0 6 5 0 .6 4 5 0 .1 0 5 0 .3 1 8 1 0 .7 9 2 4 0 .5 9 9 8
0 .0 6 4 0 .6 7 1 8 0 .1 2 8 0 .6 1 5 0 .1 9 9 0 .4 4 2 3 0 .7 2 5 3 0 .5 7 9 5
0 .1 1 7 0 .3 4 7 2 0 .2 5 0 0 .5 8 0 0 .3 7 3 0 .6 0 8 3 0 .7 0 4 4 0 .6 0 2 8
0 .1 3 9 0 .1 9 2 6 0 .3 0 6 0 .5 7 5 0 .4 5 0 0 .6 6 9 1 0 .7 1 2 1 0 .6 2 3 6
0 .2 1 9 0 .3 8 0 7 0 .4 9 8 0 .5 0 0 0 .7 2 1 0 .8 4 8 0 0 .6 5 5 0 0 .5 9 9 5
0 .4 6 4 0 .2 7 8 0 1 .0 2 7 0 .4 8 5 1 .4 9 4 1 .2 2 1 6 0 .6 1 4 2 0 .6 1 0 6
0 .7 8 1 1 .6 9 2 0 .4 3 5 2 .4 7 5 1 .5 7 2 9 0 .7 8 8 3 0 .8 2 0 7

“ See ref 4. 6 W. D. Pardieck. c Run 1. Data not used for calculation of E °  and K b. d Not used for calculation of K b-

2 5 ° ,  w h i c h  w a s  d e t e r m i n e d  b y  J o h n s t o n ,  et al. , 10 a n d  

a g a i n  b y  B e c k 11 t o  b e  2 . 0  X  1 0 - 3 . S i l v e r  f l u o r i d e ,  

A g F ,  w a s  f o u n d  b y  P a u l 12 t o  h a v e  a  d i s s o c i a t i o n  

c o n s t a n t  o f  0 . 4 4  i n  w a t e r  a t  2 5 ° .

T h e  f l u o r i d e s  i n  H F  a r e  t h u s  s e e n  t o  b e  c o n s i d e r a b l y

m o r e  h i g h l y  d i s s o c i a t e d  t h a n  t h e  c o r r e s p o n d i n g  h y 

d r o x i d e s  i n  w a t e r .  ( T h e y  a r e  s t r o n g e r  “ s o l v o  b a s e s ”

(10) H . L . Johnston , F . C uta , and  A . B . G arrett, J . A m . Chem. Soc  
55 ,2 3 1 1  (1933).
(11) M . T . B eck , A cta  Chim. Acad. Sci. H ung., 4, 227 (1954).
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Table II: Electromotive Series at 0° in Liquid HE

-  -------------------------------------------------------- -— ------- -------- I n  H F -------------------------------------------------------------------------------------- , /•-------------------------------------------I n  w ater-
Couple E° 273 R e f Couple °coRo

Cd(s)-CdF2(s) 0.29 14 Cd-Cd2 + 0.41
Pb (s )-PbF2 •6 / 2HF ( s  ) 0.26 14
Pb(s)-PbF2(s) 0.17 14 Pb-Pb2 + 0.12
H2(g)-HF(1) 0 15 H2-H + 0.00
Cu(s)-CuF2(s) -0 .5 2 14 Cu-Cu2+ -0 .3 4
FeFhspFeFsts/1 -0 .5 8 15 Fe2+-Fe3 + -0 .7 7
Hg(l)-HgüF2(s) -0 .8 0 Assumed Hg(l)-Hg22 + -0 .7 9
Ag(s)-AgF(HF) -0 .8 8 This work Ag-Ag + -0 .8 0
Ag(s )-AgF (HF,satd ) -0 .9 4 14
T1F(HF)-T1F3(s) -1 .4 5 This work T1+-TP+ -1 .2 5
AgF (HF )-AgF2 (s ) -2 .2 7 This work Ag+-Ag2+ -1 .9 6
F-(H F)-F2(g) -2 .708 c F --F ,(g) -2 .8 7

M. Latimer, “ Oxidation Potentials, ”  2nd ed, Prentice-Hall, Inc., New York, N. Y., 1952. ” In 2.76 M  KF. c K. Fredenhagen
and O. Kreft, Z. Elektrochem35, 670 (1929).

t h a n  t h e  h y d r o x i d e s  a r e . )  S i n c e  t h e  d i e l e c t r i c  c o n 

s t a n t s  o f  t h e  t w o  s o l v e n t s  a r e  n e a r l y  t h e  s a m e ,  t h i s  

p r o b a b l y  r e f l e c t s  t h e  m u c h  g r e a t e r  s o l v a t i n g  p o w e r  o f  

H F  f o r  a n i o n s  c o m p a r e d  w i t h  w a t e r .  S i n c e ,  h o w e v e r ,  

t h e r e  i s  a s  y e t  n o  i n f o r m a t i o n  o n  t h e  e n t h a l p i e s  a n d  

e n t r o p i e s  o f  s o l v a t i o n  o f  t h e s e  f l u o r i d e s  i n  H F ,  t h e  t r u e  

c a u s e  o f  t h e  g r e a t e r  d i s s o c i a t i o n  c a n  o n l y  b e  s u r m i s e d .

Oxidation Potentials. T h e  c e l l  p o t e n t i a l s  a v a i l a b l e  

t h r o u g h  t h i s  a n d  o t h e r  w o r k  n o w  m a k e  p o s s i b l e  t h e  

b e g i n n i n g s  o f  a n  e l e c t r o m o t i v e  s e r i e s  f o r  t h e  h y d r o g e n  

f l u o r i d e  s o l v e n t  s y s t e m .  F r o m  t h e  t h r e e  c e l l s  s t u d i e d ,  

t w o  d e r i v e d  p o t e n t i a l s  c a n  b e  o b t a i n e d  s u c h  t h a t  a l l  o f  

t h e  t h a l l i u m  a n d  s i l v e r  c o u p l e s  c a n  b e  c o m p a r e d  t o  t h e  

C u - C u F 2 c o u p l e .  T h u s

C u ( s )  +  T l F , ( s )  — >

C u F 2( s )  +  T I F ( H F )  E °  =  0 . 9 2 6 9  v  

C u ( s )  +  2 A g F ( H F )  — >

C u F 2( s )  +  2 A g ( s )  E °  =  0 . 3 6 1 5  v

C u ( s )  +  2 A g F 2( s )  — >

C u F 2( s )  +  2 A g F ( H F )  E °  =  1 . 7 4 3 1  v

K o e r b e r  a n d  D e  V r i e s 12 13 h a v e  s t u d i e d  t h e  p o t e n t i a l  o f  

t h e  c e l l

C u ( s )  +  H g 2F 2 ( s )  C u F 2( s )  +  2 H g ( l )

a n d  f o u n d  i t s  p o t e n t i a l ,  E °m  =  0 . 2 7 7  v .  F r o m  t h e  

v e r y  s c a n t y  e v i d e n c e 14 o n  t h e  c e l l  s y s t e m  H 2( g )  +  

H g 2F 2( s )  -*■  2 H F ( 1 )  +  2 H g ( l ) ,  t h e  p o t e n t i a l  f o r  t h i s  

r e a c t i o n  a p p e a r s  t o  b e  a b o u t  0 . 8  v .  F o r  p u r p o s e s  o f

c o m p a r i s o n ,  t h e r e f o r e ,  w e  s h a l l  d e f i n e  t h e  p o t e n t i a l  o f  

t h e  H g - H g 2F 2 c o u p l e  t o  b e  — 0 . 8 0  v .  F r o m  t h e  a v a i l 

a b l e  c e l l  p o t e n t i a l s  t h e  e l e c t r o m o t i v e  s e r i e s  i n  T a b l e  I I  

c a n  b e  g e n e r a t e d .  P o t e n t i a l s  f o r  t h e  c o u p l e s  o f  r e f  1 3  

a t  d i f f e r e n t  t e m p e r a t u r e s  a n d  f o r  t h e  c o r r e s p o n d i n g  

r e a c t i o n s  i n v o l v i n g  t h e  a m a l g a m a t e d  m e t a l s  a r e  a l s o  

g i v e n  i n  r e f  1 3 .

I t  c a n  b e  s e e n  f r o m  T a b l e  I I  t h a t ,  a l t h o u g h  t h e  a c t u a l  

v a l u e s  v a r y  s o m e w h a t ,  t h e  t r e n d  i n  p o t e n t i a l s  i s  t h e  

s a m e  i n  H F  a n d  i n  w a t e r .  T h e  s p r e a d  i n  H F  f r o m  t h e  

c a d m i u m  c o u p l e  t o  t h e  A g ( I ) - A g ( I I )  c o u p l e  i s  s l i g h t l y ,  

b u t  n o t  s i g n i f i c a n t l y ,  g r e a t e r  t h a n  i n  w a t e r .  I f  t h e  

s e r i e s  f o r  H F  i n v o l v e d  i o n s  i n  s o l u t i o n  f o r  t h e  h i g h e r  

o x i d a t i o n  s t a t e s  r a t h e r  t h a n  s o l i d s ,  t h e  p o t e n t i a l s  w o u l d  

a l l  s h i f t  t o  s o m e w h a t  m o r e  n e g a t i v e  v a l u e s  r e l a t i v e  t o  

h y d r o g e n ,  b u t  t h e r e  i s  n o  r e a s o n  t o  b e l i e v e  t h a t  t h e  o r d e r  

o r  t h e  s p r e a d  w o u l d  c h a n g e  s i g n i f i c a n t l y .  T h i s  p o i n t s  

o u t  t h e  g r e a t  s i m i l a r i t y  b e t w e e n  w a t e r  a n d  H F  a s  

s o l v e n t s  a n d  c o n t r a s t s  s t r o n g l y  w i t h  t h e  c o n s i d e r a b l e  

d i f f e r e n c e  b e t w e e n  w a t e r  a n d  l i q u i d  a m m o n i a . 15

T h e  m o r e  n e g a t i v e  p o t e n t i a l  o b t a i n e d  b y  K o e r b e r  

a n d  d e V r i e s 14 f o r  t h e  A g ( s ) - A g F  c o u p l e  i s  t o  b e  e x p e c t e d  

f r o m  t h e i r  h i g h e r  A g F  c o n c e n t r a t i o n .

(12) A . D . P aul, Thesis, U niversity  o f C aliforn ia , B erkeley, Calif., 
1955; U C R L 2 9 2 6 .
(13) G . G . K oerber  and T . D e  Vries, J . A m . Chem. Soc., 74 , 5008 
(1952).
(14) A . F . C lifford  and G . B alog , U. S. A t. E nergy Comm ., N ucl. Sci. 
Abstr., 5 , 694 (1 951); A E C U  1491 (n d ); and A . F . C lifford  and  E . M . 
Jeram , unpublished  w ork.
(15) V . A . P lesk ov  and A . M . M on oszon , A cta  Physicochim . U .R .S .S ., 
2 , 615 (1935).
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Kinetics of Diffusion-Controlled Reactions. An Experimental Test of the 

Theory as Applied to Fluorescence Quenching

by W illiam  R . W a re  and Joel S . N ovros

Departm ent o f  Chem istry, San D iego State College, San D iego, C alifornia  921 IB  (Received April 14, 1966)

A n  e x p e r i m e n t a l  t e s t  o f  t h e  t h e o r y  o f  d i f f u s i o n - c o n t r o l l e d  r e a c t i o n s  a s  a p p l i e d  t o  f l u o r e s 

c e n c e  q u e n c h i n g  i s  d e s c r i b e d .  B o t h  s t e a d y - s t a t e  f l u o r e s c e n c e  q u e n c h i n g  m e a s u r e m e n t s  

a n d  f l u o r e s c e n c e  l i f e t i m e  s t u d i e s  w i t h  a  n a n o s e c o n d  f l a s h  h a v e  b e e n  m a d e .  I t  w a s  f o u n d  

t h a t  d e p a r t u r e s  f r o m  S t e r n - V o l m e r  k i n e t i c s  a r e  s a t i s f a c t o r i l y  a c c o u n t e d  f o r  b y  t h e  t h e o r y  

b a s e d  o n  F i c k ’ s  l a w s ,  i n c l u d i n g  t r a n s i e n t  t e r m ,  f o r  t h e  s y s t e m  o f  a n t h r a c e n e  q u e n c h e d  

b y  c a r b o n  t e t r a b r o m i d e .  T h e  s u m  o f  t h e  c o l l i s i o n  r a d i i  w a s  t a k e n  a s  a n  a d j u s t a b l e  p a r a m 

e t e r  a n d  i t  w a s  f o u n d  t h a t  t h e  s t e a d y - s t a t e  q u e n c h i n g  d a t a  c o u l d  b e  e x p l a i n e d  w i t h  v a l u e s  

f a l l i n g  b e t w e e n  6  a n d  7 . 5  A .  R a d i i  i n  t h i s  r a n g e  w e r e  a l s o  c o n s i s t e n t  w i t h  t h e  l i f e t i m e  

m e a s u r e m e n t s .  T h e  p o s s i b i l i t y  o f  s t a t i c  q u e n c h i n g  i s  a l s o  d i s c u s s e d .

Introduction
T h e  p r o b l e m  o f  d i f f u s i o n - c o n t r o l l e d  r e a c t i o n s  h a s  

r e c e i v e d  c o n s i d e r a b l e  t h e o r e t i c a l  a t t e n t i o n  i n  t h e  p a s t  

s e v e r a l  d e c a d e s . 1 T h e o r e t i c a l  t r e a t m e n t s  o f  t h e  p r o b 

l e m  m a y  b e  d i v i d e d  i n t o  t w o  c a t e g o r i e s ,  o n e  i n v o l v i n g  a  

c o n s i d e r a t i o n  o f  t h e  c o n c e n t r a t i o n  g r a d i e n t s  i n  t h e  

s y s t e m 2 - 6  a n d  t h e  o t h e r  i n v o l v i n g  a n  a n a l y s i s  

o f  t h e  b e h a v i o r  o f  a  p a i r  o f  d i f f u s i n g  m o l e c u l e s . 1 ’ 7 

T h i s  l a t t e r  a p p r o a c h ,  w h i c h  u t i l i z e s  t h e  p r o b a b i l i t y  

o f  r e e n c o u n t e r  d e r i v e d  f r o m  t h e  t h e o r y  o f  r a n d o m  w a l k s ,  

h a s  b e e n  d e v e l o p e d  o v e r  t h e  p a s t  1 0  y e a r s  b y  N o y e s ,  

w h e r e a s  t h e  d e v e l o p m e n t  b a s e d  o n  c o n c e n t r a t i o n  g r a d i 

e n t s  h a d  i t s  o r i g i n  i n  t h e  w o r k  o f  S m o l u c h o w s k i ,  w h o  

a p p l i e d  F i c k ’ s  l a w s  t o  t h e  p r o b l e m  o f  t h e  r a t e  o f  c o a g u 

l a t i o n  o f  c o l l o i d a l  p a r t i c l e s .  S m o l u c h o w s k i 2 3 4 5 6 s o l v e d  

F i c k ' s  s e c o n d  l a w

dC/dt =  D V  2C  ( 1 )

s u b j e c t  t o  t h e  b o u n d a r y  c o n d i t i o n s  

C(r, 0 )  =  C o

C ( ® , t )  =  C 0 ( 2 )

O R ,  0  =  0

w h e r e  R  i s  t h e  s u m  o f  t h e  c o l l i s i o n  r a d i i  a n d  Co i s  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 h e  d i f f u s i n g  s p e c i e s .  T h e  p r o b 

l e m  o f  t h e  r e l a t i v e  m o t i o n  o f  t h e  p a r t i c l e s  i n  q u e s t i o n  

w a s  t a k e n  i n t o  a c c o u n t  b y  a d d i n g  t h e  i n d i v i d u a l  d i f 

f u s i o n  c o e f f i c i e n t s ,  h e . ,  D  =  Z ) A  +  D B . T h e  s o l u t i o n  

t o  e q  1 i s

C ( r ,  1 ) -  f t [ l  -  e r i c ( ^ 7 = ) (3)

w h e r e

2  r a
e r i c «  -  ^  c

E q u a t i o n  3  y i e l d s  f o r  t h e  f l u x  a t  R

$  == 4 7 r . R Z W , C 'o ( l  ~t~ R/\/w D t) 

w h i c h  l e a d s  t o  t h e  f a m i l i a r  e q u a t i o n

4 > /C 'o  =  4  ttR D N '

(4)

(5)

f o r  t h e  r a t e  c o n s t a n t  f o r  a  d i f f u s i o n - c o n t r o l l e d  r e a c t i o n  

i n  t h e  a b s e n c e  o f  t r a n s i e n t  e f f e c t s .  N '  i s  t h e  n u m b e r  o f  

m o l e c u l e s  i n  1 m m o l e .

T h e  b o u n d a r y  c o n d i t i o n ,  C(R , t) =  0 ,  h a s  b e e n  t h e

(1) R . M . N oyes Progr. Reaction K in etics , 1, 131 (1961).
(2 ) M . v . S m oluchow ski, Z . P h ysik . Chem., 92 , 129 (1917).
(3 ) E . W . M o n tro l, J. Chem. P h ys., 14, 202 (1946).
(4 ) T . R . W a ite , ibid., 28 , 103 (1 958 ); 32 , 21 (1960).
(5 ) A . W eller, Z. P hysik . Chem. (F ran k fu rt), 13, 335 (1957).
(6 ) J. Y gu era bid e , M . A . D illon , and M . B u rton , J. Chem. P h ys., 4 0 , 
3040 (1964).
(7 ) R . M . N oyes, J. P h ys. Chem., 65 , 763 (1961).
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s u b j e c t  o f  m u c h  d i s c u s s i o n , 1 ,8 ' 9 a n d  i t  i s  n o w  g e n e r a l l y  

r e c o g n i z e d  t h a t  o n e  m u s t  u s e  i n s t e a d

$  =  k C K

o r  i t s  e q u i v a l e n t

C B =  -  —
0C\
àr A

( 6 )

(7)

w h e r e  k i s  t h e  r a t e  c o n s t a n t  t h a t  w o u l d  p e r t a i n  i f  t h e  

e q u i l i b r i u m  c o n c e n t r a t i o n  o f  e n c o u n t e r  p a i r s  w e r e  

m a i n t a i n e d .  T h e  s u b s c r i p t  R  r e f e r s  t o  e v a l u a t i o n  a t  a  

d i s t a n c e  R  f r o m  t h e  s p e c i e s  c o n s i d e r e d  f i x e d .

T h e  f l u x  n o w  b e c o m e s

$  =
4  ttR D C oN '

1 +
4irRD 1 +

k
4t R D

e x p  (x2) e r f c  (x) ( 8 )

k

w h e r e

re =  (V D t / R ) (  1 +  k/4irRD) (9)
A t  t i m e s  g r e a t e r  t h a n  1 0 - u  s e c  f o r  o r d i n a r y  v a l u e s  o f  D  
a n d  R, e x p ( a ; 2) e r f c ( a : )  m a y  b e  e x p a n d e d  i n  a  s e r i e s  

w i t h  r e t e n t i o n  o n l y  o f  t h e  f i r s t  t e r m ,  g i v i n g 1

k(t) =  $ / C 0 =  4ttR 'D N '[  1 +
R '

V 1rDt)
( 1 0 )

w h e r e

R '  =  R / (  1 +  4 trRD/k) (ID
C o l l i n s , 9 u s i n g  r a n d o m - w a l k  c o n s i d e r a t i o n s ,  h a s  o b 

t a i n e d  a  s i m i l a r  r e l a t i o n s h i p  f o r  R '

R ' =  a R 2/(a R  +  p )  ( 1 2 )

w h e r e  a i s  t h e  r e a c t i o n  p r o b a b i l i t y  a n d  p  i s  r e l a t e d  t o  

t h e  a v e r a g e  d i f f u s i v e  d i s p l a c e m e n t .  E q u a t i o n  1 0  i s  o f  

t h e  f o r m  o f  S m o l u c h o w s k i ’ s  s o l u t i o n  a n d  a p p r o a c h e s  

i t  a s  k »  4ttRD .
T h e  a p p l i c a t i o n  o f  e q  1 0  t o  f l u o r e s c e n c e  q u e n c h i n g  i s  

s t r a i g h t f o r w a r d . 3,6,6 F o r  t h e  m e c h a n i s m

T h e  a p p l i c a t i o n  o f  e q  1 3  t o  e x p e r i m e n t a l  r e s u l t s  r e 

q u i r e s  t h e  e v a l u a t i o n  o f  a  s u p e r p o s i t i o n  i n t e g r a l  o f  

F ( i ) ,  t h e  e x c i t a t i o n  f u n c t i o n ,  a n d  G  (t), t h e  d e c a y  f u n c 

t i o n  o f  A *  f o r  i n s t a n t a n e o u s  e x c i t a t i o n ,  i.e.

J ( 0 p F ( £ ) G ( i
Jo

X )d X ( 1 4 )

J  ( 0  g i v e s  t h e  t i m e  d e p e n d e n c e  o f  t h e  f l u o r e s c e n c e  i n 

t e n s i t y  a n t i c i p a t e d  e x p e r i m e n t a l l y .  T h e  s t e a d y - s t a t e  

s o l u t i o n  i s  o b t a i n e d  b y  c o n s i d e r i n g  t h e  r e s p o n s e  t o  

e x c i t a t i o n  b y  a  s t e p  f u n c t i o n .  T h e  r e s u l t  i s

( 7 0/ / ) s s  =  ( 1  +  4 x R / Z W ' [ Q ] r 0) F - 1 ( 1 5 )

w h e r e

Y  =  1 —  (b/a/2) T /2 e x p (b2/a) e r f c ( 6 / o 1 /l)

a n d

a =  l / r 0 +  4 x R ' D A ' [ Q ]  

b =  4 R ,2 a A D A ' [ Q ]

T h i s  d e v e l o p m e n t ,  b a s e d  o n  t h e  q u e s t i o n a b l e  a p 

p l i c a t i o n  o f  a  c o n t i n u u m  t h e o r y  t o  t h e  d i f f u s i o n  o f  t w o  

s p e c i e s  t h r o u g h  a  s o l v e n t  c o m p o s e d  o f  m o l e c u l e s  o f  

s i m i l a r  s i z e ,  r e m a i n s  e s s e n t i a l l y  u n v e r i f i e d  e x p e r i 

m e n t a l l y .  T h e  r e c e n t l y  r e p o r t e d  r e s u l t s  o f  N o y e s 10,11 

o n  t h e  r a t e  o f  r e c o m b i n a t i o n  o f  i o d i n e  a t o m s  i n  c a r b o n  

t e t r a c h l o r i d e  a r e  e n c o u r a g i n g ,  b u t  t h e  t e s t  s u f f e r s  

s o m e w h a t  f r o m  a  l a c k  o f  a c c u r a t e  d i f f u s i o n  c o e f f i c i e n t s .

T h i s  p a p e r  r e p o r t s  a n  a t t e m p t  t o  t e s t  e x p e r i m e n t a l l y  

t h e  t h e o r y  ( i n c l u d i n g  t r a n s i e n t  t e r m )  a s  o u t l i n e d  a b o v e .  

S t e a d y - s t a t e  a n d  t r a n s i e n t  m e a s u r e m e n t s  h a v e  b e e n  

m a d e  o n  a  f l u o r e s c e n c e  q u e n c h i n g  s y s t e m  o f  h i g h  e f 

f i c i e n c y ,  t h e  q u e n c h i n g  o f  a n t h r a c e n e  f l u o r e s c e n c e  b y  

c a r b o n  t e t r a b r o m i d e .  T h i s  s y s t e m  h a s  b e e n  r e p o r t e d  

b y  B o w e n  a n d  M e t c a l f 12 t o  d e p a r t  s i g n i f i c a n t l y  f r o m  

S t e r n - V o l m e r  k i n e t i c s .  B o w e n  a n d  M e t c a l f  a t 

t r i b u t e d  t h i s  b e h a v i o r  t o  s t a t i c  q u e n c h i n g ,  b u t  N o y e s 13 

a d o p t e d  t h e  v i e w  t h a t  t h e  o b s e r v e d  c o n c e n t r a t i o n  

d e p e n d e n c e  o f  t h e  S t e r n - V o l m e r  c o n s t a n t  w a s  d u e  t o  

t r a n s i e n t  e f f e c t s  i n  t h e  d i f f u s i o n - c o n t r o l l e d  k i n e t i c s .
P ro ce s s R a te H o w e v e r ,  N o y e s  h a d  n o  t r a n s i e n t  s t u d i e s  a v a i l a b l e

A  — >  A * c x F ( 0 ( a ) t o  u s e  i n  r e i n t e r p r e t i n g  t h e  d a t a .

A *  — >  A  +  hv
}  [ A * ] / T o

( b ) E x p e r i m e n t a l  S e c t i o n

A *  — A ( c ) F l u o r e s c e n c e  d e c a y  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

A *  +  Q  — >  p r o d u c t s * ( * ) [ A * ] [ Q ] ( d )
p h o t o c u r r e n t - s a m p l i n g  a p p a r a t u s  s i m i l a r  t o  t h a t  d e -

o n e  o b t a i n s  t h e  d e c a y  l a w  f r o m  e q  1 0  f o r  i n s t a n t a n e o u s  

e x c b a t i o n .  T h i s  i s  g i v e n  b y  t h e  e x p r e s s i o n

J ( i )  =

/ „ e x p j - ^ -  -  4w R'D N '[Q ]t[l +  2 R ' / v ^ ] } ( 1 3 )

(8 ) F . C . C ollins and G . E . K im ba ll, J . Colloid Sci., 4 , 425 (1949).

(9 ) F . C . C ollins, ibid., 5 , 499 (1950).
(10) R . M . N oyes, J. A m . Chem. Soc., 86 , 4529 (1964).
(11 ) R . M . N oyes , J. P h ys. Chem., 69 , 3182 (1965).
(12) E . J. B ow en  and W . S. M etca lf, P roc. R o y . Soc. (L on d on ), 
A206, 437 (1951).
(13) R . M . N oyes, J. A m . Chem. Soc., 79 , 551 (1957).
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s c r i b e d  b y  B e n n e t t . 1 4 -1 6  F l u o r e s c e n c e  w a s  e x c i t e d  

w i t h  a  n a n o s e c o n d  f l a s h  l a m p  o p e r a t e d  a t  a  r e p e t i t i o n  

r a t e  o f  5 - 7  k c .  T h e  f l a s h i n g  g a s  w a s  a i r ,  t h e  e m i s s i o n  

o r i g i n a t i n g  p r i m a r i l y  f r o m  t h e  C 3ir u —► B 3irg f l u o r e s c e n c e  

o f  n i t r o g e n  q u e n c h e d  b y  o x y g e n .  T h e  t i m e  b a s e  w a s  

s e t  b y  a  v a r i a b l e  d e l a y  l i n e ,  w h i c h  d e t e r m i n e d  t h e  t i m e  

i n t e r v a l  b e t w e e n  t h e  p u l s i n g  o f  t h e  l a m p  a n d  t h e  p u l s 

i n g  o f  t h e  p h o t o m u l t i p l i e r  t u b e .  T h i s  v a r i a b l e - d e l a y  

l i n e  w a s  c a l i b r a t e d  a g a i n s t  t h e  s p e e d  o f  l i g h t  a n d  w a s  

f o u n d  t o  b e  l i n e a r  a n d  a c c u r a t e  t o  b e t t e r  t h a n  2 . 5 % .

I n  t h e  p a s t  d e c a d e  a  n u m b e r  o f  i n v e s t i g a t o r s  h a v e  

m a d e  f l u o r e s c e n c e  l i f e t i m e  m e a s u r e m e n t s ,  a n d  t h e r e  i s  

s o m e  o v e r l a p  r e g a r d i n g  t h e  c o m p o u n d s  m e a s u r e d  a n d  

t h e  s o l v e n t  u s e d .  I f  o n e  c o m p a r e s  t h e  m e a s u r e m e n t s  

o f  W a r e , 16 W a r e  a n d  B a l d w i n , 16 B i r k s  a n d  D y s o n , 17 

M e t c a l f , 18 a n d  L u m r y ,  K o k u b u n ,  a n d  M ü l l e r 19 o n  

c o m p o u n d s  s u c h  a s  a c r i d o n e ,  q u i n i n e  b i s u l f a t e ,  f l u o r e s 

c e i n ,  a n t h r a c e n e ,  p e r y l e n e ,  a n d  9 , 1 0 - d i p h e n v l a n t h r a -  

c e n e ,  o n e  f i n d s  t h a t  t h e  a g r e e m e n t  b e t w e e n  i n v e s t i g a 

t o r s  i s  o n  t h e  a v e r a g e  w i t h i n  2 . 5 %  f o r  a  g i v e n  c o m p o u n d .  

T h i s  c o m p a r i s o n  i n c l u d e s  m e a s u r e m e n t s  m a d e  w i t h  

b o t h  t h e  p h a s e - s h i f t  t e c h n i q u e  a n d  t h e  d i r e c t - o b s e r v a 

t i o n  n a n o s e c o n d - f l a s h  m e t h o d .  T h u s  w e  h a v e  a p 

p a r e n t l y  r e a c h e d  t h e  p o i n t  w h e r e  c o n s i d e r a b l e  c o n 

f i d e n c e  m a y  b e  p l a c e d  i n  s u c h  m e a s u r e m e n t s .

S t e a d y - s t a t e  m e a s u r e m e n t s  o f  f l u o r e s c e n c e  i n t e n s i t y  

r a t i o s  w e r e  a c c o m p l i s h e d  w i t h  t h e  a p p a r a t u s  i l l u s t r a t e d  

i n  F i g u r e  1 . T h e  i n s t r u m e n t  u t i l i z e s  t h e  d o u b l e 

b e a m  m e t h o d  d e s c r i b e d  b y  B o w e n  a n d  M e t c a l f 12 a n d  

i s  q u i t e  i n s e n s i t i v e  t o  v a r i a t i o n s  i n  l a m p  i n t e n s i t y .  

M e a s u r e m e n t s  w e r e  m a d e  i n  1 - c m  c e l l s .  O x y g e n  w a s  

c a r e f u l l y  r e m o v e d  f r o m  a l l  s o l u t i o n s .  I n  o b t a i n i n g  

( 7 0/ 7 ) ss, c o r r e c t i o n s  w e r e  m a d e  f o r  d a r k  c u r r e n t  a n d  

s c a t t e r e d  l i g h t .  C a r e  w a s  e x e r c i s e d  t o  l i m i t  t h e  e x 

p o s u r e  t i m e  i n  t h e  s t e a d y - s t a t e  m e a s u r e m e n t s  i n  o r d e r  

t o  p r e v e n t  t h e  p h o t o c h e m i c a l  d i s a p p e a r a n c e  o f  a n t h r a 

c e n e  f r o m  i n t r o d u c i n g  a n  e r r o r .

Z o n e - r e f i n e d  a n t h r a c e n e  w a s  u s e d  f o r  a l l  e x p e r i 

m e n t s .  T h e  c a r b o n  t e t r a b r o m i d e  ( M a t h e s o n  S c i e n 

t i f i c  C o . )  w a s  v a c u u m  s u b l i m e d  u n t i l  w h i t e  c r y s t a l s  

w e r e  o b t a i n e d .  C a r b o n  a n d  b r o m i n e  m i c r o a n a l y s e s  

i n d i c a t e d  b e t t e r  t h a n  9 9 %  p u r i t y .  T h e  s o l v e n t s  h e p 

t a n e  a n d  a c e t o n i t r i l e  w e r e  s p e c t r o s c o p i c  g r a d e .  I s o 

b u t y l  a l c o h o l  w a s  d i s t i l l e d  p r i o r  t o  u s e .

R e p r e s e n t a t i v e  s o l u t i o n s  c o n t a i n i n g  a n t h r a c e n e  a n d  

c a r b o n  t e t r a b r o m i d e  w e r e  e x a m i n e d  w i t h  a  C a r y  1 4  

s p e c t r o p h o t o m e t e r  a n d  t h e  r e s u l t a n t  s p e c t r a  c o m p a r e d  

w i t h  s p e c t r a  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 .  N o  e v i 

d e n c e  w a s  o b t a i n e d  t o  s u g g e s t  g r o u n d - s t a t e  c o m p l e x  

f o r m a t i o n .

R esults and Discussion

T h e  c o m p a r i s o n  o f  e x p e r i m e n t a l  r e s u l t s  w i t h  t h e

F ig u re  1. S te a d y -s ta te  flu o re sce n ce  ap p aratu s .

t h e o r y  o f  d i f f u s i o n - c o n t r o l l e d  r e a c t i o n s  i n v o l v e d  t w o  

d i f f e r e n t  a p p r o a c h e s .  T h e  f i r s t ,  w h i c h  w i l l  b e  r e f e r r e d  

t o  a s  m e t h o d  A ,  w a s  a s  f o l l o w s .  E q u a t i o n  1 5  w a s  

f i t  t o  t h e  ( 7 o / i ) s s  d a t a ,  u s i n g  R '  a s  a n  a d j u s t a b l e  p a r a m 

e t e r .  T h e  v a l u e  o f  R '  w h i c h  g a v e  t h e  b e s t  f i t  f o r  e a c h  

s o l v e n t  w a s  t h e n  u s e d  i n  t h e  a n a l y s i s  o f  t h e  f l u o r e s c e n c e  

d e c a y  d a t a  t o  p r o d u c e  a  c o m p a r i s o n  b e t w e e n  ( A ( 1 / t ) /  

A f Q J o b s d  a n d  t h e  t h e o r y .

I n  m e t h o d  B ,  t h e  r e s u l t s  o f  t h e  f l u o r e s c e n c e  l i f e t i m e  

m e a s u r e m e n t s  w e r e  a l s o  u s e d  d i r e c t l y  t o  i n t e r p r e t  t h e  

s t e a d y - s t a t e  r e s u l t s  b y  m a k i n g  t h e  f o l l o w i n g  m o d i f i c a 

t i o n s  o f  e q .  1 5

(Jo/Dm =  ( 1  +  * ' [ Q ] to ) F - x ( 1 6 )

w i t h

a  —  1 / r o  +  f c ' [ Q ]  

b =  k '[Q ]R '/ V ^ D

T h e  v a l u e  o f  ¥  w a s  o b t a i n e d  f r o m  t h e  s u p e r p o s i t i o n  

i n t e g r a l  c a l c u l a t i o n s ;  i.e., t h e  d e c a y  l a w  w a s  t a k e n  t o  

b e

1 ( 0  =  7 0 e x p {  —t/T0 — 7 ' [ Q ] i [ l  +  2 / f y V iri)t]\ ( 1 7 )

a n d  ¥  w a s  v a r i e d  u n t i l  a g r e e m e n t  w i t h  t h e  m e a s u r e d  

v a r i a t i o n  o f  t h e  l i f e t i m e  w i t h  c o n c e n t r a t i o n s  w a s  o b -

(14) R . G . B enn ett, Rev. Sei. I m tr .,  31 , 1275 (1960).
(15) W . R . W a re  and B . A . B aldw in , J . Chem. P h ys ., 4 0 , 1703 (1 964 ).
(16) W . W are, J . A m . Chem, Soc., 83 , 4374 (1961).
(17) J. B . B irks and D . J. D y so n , P roc. R oy . Soc. (L o n d o n ), A 275 , 
135 (1963).
(18) W . S. M etca lf, J . S ei, In s tr ., 42 , 603 (1965).
(19) A . M iiller, R , L um ry , and  H . K o k u b u n , Rev. Sei. In str ., 36 , 
1214 (1965).
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t a i n e d .  T h i s  f i t  w a s  n o t  p a r t i c u l a r l y  s e n s i t i v e  t o  t h e  

v a l u e  o f  R ',  a n d  k '  w a s  t h u s  e a s i l y  f o u n d .  R '  i n  e q  

1 6  w a s  t h e n  v a r i e d  t o  o b t a i n  a  f i t  w i t h  t h e  s t e a d y - s t a t e  

d a t a .  T h e  d e c a y  l a w  c a l c u l a t i o n s  w e r e  t h e n  c h e c k e d  

t o  s e e  i f  t h e  n e w  R '  c a u s e d  a  s i g n i f i c a n t  c h a n g e  i n  k'.
T h e s e  t w o  m e t h o d s  w i l l  n o w  b e  d i s c u s s e d  i n  d e t a i l .  

S t e a d y - s t a t e  m e a s u r e m e n t s  p r o d u c e d  v a l u e s  o f  ( / 0/ / ) Bs 

a n d  K bv, w h e r e

T o  c o m p a r e  t h e  r e s u l t s  w i t h  e q  1 5 ,  v a l u e s  f o r  t h e  d i f 

f u s i o n  c o e f f i c i e n t s  o f  a n t h r a c e n e  a n d  c a r b o n  t e t r a b r o -  

m i d e  w e r e  r e q u i r e d .  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  e s t i 

m a t e d  f r o m  v a l u e s  o f  Dtj/T, w h e r e  rj i s  t h e  s o l v e n t  

v i s c o s i t y ,  r e p o r t e d  i n  t h e  l i t e r a t u r e  f o r  p h e n a n t h r e n e  

a n d  c a r b o n  t e t r a b r o m i d e 20 i n  b e n z e n e .  T o  o b t a i n  

v a l u e s  o f  t h e  d i f f u s i o n  c o e f f i c i e n t  i n  h e p t a n e  a n d  

a c e t o n i t r i l e ,  i t  w a s  a s s u m e d  t h a t  D tj/ T  =  C. F o r  i s o 

b u t y l  a l c o h o l ,  a c c o u n t  w a s  t a k e n  o f  t h e  f a c t  t h a t  t h e  

v a l u e  o f  C  i s  d i f f e r e n t  f r o m  t h a t  a p p r o p r i a t e  t o  b e n z e n e  

o r  h e p t a n e ,  a n d  a  c o r r e c t i o n  w a s  a p p l i e d  b a s e d  o n  

t h e  d i f f u s i o n  c o e f f i c i e n t  f o r  b r o m o f o r m  i n  v a r i o u s  

a l c o h o l s . 20 T h e  r e s u l t a n t  d i f f u s i o n  c o e f f i c i e n t s  f i s t e d  

i n  T a b l e  I  w e r e  w i t h i n  2 0 %  o f  t h e  v a l u e s  p r e d i c t e d  

f r o m  t h e  n o m o g r a p h s  o f  O t h m e r  a n d  T h a k e r 21 a n d  

a r e  i n  f a i r  a g r e e m e n t  w i t h  t h e  t r a c e r  m e a s u r e m e n t s  

r e c e n t l y  r e p o r t e d , 22 a l t h o u g h  t h e s e  l a t t e r  m e a s u r e m e n t s  

a p p e a r  t o  g i v e  s o m e w h a t  h i g h  r e s u l t s .

E x a m p l e s  o f  t h e  d e g r e e  t o  w h i c h  e q  1 5  f i t s  t h e  e x p e r i 

m e n t a l  d a t a  a r e  s h o w n  i n  F i g u r e s  2 - 4 ,  a n d  t h e  r e s u l t s  

f o r  a l l  s y s t e m s  s t u d i e d  a r e  c o n t a i n e d  i n  T a b l e  I .  

E q u a t i o n  1 5  i s  c l e a r l y  q u i t e  s e n s i t i v e  t o  t h e  v a l u e  o f  

R ',  a s  i s  i n d i c a t e d  b y  t h e  r a n g e s  g i v e n  o n  t h e  t h e o r e t i c a l  

c u r v e s .

Figure 3. Steady-state results in isobutyl 
alcohol (low concentration) at 25°.

Figure 4. Steady-state results in acetonitrile at 25°.

T h e  v a l u e s  o f  R '  f o u n d  t o  p r o d u c e  a  f i t  w i t h  t h e  

s t e a d y - s t a t e  d a t a  w e r e  t h e n  u s e d  t o  c a l c u l a t e  t h e  

f l u o r e s c e n c e  d e c a y  b e h a v i o r ,  J ( £ ) ,  a n t i c i p a t e d  t h e o r e t i 

c a l l y .  T h e  s u p e r p o s i t i o n  i n t e g r a l

-  -  4 irR 'D lV / [Q ]X [l +
TO

2 -  X ) d X ( 1 9 )

w h e r e  F ( < )  i s  t h e  e m p i r i c a l  l a m p  i n t e n s i t y  f u n c t i o n ,  

w a s  c a l c u l a t e d  n u m e r i c a l l y .  T h e  l a m p  f u n c t i o n  h a d  

a  r i s e  t i m e  ( 1 0 - 9 0 % )  o f  a b o u t  2  n s e c ,  a  w i d t h  a t  h a l f -

(20) A . E . Stearn, E . M . Irish, and H . E yrin g , J. P h ys. Chem., 44, 981 
(1940).
(21) D . F . O thm er and M . S. T h ak a r, Ind . E ng. Chem., 4S, 589 
(1953).
(22 ) T . A . M iller, et al., J . A m . Chem. Soc., 87 , 121 (1965).
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Table I : Results of Analysis of Data by Method A°
1 0 -“ A ( l/ r )/ A [Q ] ,

S o lv e n t
T ,
° C

1 0 “Z>, 
c m 2 s e c - 1

1 0 - 8/ r o ,  
s e c  - 1

R \
A

,---------------------M-i
T h e o r e t

i g e e " 1-------- ---------*— *
E x p t l

-------- — K „ vo,
T h e o r e t

M-i------------
E x p t l

Heptane 10 3.59 1.79
(±0.009)

7.0 1.99 1.74
(±0.013)

125 118
(± 3 )

Heptane 25 4.35 1.81
(±0.007)

7.0 2.38 2.13
(±0.023)

140 140
(± 2 )

Heptane 40 5.36 1.82
(±0.011)

7.0 2.97 2.37
(±0.037)

170 160
(±20)

Aceto
nitrile

25 5.07 2.07
(±0.17)

6.0 2.33 1.76
(±0.36)

120 107
(± 2 )

Isobutyl
alcohol

25 1.10 1.95
(±0.018)

6.5 0.59 0.54
(±0.023)

35 25* * 6 *
(± D

“ Experimental errors listed are probable errors from least-squares analysis. 6 Low-concentration value.

m a x i m u m  o f  4 . 4  n s e c ,  a n d  a  d e c a y  t i m e  g i v e n  b y  

e x p (  —  5 . 5 5  X  1 0 8( ) .  J ( i )  w a s  c a l c u l a t e d  f r o m  t  =
0  t o  t  =  3 0  n s e c  w i t h  v a l u e s  o f  [ Q ]  f r o m  3 . 0 0  X  1 0 ~ 3 

t o  1 . 1 0  X  1 0 ~ 2 M. T h e  d e c a y  p o r t i o n  o f  J ( f )  b e c a m e  

e x p o n e n t i a l  s o o n  a f t e r  t h e  m a x i m u m  w a s  p a s s e d  a n d  

w a s  e x p o n e n t i a l  f o r  4 - 6  h a l f - l i v e s .  I t  w a s  t h u s  p o s s i b l e  

t o  a s s o c i a t e  w i t h  e a c h  [ Q ]  v a l u e  a  v a l u e  o f  t h e  a p p a r e n t  

l i f e t i m e ,  T ap p . T h e  r a n g e  o v e r  w h i c h  A  l o g  J ( f ) / A t  

w a s  c o m p u t e d  c o r r e s p o n d e d  t o  t h e  r a n g e  u s e d  i n  t h e  

a n a l y s i s  o f  t h e  e x p e r i m e n t a l  d e c a y  c u r v e s .  P l o t s  o f

1 / Tapp vs- [ Q ]  w e r e  l i n e a r  b e l o w  7  X  1 0 - 3  M  a n d  t h i s  

s l o p e  w a s  u s e d  t o  o b t a i n  a  t h e o r e t i c a l  v a l u e  f o r  A ( 1 / t ) /  

A [ Q ] .  T h e  e x p o n e n t i a l  d e c a y  p r e d i c t e d  t h e o r e t i c a l l y  

w a s  o b s e r v e d  e x p e r i m e n t a l l y  i n  a l l  c a s e s .  T h e  r e s u l t s  

o f  t h e  l i f e t i m e  m e a s u r e m e n t s  a r e  g i v e n  i n  T a b l e  I ,  

a l o n g  w i t h  t h e  t h e o r e t i c a l  p r e d i c t i o n s .

F r o m  t h e  e x p e r i m e n t a l  v a l u e  o f  A ( l / r ) , / A [ Q ]  i t  

w a s  p o s s i b l e  t o  c o n s t r u c t  a  S t e r n - V o l m e r  l i n e  o n  t h e  

Io/I  p l o t s  f r o m

(h/I)ss  =  1 +  ( A ( l / r ) / A [ Q ] ) e x p t l T o [ Q ]  ( 2 0 )

T h e  r e s u l t s  a r e  s h o w n  i n  F i g u r e s  2 - 5  t o  e m p h a s i z e  

t h e  m a g n i t u d e  o f  t h e  d e p a r t u r e s  f r o m  t h e  a n t i c i p a t e d  

b e h a v i o r  i f  S t e r n - V o l m e r  k i n e t i c s  h a d  b e e n  o b e y e d  i n  

b o t h  t h e  t r a n s i e n t  a n d  s t e a d y - s t a t e  s t u d i e s .

T h e  r e s u l t s  o f  t h e  c a l c u l a t i o n s  f o l l o w i n g  m e t h o d  B  

a r e  g i v e n  i n  T a b l e  I I .  I t  s h o u l d  b e  n o t e d  t h a t  i n  

m e t h o d  B ,  k '  i s  h e l d  c o n s t a n t  w h i l e  R '  i s  v a r i e d  i n  

o r d e r  t o  f i t  t h e  s t e a d y - s t a t e  d a t a .  T h i s  i s ,  o f  c o u r s e ,  

n o t  s t r i c t l y  v a l i d  s i n c e  k '  i s  a  f u n c t i o n  o f  R ',  b u t  o n e  

c a n  a r g u e  t h a t  t h i s  a p p r o a c h  m a k e s  m a x i m u m  u s e  o f  

t h e  e x p e r i m e n t a l  d a t a  a n d  l e a v e s  o n l y  p a r t  o f  t h e  R '  
d e p e n d e n c e  o f  t h e  c o r r e c t i o n  f a c t o r  b t o  b e  d e t e r m i n e d .  

I t  c a n  b e  s e e n  t h a t  m e t h o d  B  p r o d u c e s  r e s u l t s  t h a t  a r e  

n o t  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  t h o s e  o f  m e t h o d  A .

Table II: Analysis of Data by Method B“ 

i o - ioA',
T, R ' , '---- X .V », M ~ l-------->

S o lv e n t " C s e c -1 A T h e o r e t E x p t l

Heptane 10 1.68 8.0 139 118

Heptane 25 2.05 7.0 143
(± 3 )
140

Heptane 40 2.30 7.0 173
(± 2 )
160

Aceto 25 1.70 6.0 120
(±20)
107

nitrile
Isobutyl 25 0.50 6.0 32

(± 2 )
28*

alcohol (± 1 )

° Experimental errors listed are probable errors from least- 
squares analysis. 6 Low-concentration value.

T h e  v a l u e s  o f  R '  o b t a i n e d  a r e  r e a s o n a b l e  s i n c e  t h e

s u m  o f  t h e  c o l l i s i o n  r a d i i  m u s t  f a l l  s o m e w h e r e  b e t w e e n

6  a n d  8  A .  I n  a d d i t i o n ,  s i n c e  a c c o r d i n g  t o  e q  1 1 ,  

R ' <  R a +  R b , i t  i s  e n c o u r a g i n g  t h a t  t h e  v a l u e s  o f  

R ’ a r e  f o u n d  t o  b e  i n  t h e  r a n g e  o f  6 - 7  A .  F o r  e x a m p l e ,  

i f  o n e  c a l c u l a t e s  k  f r o m  t h e  k i n e t i c  t h e o r y  o f  g a s e s ,  

t h e n  e q  1 1  g i v e s  R '  =  R / 1 . 2  f o r  l o w - v i s c o s i t y  s o l v e n t s .

T h e  a g r e e m e n t  b e t w e e n  A ( l / r ) / A [ Q ]  o b t a i n e d  

b y  m e t h o d  A  a n d  t h e  e x p e r i m e n t a l  r e s u l t s  o f  t h e  l i f e 

t i m e  m e a s u r e m e n t s  g i v e n  i n  T a b l e  I  w o u l d  a p p e a r  t o  

b e  s a t i s f a c t o r y  w h e n  o n e  c o n s i d e r s  t h a t ,  o n c e  t h e  v a l u e  

o f  R '  i s  f i x e d  b y  t h e  f i t  t o  t h e  s t e a d y - s t a t e  d a t a ,  t h e r e  

a r e  n o  a d j u s t a b l e  p a r a m e t e r s .  T h e  a g r e e m e n t  b e t w e e n  

t h e  v a l u e  o f  K sr 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  t h e o r e t i 

c a l  c a l c u l a t i o n s  t o  z e r o  c o n c e n t r a t i o n

A sv °  =  l i m  K sv =  A irR 'D N 'r l  1 +  - % = )  ( 2 1 )
[Q]— o \  V  U toJ
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Figure 1. Phase diagram for dimethyloctylphosphine 
oxide-water.

Figure 2. Phase diagram for dimethyldecylphosphine 
oxide-water.

a n d  w i l l  n o t  b e  c o n s i d e r e d  a n y  f u r t h e r  i n  t h i s  p a p e r .  

T h e  p a r t  o f  t h e  p h a s e  d i a g r a m  o f  p a r t i c u l a r  i n t e r e s t  

h e r e  i s  t h e  r e g i o n  w h e r e  t w o  i m m i s c i b l e  i s o t r o p i c  s o l u 

t i o n s  c o e x i s t  ( F i g u r e s  2  a n d  3 ) .  I n  b i n a r y  s o l u t i o n  

t e r m i n o l o g y , 21 t h e  t w o  i m m i s c i b l e  i s o t r o p i c  s o l u t i o n s  

a r e  r e f e r r e d  t o  a s  c o n j u g a t e  s o l u t i o n s .  T h e  t e m p e r a 

t u r e  a t  w h i c h  p h a s e  s e p a r a t i o n  o c c u r s  i s  c a l l e d  a n  u p p e r  

c o n s o l u t e  t e m p e r a t u r e  w h e n  a  m a x i m u m  o c c u r s  i n  

t h e  p h a s e  b o u n d a r y .  T h e  s u r f a c t a n t  c o n c e n t r a t i o n  

a t  w h i c h  t h e  m a x i m u m  o r  m i n i m u m  o c c u r s  i s  c a l l e d  

t h e  c r i t i c a l  c o n c e n t r a t i o n .  T h e  t e m p e r a t u r e  a t  w h i c h  

t h e  m a x i m u m  o c c u r s  i n  t h e  c o n s o l u t e  b o u n d a r y  i s  

c a l l e d  a n  u p p e r  c r i t i c a l  s o l u t i o n  t e m p e r a t u r e ,  a n d  t h e  

t e m p e r a t u r e  a t  w h i c h  t h e  m i n i m u m  o c c u r s  i n  t h e

Figure 3. Phase diagram for dimethyldodecylphosphine 
oxide-water. Insert shows consolute boundary 
at low concentrations.

c o n s o l u t e  t e m p e r a t u r e  i s  c a l l e d  a  l o w e r  c r i t i c a l  s o l u 

t i o n  t e m p e r a t u r e .  T h u s ,  w h i l e  D C sP O  d o e s  n o t  f o r m  

i m m i s c i b l e  i s o t r o p i c  s o l u t i o n s  a t  t h e  t e m p e r a t u r e  e x 

a m i n e d ,  b o t h  t h e  D C i o P O  a n d  D C 1 2 P O  b i n a r y  s y s t e m s  

d o  e x h i b i t  c r i t i c a l  s o l u t i o n  b e h a v i o r .  I f  o n e  e x a m i n e s  

p h a s e  d a t a  f o r  e t h y l e n e  o x i d e  s u r f a c t a n t - w a t e r  s y s t e m s  

p u b l i s h e d  i n  t h e  l i t e r a t u r e , 11,12 i t  c a n  b e  s e e n  t h a t  t h e  

t e r m  “ c l o u d  p o i n t , ”  a s  u s e d  b y  t h e  a u t h o r s ,  i s  r e a l l y  

t h e  l o w e r  c o n s o l u t e  t e m p e r a t u r e  o f  t h e  s y s t e m .  H e n c e ,  

w e  e q u a t e  t h e  t e r m  “ c l o u d  p o i n t ”  a n d  l o w e r  c o n s o l u t e  

t e m p e r a t u r e .

T h e  t e m p e r a t u r e  a n d  c o m p o s i t i o n  r a n g e s  o v e r  w h i c h  

c o n j u g a t e  s o l u t i o n s  e x i s t  i n  t h e  d i m e t h y l a l k y l p h o s p h i n e  

o x i d e - w a t e r  s y s t e m s  d e c r e a s e  w i t h  d e c r e a s e d  a l k y l  

c h a i n  l e n g t h  i n  t h e  s u r f a c t a n t  ( s e e  F i g u r e s  1 ,  2 ,  a n d  3 ) .  

O n l y  D C 12P O  e x h i b i t s  a  l o w e r  c o n s o l u t e  b o u n d a r y  w h i c h  

e x t e n d s  o v e r  a  w i d e  r a n g e  o f  t e m p e r a t u r e s  a n d  c o m 

p o s i t i o n s ;  t h e  c r i t i c a l  s o l u t i o n  t e m p e r a t u r e  a n d  c o n 

c e n t r a t i o n  w e r e  v i s u a l l y  e s t i m a t e d  t o  b e  a p p r o x i m a t e l y  

3 8 . 8 °  a n d  a b o u t  0 . 7 %  D C 12P O ,  r e s p e c t i v e l y .  T h e  

D C 10P O  s y s t e m  e x h i b i t s  b o t h  a n  u p p e r  a n d  l o w e r  c o n 

s o l u t e  b o u n d a r y  w i t h  c r i t i c a l  t e m p e r a t u r e s  o f  a b o u t  

1 7 7  a n d  1 2 4 ° ,  r e s p e c t i v e l y ,  a n d  c r i t i c a l  c o n c e n t r a t i o n s  

b e t w e e n  1 0  a n d  1 5 %  D C 10P O .  C o n s i d e r a b l e  p r e s s u r e  

m u s t  h a v e  d e v e l o p e d  i n  t h e  s e a l e d  p h a s e  t u b e s  a t  t h e  

t e m p e r a t u r e s  w h e r e  t h e  c o n j u g a t e  s o l u t i o n s  o f  D C 10P O  

w e r e  o b s e r v e d ;  t h e  e f f e c t  o f  p r e s s u r e  o n  t h i s  t y p e  o f  

p h a s e  s e p a r a t i o n  i s  u n k n o w n .  T h e  D C s P O  s y s t e m  

d o e s  n o t  f o r m  c o n j u g a t e  s o l u t i o n s  b e l o w  2 0 0 ° .

General Light-Scattering Properties and Theory.

(21) S. G lasstone, “ T e x tb o o k  o f P hysica l C h em istry ,”  2n d  ed , D . 
V an  N ostrand  C o ., In c ., N ew  Y o rk , N . Y .,  1946, C hapter X .
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l a t e d  d i r e c t l y  f r o m  t h e  c o n c e n t r a t i o n  d e p e n d e n c e  o f  

K av. H o w e v e r ,  t h e  s l o p e  a n d  i n t e r c e p t  o f  p l o t s  o f  

K av vs. [ Q ]  t o g e t h e r  p r o v i d e  s u f f i c i e n t  i n f o r m a t i o n  t o  

p e r m i t  c a l c u l a t i o n  o f  b o t h  fcq r 0 a n d  K '.  I t  w a s  f o u n d  

t h a t  t h e  t w o  m e t h o d s  a r e  n o t  c o n s i s t e n t  a n d  t h a t  K '  
i s  n o t  a  c o n s t a n t  a t  2 5 ° .  F o r  i s o b u t y l  a l c o h o l ,  t h e  

c a l c u l a t i o n  w a s  d o n e  o n l y  f o r  t h e  h i g h  c o n c e n t r a t i o n  

r e s u l t s  s i n c e  i n  t h e  l o w - c o n c e n t r a t i o n  r a n g e ,  Zcq r 0 = =  K av. 
T h 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 I I .

Table III : Analysis of the Data According to Eq 22 * X

A K bv/

■ Kgv0, A [Q ],
T, M - 1 M~*

Solvent °C (exptl) (exptl) K"> K ' b K’ c

Heptane 10 1 18 2570 29 21 26
Heptane 25 140 1770 14 23 16
Heptane 40 160 2200 16 30 17
Aceto

nitrile
25 107 1830 2 1 23 17

Isobutyl
alcohol

25 39d 300 1 1 1 1 8 .6

° From slope and intercept. b From assumed kqro and inter
cept. ‘  From assumed i;qro and slope. d High-concentration 
intercept.

W e  h a v e  a t t e m p t e d  t o  f i t  e q  1 5  t o  t h e  d a t a  o f  B o w e n  

a n d  M e t c a l f ,  u s i n g  t h e  l e a s t - s q u a r e s  s l o p e s  a n d  i n t e r 

c e p t s  q u o t e d  b y  N o y e s 13 f o r  t h e  K sv cs. [ Q ]  p l o t s  o f  

B o w e n  a n d  M e t c a l f .  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  e s t i 

m a t e d  f r o m  t h e  d i f f u s i o n  c o e f f i c i e n t  o f  t o l u e n e  r e p o r t e d  

f o r  a  s e r i e s  o f  h y d r o c a r b o n  s o l v e n t s  r a n g i n g  f r o m  

h e p t a n e  t o  t r i d e c a n e . 20 I t  w a s  a s s u m e d  t h a t  t h e  D  
vs. T/rj p l o t  f o r  D =  D a +  D q  w o u l d  b e  s i m i l a r  i n  

s h a p e  b u t  d i s p l a c e d  u p w a r d .  T h e  c u r v e  w a s  m a d e  

c o n s i s t e n t  w i t h  t h e  v a l u e s  o f  D  q u o t e d  i n  T a b l e  I .  

T h i s  w a s  t a k e n  a s  v a l i d  o v e r  t h e  r a n g e  o f  T/rj o f  5 . 8

X  1 0 - 4  t o  1 . 2 5  X  1 0 - 4  d e g / p o i s e .  T h e  I 0/ I  p l o t s  

w e r e  r e c o n s t r u c t e d  f r o m  B o w e n  a n d  M e t c a l f ’ s  K sv 
d a t a .  T h e  v a l u e  o f  t h e  u n q u e n c h e d  l i f e t i m e  w a s  

t a k e n  t o  b e  5 . 5  n s e c ,  s i n c e  t h e  l i f e t i m e  o f  a n t h r a c e n e  

d o e s  n o t  a p p e a r  t o  v a r y  s i g n i f i c a n t l y  f r o m  o n e  s a t u 

r a t e d  h y d r o c a r b o n  s o l v e n t  t o  t h e  n e x t .  V a l u e s  o f  R '  
r e q u i r e d  t o  c a u s e  e q  1 5  t o  f i t  t h e  I 0/ I  d a t a  w e r e  d e t e r 

m i n e d  a n d  a r e  g i v e n  i n  T a b l e  I V .  T h e  r e s u l t s  o f  f i t t i n g  

t o  t h e  l o w - c o n c e n t r a t i o n  ( 1 - 1 0  X  1 0 - 3  M) p o r t i o n s  

o f  B o w e n  a n d  M e t c a l f ' s  Io/I  c u r v e s  a r 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  o u r  o w n  r e s u l t s ,  a s  c a n  b e  s e e n  f r o m  

T a b l e  I V .  T h e  R '  v a l u e s  a r e  s o m e w h a t  h i g h e r ,  b u t  

t h i s  i s  p e r h a p s  d u e  t o  t h e  f a c t  t h a t  t h i s  a n a l y s i s  

i n v o l v e s  l i n e a r  e x t r a p o l a t i o n  o f  d a t a  o b t a i n e d  a t  h i g h e r  

q u e n c h e r  c o n c e n t r a t i o n s  t h a n  u s e d  i n  m o s t  o f  t h e

w o r k  r e p o r t e d  a b o v e .  A l s o  l i s t e d  i n  T a b l e  I V  a r e  t h e  

r e s u l t s  o f  c o m p a r i n g  t h e  p r e d i c t e d  s l o p e s  a n d  i n t e r c e p t s  

o f  K av vs. [ Q ]  p l o t s  w i t h  t h o s e  o b s e r v e d  e x p e r i m e n t a l l y  

b y  B o w e n  a n d  M e t c a l f .  S i n c e  b o t h  r 0 a n d  D  a r e  

s o m e w h a t  u n c e r t a i n ,  t h e  a g r e e m e n t  s e e n  i n  t h e  v a l u e s  

l i s t e d  i n  T a b l e  I V  i s  c o n s i d e r e d  w i t h i n  t h e  u n c e r t a i n t y  

o f  t h e  c a l c u l a t i o n s  a n d  t h e  e x p e r i m e n t a l  d a t a  u s e d .

Table IV : Analysis of the Data of Bowen and Metcalf“

10°D,
10‘ T/r,, cm2 S', .---Rbv°, AEav/A[Q],

deg/poise sec _1 A Exptl Theoret Exptl Theoret

5 .8 3.48 7 .5 125 126 953 1000
4 .8 2.96 7 .5 1 10 109 785 950
3 .5 2 .2 0 8 .0 93 91 857 700
2 .4 1 .5 0 8 .0 76 64 468 350
1 .2 5 0.85 8 .5 49 48 355 300

“ See ref 12 and 13.

S i n c e  w e  h a v e  s e e n  n o  s p e c t r a l  e v i d e n c e  t o  s u g g e s t  

t h e  e x i s t e n c e  o f  a  c o m p l e x  b e t w e e n  a n t h r a c e n e  a n d  

c a r b o n  t e t r a b r o m i d e ,  a n d  s i n c e  e q  1 5  a p p e a r s  t o  f i t  t h e  

e x i s t i n g  d a t a  b e t t e r  t h a n  e q  2 2 ,  i t  i s  m o r e  r e a s o n a b l e  

t o  v i e w  t h e  c o n c e n t r a t i o n  d e p e n d e n c e  o f  K sv a s  a  

r e s u l t  o f  t h e  t r a n s i e n t  e f f e c t s  i n  d i f f u s i o n - c o n t r o l l e d  

r e a c t i o n s  r a t h e r  t h a n  a s  a  r e s u l t  o f  s t a t i c  q u e n c h i n g .

S u m m a r y  a n d  C o n c l u s i o n s

T h e  m a g n i t u d e  o f  t h e  d e p a r t u r e s  f r o m  S t e r n - V o l m e r  

k i n e t i c s  l e a v e s  l i t t l e  d o u b t  a s  t o  t h e  e x i s t e n c e  o f  a n  

“ e f f e c t , ”  w h a t e v e r  i t s  o r i g i n  m i g h t  b e .  T h e  t h e o r y  o f  

d i f f u s i o n - c o n t r o l l e d  r e a c t i o n s  b a s e d  o n  F i c k ’ s  l a w s  h a s  

b e e n  f o u n d  t o  f i t  t h e  e x p e r i m e n t a l  d a t a  u s i n g  r e a s o n a b l e  

v a l u e s  f o r  t h e  s u m  o f  t h e  c o l l i s i o n  r a d i i ,  p r o v i d e d  

t r a n s i e n t  t e r m s  i n  t h e  f l u x  e q u a t i o n  a r e  r e t a i n e d .  

N o y e s , 10’ 11 u s i n g  e q  1 0  ( w i t h o u t  t h e  t r a n s i e n t  t e r m s ,  

w h i c h  w e r e  u n n e c e s s a r y ) ,  w a s  a b l e  t o  a c c o u n t  w i t h i n  

a b o u t  2 0 %  f o r  t h e  m a g n i t u d e  o f  t h e  r a t e  c o n s t a n t  f o r  

i o d i n e  a t o m  r e c o m b i n a t i o n  i n  c a r b o n  t e t r a c h l o r i d e .  I n  

t h e  i o d i n e  s y s t e m ,  t h e  d i f f e r e n c e  b e t w e e n  t h e  o b s e r v e d  

r a t e  c o n s t a n t  a n d  AttR  'D N '  a g a i n  l e a v e s  l i t t l e  d o u b t  a s  t o  

t h e  e x i s t e n c e  o f  a n  “ e f f e c t ”  i n  s p i t e  o f  t h e  u n c e r t a i n t y  i n  

t h e  v a l u e  o f  t h e  d i f f u s i o n  c o e f f i c i e n t .  I t  w o u l d  t h u s  

a p p e a r  t h a t  a  s t a r t  h a s  b e e n  m a d e  i n  t h e  d i r e c t i o n  o f  p r o 

v i d i n g  e x p e r i m e n t a l  v e r i f i c a t i o n  f o r  t h e  t h e o r y  o f  d i f f u 

s i o n  c o n t r o l l e d  r e a c t i o n s .  A  v a r i e t y  o f  i n t e r e s t i n g  e x p e r 

i m e n t s  r e m a i n s .  F o r  e x a m p l e ,  o n c e  q u e n c h i n g  m e a s u r e 

m e n t s  w i t h  s u b n a n o s e c o n d  f l a s h  l a m p s  b e c o m e  p r a c t i 

c a l ,  i t  s h o u l d  b e  p o s s i b l e  t o  t e s t  d i r e c t l y  t h e  v a l i d i t y  o f  

t h e  d e c a y  l a w .  I n  a d d i t i o n ,  a  d e t a i l e d  s t e a d y - s t a t e  

a n d  t r a n s i e n t  s t u d y  s h o u l d  b e  m a d e  o n  a n  e f f i c i e n t
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q u e n c h i n g  s y s t e m  w h e r e  s t a t i c  q u e n c h i n g  i s  w e l l  

c h a r a c t e r i z e d  ( « a A a q  a n d  K  k n o w n  i n d e p e n d e n t l y  

f r o m  s p e c t r a l  s t u d i e s ) ,  s i n c e  t h i s  w o u l d  e l i m i n a t e  o n e  

o f  t h e  m i n o r  u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  t h e  p r e s e n t  

s y s t e m .  I t  w o u l d  a l s o  b e  o f  i n t e r e s t  t o  e s t a b l i s h ,  

t h r o u g h  t h e  s t u d y  o f  s e v e r a l  e f f i c i e n t  q u e n c h i n g  s y s t e m s ,  

w h e t h e r  o r  n o t  t h e  h i g h - c o n c e n t r a t i o n  f a i l u r e  i s  i n d e e d  

•a c h a r a c t e r i s t i c  o f  d i f f u s i o n - c o n t r o l l e d  r e a c t i o n s .  F u r 

t h e r m o r e ,  t h e  q u a n t i t a t i v e  c h a r a c t e r i s t i c s  o f  t h i s  f a i l u r e  

a t  h i g h  c o n c e n t r a t i o n s  s h o u l d  b e  i n v e s t i g a t e d .

T h e r e  a r e  t h r e e  m e c h a n i s m s  t h a t  h a v e  b e e n  f r e 

q u e n t l y  i n v o k e d  t o  e x p l a i n  t h e  m e c h a n i s m  o f  f l u o r e s -

cence quenching,26 i.e.

‘A *  +  Q — > a ± - q t - - ► A  +  Q ( i )

1A *  +  Q — > a ± - q t - - >  3A *  +  Q ( j )

XA *  +  Q — > 1A * - Q  — ■> 3A * - Q  — >■ 3A *  +  Q ( k )

w h e r e  XA *  a n d  8A *  a r e  t h e  f i r s t  e x c i t e d  s i n g l e t  a n d  

l o w e s t  t r i p l e t  s t a t e s  o f  t h e  m o l e c u l e ,  r e s p e c t i v e l y .  

W i l k i n s o n  a n d  M e d i n g e r 25 26 h a v e  r e c e n t l y  p r e s e n t e d  

e x p e r i m e n t a l  e v i d e n c e  t h a t  t h e  t r i p l e t  s t a t e  i s  t h e  

p r o d u c t  o f  t h e  f l u o r e s c e n c e  q u e n c h i n g  o f  a n t h r a c e n e  

b y  b r o m o b e n z e n e .  T h e y  f o u n d  n o  e f f e c t  o n  t h e  m e c h 

a n i s m  i n  g o i n g  f r o m  a  l o w  t o  a  m o d e r a t e  d i e l e c t r i c

c o n s t a n t  s o l v e n t  a n d  n o  e v i d e n c e  f o r  c h a r g e d  s p e c i e s  

f o l l o w i n g  f l a s h  e x c i t a t i o n .  T h i s  l e d  t h e m  t o  f a v o r  

p r o c e s s  k  o v e r  p r o c e s s  j .  W e  a l s o  f i n d  n o  d i e l e c t r i c  

c o n s t a n t  e f f e c t ;  t h e  r a t e  a p p e a r s  t o  b e  c o n t r o l l e d  e n 

t i r e l y  b y  d i f f u s i o n .  R e c e n t 26 w o r k  i n  o u r  l a b o r a t o r y  

w i t h  a r o m a t i c  h y d r o c a r b o n s  q u e n c h e d  b y  a m i n e s  

s u g g e s t s  t h a t  w h e n  a  c h a r g e - t r a n s f e r  c o m p l e x  i s  i n 

v o l v e d  i n  a  f l u o r e s c e n c e - q u e n c h i n g  m e c h a n i s m ,  l o w  

d i e l e c t r i c  c o n s t a n t  s o l v e n t s  c a n  c a u s e  a  r e v e r s a l  o f  t h e  

q u e n c h i n g  p r o c e s s  w i t h  t h e  r e g e n e r a t i o n  o f  XA *  a n d  

t h u s  a  n o n e x p o n e n t i a l  f l u o r e s c e n c e  d e c a y .  O n  t h e  

o t h e r  h a n d ,  i n  s o l v e n t s  o f  h i g h  d i e l e c t r i c  c o n s t a n t ,  t h e  

d e c a y  b e c o m e s  e x p o n e n t i a l  a n d  t h e  r a t e  f o l l o w s  t h e  

i n v e r s e  o f  t h e  v i s c o s i t y  a n d  i s  i n d e p e n d 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 .  T h i s  t y p e  o f  b e h a v i o r  h a s  n o t  b e e n  

f o u n d  w i t h  a n t h r a c e n e  q u e n c h e d  b y  c a r b o n  t e t r a -  

b r o m i d e ,  s u g g e s t i n g  p e r h a p s  t h a t  p r o c e s s  k  i s  c o r r e c t .
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DCgPO Concentration (sms.,'100mIs)

Figure 8. Light-scattering results for DCsPO.

Figure 9. Light-scattering results for DCioPO.

DĈPO Concentration (gms/100mls)

Figure 10. Light-scattering results for DCnPO.

Table I : Micellar Properties of Some 
Dimethylalkylphosphine Oxide Surfactants

✓---- Cmc, g/100 ml------

Surfac Temp,
Light

scatter Surface dn/dc,
tant °C ing tension ml/g Mmw

DCsPO 30 0.77 0 . 7 9 0.148 7,800
DCioPO 30 0.10 0.082 0.144 28,600
DC12PO 30 0.014 0.008 0.155 555,000

DC,2PO 1 0.020 458,000

m m w  f o r  a  2 9 °  r e d u c t i o n  i n  t e m p e r a t u r e ,  a  s m a l l  t e m 

p e r a t u r e  e f f e c t  c o m p a r e d  t o  t h o s e  r e p o r t e d  i n  t h e  

l i t e r a t u r e  f o r  o t h e r  n o n i o n i c  s u r f a c t a n t s  h a v i n g  a  

l o w e r  c o n s o l u t e  b o u n d a r y . 8,11,12,15 U n l e s s  t h e r e  i s  a  

t h r e s h o l d  t e m p e r a t u r e  a b o v e  w h i c h  t h e  m i c e l l e  m o l e c 

u l a r  w e i g h t  i n c r e a s e s  e x p o n e n t i a l l y , 15 a n d  t h e  e x i s t 

e n c e  o f  s u c h  a  p o i n t  a b o v e  3 0 °  c a n n o t  b e  r u l e d  o u t  o n  

t h e  b a s i s  o f  t h e s e  e x p e r i m e n t s ,  t h e  r e p o r t e d  e x p o n e n t i a l  

i n c r e a s e  i n  m i c e l l e  m o l e c u l a r  w e i g h t  w i t h  t e m p e r a 

t u r e 8; 11,12,15 m a y  i n d e e d  o n l y  b e  r e f l e c t i n g  t h e  v a r i a t i o n  

o f  d n / d c  w i t h  t e m p e r a t u r e  a s  t h e  c r i t i c a l  t e m p e r a t u r e  

i s  a p p r o a c h e d  a n d  n o t  a  t r u e  v a r i a t i o n  i n  m o l e c u l a r  

w e i g h t .  M i c e l l e  m o l e c u l a r  w e i g h t s  h a v e  s o m e t i m e s  

b e e n  d e t e r m i n e d  f r o m  t h e  m i n i m u m  i n  t h e  H c / t  p l o t s 11 

w h i c h  p r e s u m a b l y  o c c u r  a t  o r  n e a r  t h e  c o n c e n t r a t i o n  

w h e r e  t h e  m i n i m u m  i n  t h e  l o w e r  c o n s o l u t e  b o u n d a r y  

o c c u r s .  B a s e d  o n  t h e  p r e v i o u s  d i s c u s s i o n  a n d  F i g u r e  7 ,  

w e  w o u l d  p r e d i c t  t h a t  d n / d c  o r  H c / t  a t  t h e  c r i t i c a l  

c o n c e n t r a t i o n  s h o u l d  d e c r e a s e  a s  t h e  c r i t i c a l  t e m p e r a 

t u r e  i s  a p p r o a c h e d .  T h i s  c o u l d  m a k e  i t  a p p e a r  t h a t  

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  m o l e c u l a r  w e i g h t  i s  

v e r y  l a r g e .  I f  t h e  m o l e c u l a r  w e i g h t s  w e r e  c o m p a r e d  

a t  o r  n e a r  t h e  c m c ,  a s  w e  h a v e  d o n e ,  s u c h  a  m a r k e d  

t e m p e r a t u r e  d e p e n d e n c e  m i g h t  n o t  h a v e  b e e n  o b s e r v e d .  

W e  h a v e  c o n c l u d e d  t h a t  t h e  h i g h e r  o r d e r  c o n c e n t r a t i o n  

t e r m s  i n  t h e  o s m o t i c  p r e s s u r e  e q u a t i o n s  a r e  h i g h l y  

t e m p e r a t u r e  d e p e n d e n t  f o r  s y s t e m s  h a v i n g  l o w e r  c o n 

s o l u t e  b o u n d a r i e s  a n d  t h a t  i t  i s ,  t h e r e f o r e ,  i m p r o p e r  

t o  i n t e r p r e t  q u a n t i t a t i v e l y  l i g h t - s c a t t e r i n g  d a t a  f o r  

t h e s e  s y s t e m s  i n  t e r m s  o f  m i c e l l a r  m o l e c u l a r  w e i g h t s  

a t  a n y  c o n c e n t r a t i o n  o t h e r  t h a n  i n f i n i t e  d i l u t i o n  o f  t h e  

m i c e l l e s ,  i.e., a t  o r  v e r y  n e a r  t h e  c m c .

I t  c a n  b e  s e e n  f r o m  t h e  d a t a  i n  T a b l e  I  t h a t  i n c r e a s i n g  

t h e  a l k y l  c h a i n  l e n g t h  a t t a c h e d  t o  t h e  h y d r o p h i l i c  

h e a d  g r o u p  d e c r e a s e s  t h e  c m c  a n d  i n c r e a s e s  t h e  m m w .  

A  d e c r e a s e  i n  f r e e  e n e r g y  o f  m i c e l l i z a t i o n  o f  1 . 0 6 / c T 1 

i s  c a l c u l a t e d  f r o m  t h e  l i g h t - s c a t t e r i n g  c m c  d a t a  f o r  a n  

i n c r e a s e  o f  o n e  C H 2 g r o u p .  T h i s  a g r e e s  w e l l  w i t h  

v a l u e s  o f  t h i s  p a r a m e t e r  o b t a i n e d  p r e v i o u s l y  f o r  o t h e r  

s u r f a c t a n t s . 1 T h e  v e r y  h i g h  m i c e l l e  m o l e c u l a r  w e i g h t  

f o u n d  f o r  t h e  D C i 2P O  s u r f a c t a n t  a s  c o m p a r e d  t o  t h e
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M ic r o s c o p y  o f  P a r t i a l l y  D e c o m p o s e d  S i l v e r  O x a l a t e 3255

a t  4 0 ° .  T h e  p r e c i p i t a t e  w a s  w a s h e d  w i t h  4  1. o f  w a t e r  

b y  d e c a n t a t i o n  a n d  f i l t e r e d ; 5 0 0  m l  o f  w a t e r  w a s  a d d e d  

t o  t h e  p r e c i p i t a t e ,  a n d  c o n c e n t r a t e d  a q u e o u s  a m m o n i a  

w a s  u s e d  t o  d i s s o l v e  a l l  o f  t h e  s i l v e r  o x a l a t e .  T h e  s o l u 

t i o n  w a s  f i l t e r e d ,  a n d  c o n c e n t r a t e d  p e r c h l o r i c  a c i d  w a s  

a d d e d  d r o p w i s e  w i t h  s t i r r i n g  t o  r e p r e c i p i t a t e  t h e  

s i l v e r  o x a l a t e .  T h e  s o l i d  w a s  w a s h e d  w i t h  4  1. o f  

w a t e r ,  f i l t e r e d ,  a n d  s t o r e d  i n  a  d e s s i c a t o r .  I t  w a s  

h o p e d  t h a t  t h i s  r e p r e c i p i t a t i o n  p r o c e s s  w o u l d  r e m o v e  

s o m e  o f  t h e  a d s o r b e d  o r  o c c l u d e d  n i t r a t e  i o n s .  A n a l y 

s i s  s h o w e d  t h a t  t h e  n i t r a t e  i o n  c o n c e n t r a t i o n  d e c r e a s e d  

f r o m  0 . 2 2  t o  0 . 0 9 %  w h i l e  t h e  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  w e r e  n o t  d e t e c t a b l e  ( l e s s  t h a n  0 . 0 2 % ) .  

F o r  d o p e d  s a m p l e s  t h e  f o l l o w i n g  p r o c e d u r e  w a s  a d o p t e d .  

A b o u t  2 0  m l  o f  w a t e r  w a s  u s e d  t o  c o v e r  a p p r o x 

i m a t e l y  7  g  o f  t h e  s o l i d ,  a n d  c o n c e n t r a t e d  a q u e o u s  a m 

m o n i a  w a s  a d d e d  d r o p w i s e  u n t i l  a l l  t h e  s i l v e r  o x a l a t e  

d i s s o l v e d .  T h e  s o l u t i o n  w a s  f i l t e r e d  a n d  a  s o l u t i o n  o f  

t h e  a p p r o p r i a t e  d o p a n t  w a s  a d d e d .  T h e  f o l l o w i n g  

m i l l i m o l e s  o f  d o p a n t  w e r e  a d d e d :  2 . 9  X  1 0 ~ 3 r o s e  

b e n g a l ,  3 . 7  X  1 0 - 3  e r y t h r o s i n  B ,  6 . 7  X  1 0 - 3  a c r i d i n e  

o r a n g e ,  6 . 5  X  1 0 - 3  r h o d a m i n e  B ,  5 . 8  X  1 0 - 3  t e t r a -  

c y a n o e t h y l e n e ,  a n d  6 . 5  X  1 0 - 3  t r i p h e n y l a m i n e .  T h e  

s i l v e r  o x a l a t e  w a s  p r e c i p i t a t e d  i n  e a c h  o f  t h e  s o l u t i o n s  

b y  a d d i n g  c o n c e n t r a t e d  p e r c h l o r i c  a c i d  d r o p w i s e  w i t h  

r a p i d  s t i r r i n g .  W i t h  t h e  d y e  s o l u t i o n s  t h e  p r e c i p i t a t e  

w a s  c o l o r e d  a n d  l i t t l e  c o l o r  r e m a i n e d  i n  t h e  s o l u t i o n ,  

i n d i c a t i n g  t h a t  t h e  d y e s  w e r e  i n d e e d  i n c o r p o r a t e d  i n  

t h e  c r y s t a l s  e i t h e r  b y  s u r f a c e  a d s o r p t i o n  o r  i n  t h e  b u l k .  

I t  w a s  a s s u m e d  t h a t  t h e  c o l o r l e s s  a d d i t i v e s  w e r e  t a k e n  

u p  i n  t h e  s a m e  w a y .  T h e  p r e c i p i t a t e s  w e r e  w a s h e d  

w i t h  5 0 0  m l  o f  w a t e r ,  f i l t e r e d ,  a n d  s t o r e d  i n  a  d e s i c c a t o r .  

A n  u n d o p e d  s a m p l e  o f  s i l v e r  o x a l a t e  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  e x c e p t  t h a t  t h e  d o p a n t  w a s  o m i t t e d  

f r o m  t h e  s o l u t i o n .  A l l  o f  t h e  s a m p l e s  w e r e  p r e p a r e d  

t h e  s a m e  d a y  u n d e r  i d e n t i c a l  c o n d i t i o n s  t o  e n s u r e  t h a t  

d i f f e r e n c e s  o t h e r  t h a n  d o p i n g  c o u l d  b e  m i n i m i z e d .  

P h o t o m i c r o g r a p h s  s h o w e d  t h a t  i n  a l l  o f  t h e  p r e p a r a 

t i o n s  t h e  c r y s t a l s  w e r e  r e a s o n a b l y  w e l l  f o r m e d  w i t h  

l i t t l e  d i f f e r e n c e s  a m o n g  t h e  d i f f e r e n t  p r e p a r a t i o n s  a n d  

w e r e  a b o u t  5  X  1 0 ~ 3 m m  w i d e  a n d  a b o u t  t w i c e  t h a t  i n  

l e n g t h .  X - R a y  p o w d e r  d i f f r a c t i o n  s t u d i e s  o n  t h e s e  

d o p e d  c r y s t a l s  ( a n d  a l l  t h e  o t h e r  c r y s t a l s  m e n t i o n e d  

l a t e r )  s h o w e d  t h a t  t h e  c r y s t a l  s t r u c t u r e  w a s  m o n o 

c l i n i c  i n  a l l  c a s e s  w i t h  n o  d e t e c t a b l e  c h a n g e  i n  t h e  d 
s p a c i n g s  w i t h  t h e  a d d i t i o n  o f  d o p a n t s  o r  m e t h o d  o f  

p r e p a r a t i o n .  S o m e  l a r g e r  c r y s t a l s  w e r e  m a d e  t o  

f a c i l i t a t e  t h e i r  s t u d y  b y  m i c r o s c o p y .  I n  t h i s  c a s e  

e q u a l  v o l u m e s  o f  0 . 2  N  o x a l i c  a c i d  a n d  s i l v e r  n i t r a t e  a t  

4 0 °  w e r e  s i m u l t a n e o u s l y  r u n  i n t o  a  b e a k e r  c o n t a i n i n g  

4 0 0  m l  o f  w e l l - s t i r r e d  w a t e r  k e p t  a t  4 0 °  a n d  5  m l  o f  a  

0 . 1  N  s o l u t i o n  o f  r h o d a m i n e  B  d y e .  T h e  c o l o r e d  p r e 

c i p i t a t e  w a s  w a s h e d  b y  d e c a n t a t i o n ,  f i l t e r e d ,  a n d  s t o r e d

i n  a  d e s i c c a t o r .  T h e  c r y s t a l s  w e r e  w e l l  f o r m e d  a n d  

w e r e  a b o u t  G .1 2 5  m m  w i d e  a n d  0 . 2  m m  l o n g .  T h e r e  

w a s  a  m i x t u r e  o f  r e l a t i v e l y  f l a t ,  d i a m o n d - s h a p e d  c r y s 

t a l s  a n d  w h a t  s e e m e d  t o  b e  t h e  s a m e  t y p e  o f  c r y s t a l  

b u t  m o r e  f u l l y  g r o w n  i n  t h r e e  d i m e n s i o n s  p r o d u c i n g  a n  

i m p e r f e c t  o c t a h e d r a l - s h a p e d  f o r m .  S o m e  u n d o p e d  

c r y s t a l s  o f  s i l v e r  o x a l a t e  w e r e  p r e p a r e d  i n  t h e  s a m e  

m a n n e r ,  a s  w e l l  a s  s o m e  w i t h  a n  e x c e s s  o f  o x a l a t e  b y  

u s i n g  a  0 . 4  N  s o l u t i o n  o f  o x a l i c  a c i d  f o r  p r e c i p i t a t i o n .  

T h e s e  l a t t e r  t w o  c r y s t a l  p r e p a r a t i o n s  w e r e  n o t  a s  w e l l  

f o r m e d  a n d  w e r e  a b o u t  o n e - t e n t h  a s  l a r g e ,  i n  g e n e r a l ,  

c o m p a r e d  t o  t h e  r h o d a m i n e  B  d o p e d  s a m p l e .  A l l  o f  

t h e  p r e p a r a t i o n s  w e r e  c o n d u c t e d  u n d e r  d a r k r o o m  c o n d i 

t i o n s  w i t h  o n l y  a  w e a k  a m b e r  s a f e l i g h t  f o r  i l l u m i n a 

t i o n .  T h e  s a m p l e ^  w e r e  s t o r e d  a n d  h a n d l e d  i n  t h e  

d a r k  a f t e r  p r e p a r a t i o n .  A l l  o f  t h e  r e a g e n t s  u s e d  w e r e  

o f  a n a l y t i c a l  g r a d e  e x c e p t  f o r  t h e  d o p a n t s .  A c r i d i n e  

o r a n g e  a n d  r o s e  b e n g a l  w e r e  o b t a i n e d  f r o m  F i s h e r  

S c i e n t i f i c ,  r h o d a m i n e  B  a n d  e r y t h r o s i n  B  w e r e  p r o 

d u c e d  b y  A l l i e d  C h e m i c a l ,  a n d  t r i p h e n y l a m i n e  a n d  

t e t r a c y a n o e t h y l e n e  w e r e  o b t a i n e d  f r o m  K  &  K  L a b o r a 

t o r i e s .  A l l  o :  t h e s e  m a t e r i a l 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  u l t r a v i o l e t  l i g h t  s o u r c e  u s e d  f o r  

p h o t o l y z i n g  t h e  c r y s t a l s  w a s  a  G E  1 0 0 - w  S - 4  m e r c u r y  

a r c  l a m p .

III. Results

(a) Observations by Optical Microscopy. T h e  m i 

c r o s c o p i c  o b s e r v a t i o n s  w e r e  b e g u n  w i t h  t h e  l a r g e  p u r e  

s i l v e r  o x a l a t e  c r y s t a l s .  I n  g e n e r a l ,  t h e s e  c r y s t a l s  w e r e  

o b s e r v e d  t o  t u r n  b r o w n  w h e n  e x p o s e d  t o  u l t r a v i o l e t  

l i g h t  i n  a i r .  U n d e r  t h e  m i c r o s c o p e  t h e s e  c r y s t a l s  

s h o w e d  n o  s t r u c t u r e  d u e  t o  d e c o m p o s i t i o n  b u t  s e e m e d  

t o  b e  u n i f o r m l y  d a r k e n e d .  T h e  c h a n g e  i n  c o l o r  i n d i 

c a t e d  t h a t  s o m e  d e c o m p o s i t i o n  h a d  t a k e n  p l a c e ,  a n d  

t h e  u n i f o r m  d a r k e n i n g  s h o w e d  t h a t  n u c l e a t i o n  c o u l d  

h a v e  b e e n  r a p i d  e n o u g h  t o  p r o d u c e  m a n y  s m a l l  n u c l e i  

w h i c h  d i d  n o t  g r o w .  A n  a t t e m p t  w a s  m a d e  t o  f o l l o w  

t h e  e x t e n t  o f  d e c o m p o s i t i o n  b y  a  t h e r m o g r a v i m e t r i c -  

t y p e  t e c h n i q u e .  A  s a m p l e  s u s p e n d e d  f r o m  a  M e t t l e r  

b a l a n c e  w a s  p l a c e d  i n  a  F i s h e r  I s o t e m p  o v e n  k e p t  a t  

1 3 5 ° ,  a n d  t h e  w e i g h t  c h a n g e  a s  a  f u n c t i o n  o f  t i m e  w a s  

f o l l o w e d .  In  vacuo a  s i m i l a r  s a m p l e  w o u l d  h a v e  f u l l y  

d e c o m p o s e d  i n  a b o u t  1 h r ,  b u t  i n  a i r  n o  w e i g h t  c h a n g e  

w a s  n o t i c e d  i n  s e v e r a l  h o u r s ,  a l t h o u g h  t h e  s a m p l e  h a d  

t u r n e d  b r o w n .  W i t h  t i m e  t h e  s a m p l e  t u r n e d  d a r k e r  

w i t h  s o m e  w e i g h t  l o s s  u n t i l  i t  w a s  a l m o s t  b l a c k ,  a n d  

f i n a l l y ,  a f t e r  c o m p l e t e  d e c o m p o s i t i o n ,  t o  a  g r a y  p o w d e r  

a f t e r  a b o u t  3  d a y s  i n  t h e  o v e n .  X - R a y  d i f f r a c t i o n  

a n a l y s i s  o f  s o m e  o f  t h e  p a r t i a l l y  d e c o m p o s e d  s a m p l e  

i n d i c a t e d  t h a t  o n l y  s i l v e r  a n d  s i l v e r  o x a l a t e  w e r e  p r e s 

e n t  d u r i n g  t h e  d e c o m p o s i t i o n ,  p r o v i n g  t h a t  t h e  d e s i r e d  

r e a c t i o n  w a s  p r o g r e s s i n g  a l t h o u g h  a t  a  g r e a t l y  i n h i b i t e d

Volum e 70, N um ber 10 October 1966



2916 K. W. H e r r m a n n , J. G. B r u s h m i l l e r , a n d  W. L. C o u r c h e n e

Figure 11. Theoretical curves calculated from eq 3;
Vi = 18, M  = 10,000, v = 1.125, H = 6.9 X 10"6.

d i s s y m m e t r y  m a x i m u m ,  a n d  t h e  c r i t i c a l  t e m p e r a t u r e  

f o r  s e p a r a t i o n  o f  t h e  s y s t e m  i n t o  t w o  i s o t r o p i c  s o l u t i o n s  

w i l l  o c c u r  a t  t h e  s a m e  c o n c e n t r a t i o n .  F i g u r e s  2 - 5  

s h o w  t h a t  t h e s e  c o n d i t i o n s  a r e  a p p r o x i m a t e l y  m e t  f o r  

D C i o P O  a n d  D C i 2P O .  T h e  m a g n i t u d e  o f  t h i s  t u r b i d i t y  

m a x i m u m  i s  s t r o n g l y  d e p e n d e n t  u p o n  t e m p e r a t u r e  ( t h e  

v a l u e  o f  x )>  a n d  t h i s  d o e s  n o t  n e c e s s a r i l y  m e a n  t h a t  

m o l e c u l a r  w e i g h t  i s  i n c r e a s i n g  r a p i d l y  w i t h  t e m p e r a 

t u r e .

T o  c a r r y  t h e  a p p l i c a t i o n  o f  t h i s  t h e o r y  o n e  s t e p  

f u r t h e r ,  F i g u r e  1 2  s h o w s  a n  H c/t v s . c o n c e n t r a t i o n  

c u r v e  f o r  D C 12P O  a n d  a  t h e o r e t i c a l  c u r v e  c a l c u l a t e d  

f r o m  e q  3  u s i n g  t h e  m o l e c u l a r  w e i g h t  f o u n d  b y  e x t r a p o 

l a t i o n  o f  t h e  d i l u t e  s o l u t i o n  l i g h t - s c a t t e r i n g  r e s u l t s  

a n d  t h e  o t h e r  p a r a m e t e r s  s h o w n  i n  F i g u r e  1 2 .  I t  i s  

o b v i o u s  t h a t  t h e r e  i s  q u i t e  g o o d  q u a l i t a t i v e  a g r e e m e n t  

o f  t h e  t w o  c u r v e s .  I t  t h e r e f o r e  s e e m s  u n n e c e s s a r y ,  

a s  h a s  s o m e t i m e s  b e e n  d o n e ,  t o  i n v o k e  a n  i n c r e a s e  i n  

m i c e l l e  m o l e c u l a r  w e i g h t  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  a c c o u n t  f o r  t h e  n e g a t i v e  s l o p e  o f  a n  H c/t v s . 

c o n c e n t r a t i o n  c u r v e  s l i g h t l y  a b o v e  t h e  c m c .  I t  d o e s  

n o t  a p p e a r  t o  b e  p o s s i b l e  u s i n g  l i g h t - s c a t t e r i n g  d a t a  

a l o n e  t o  d e c i d e  w h e t h e r  n e g a t i v e  s l o p e s  i n  H c/t v s . c o n 

c e n t r a t i o n  c u r v e s  f o r  s u r f a c t a n t - w a t e r  s y s t e m s  a r e  

d u e  t o  i n c r e a s i n g  m o l e c u l a r  w e i g h t  o f  t h e  m i c e l l e  o r  t o  

c o n t r i b u t i o n s  t o  n o n i d e a l i t y  o f  t h e  s o l u t i o n  a t  q u i t e  

l o w  c o n c e n t r a t i o n s  d u e  t o  s o l v e n t - s o l u t e ,  s o l u t e -  

s o l u t e ,  a n d  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 .

I t  w o u l d  a p p e a r  t h a t  a  F l o r y - H i l d e b r a n d  t y p e  o f  

m i x i n g  t h e o r y  q u a l i t a t i v e l y  p r e d i c t s  t h e  b e h a v i o r  

o b s e r v e d  i n  s u r f a c t a n t - w a t e r  s y s t e m s ,  b u t  q u a n t i t a 

t i v e  a g r e e m e n t  o f  e x p e r i m e n t  w i t h  t h e o r y  m u s t  a w a i t  

t h e  d e v e l o p m e n t  o f  a  m o r e  r e f i n e d  f r e e  e n e r g y  o f  m i x i n g  

e x p r e s s i o n  f o r  s u r f a c t a n t - w a t e r  s y s t e m s .

Figure 12. Comparison of theory and experiment 
for DC12PO solutions. Calculated curve from 
eq 3; v = 1.1, x = 0.5046, M  = 555,000.

Critical Opalescence in D C 12P O -H 2O Solution. F i g u r e  

5  s h o w s  t h a t  t h e  d i s s y m e t r y  (Z45) e x h i b i t e d  b y  s o l u t i o n s  

o f  D C 12P O  a t  3 0 °  h a s  a  m a x i m u m  a t  a  c o n c e n t r a t i o n  

o f  0 . 5  g / 1 0 0  m l ,  v e r y  c l o s e  t o  t h e  c o n c e n t r a t i o n  a t  w h i c h  

a  m i n i m u m  o c c u r s  i n  t h e  l o w e r  c o n s o l u t e  b o u n d a r y .  

T h i s  i s  b e l i e v e d  t o  b e  d u e  t o  c r i t i c a l  o p a l e s c e n c e ,  s i m i 

l a r  t o  t h a t  o b s e r v e d  i n  h i g h  p o l y m e r  s o l u t i o n s 2 9 -3 4  

a n d  s e v e r a l  o t h e r  b i n a r y  s y s t e m s . 3 6 -3 8  T h i s  p h e n o m 

e n o n  h a s  r e c e i v e d  m u c h  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  

a t t e n t i o n  i n  r e c e n t  y e a r s .  D e b y e 39 h a s  g e n e r a l i z e d  

t h e  l i g h t - s c a t t e r i n g  f l u c t u a t i o n  t h e o r y  o f  S m o l u c h o w s k i -  

E i n s t e i n  t o  p r e s e n t  a n  e x p l a n a t i o n  f o r  t h e  s t r o n g  d i s 

s y m m e t r y  n e a r  t h e  c r i t i c a l  p o i n t  a n d  h a s  e x t e n d e d  t h e  

t h e o r y  t o  b i n a r y  c r i t i c a l  m i x t u r e s . 31 S e v e r a l  o t h e r  

a u t h o r s 40-42  h a v e  p r e s e n t e d  t h e o r e t i c a l  t r e a t m e n t s  

w h i c h  g i v e  r e s u l t s  n e a r l y  e q u i v a l e n t  t o  t h o s e  o f  D e b y e .  

T h e  D e b y e  t h e o r y  d e p e n d s  u p o n  t h e  f a c t  t h a t  t h e  29 30 31 32 33 34 35 36 37 38 39 40 41 42

(29) P . D e b y e , H . C oll, and D . W oerm an n , J. Chem. Phys., 33 , 1746 
(1960).
(30) P . D eb y e , B . C hu , and  D . W oerm an n , ibid., 36, 1803 (1962).
(31) P . D e b y e , ibid., 31, 680 (1959).
(32) D . M cIn ty re , A . W im s, and  M . S. G reen, ibid., 37 , 3019 (1962).
(33) R . F ürth  and  C . L . W illiam s, Proc. Roy. Soc. (L o n d o n ), A224, 
104 (1954).
(34) P . D e b y e , D . W oerm an n , and B . C hu , J. Polymer Sci., Al, 255 
(1963).
(35) B . Z im m , J. Phys. Colloid Chem., 54, 1306 (1950).
(36) B . C hu , J. Chem. Phys., 41, 226 (1964).
(37) B . C hu , J. Am. Chem. Soc., 86, 3557 (1964).
(38) B . C hu  and W . P. K ao , Can. J. Chem., 43, 1803 (1965).
(39) P . D e b y e  in  “ Scattering o f R ad ia tion  b y  N on crysta llin e  M ed ia  
in  N on crysta llin e  S olids ,”  V . D . F ech ette , E d ., Joh n  W iley  and Sons, 
In c ., N ew  Y o rk , N . Y .,  1960, p p  1 -2 5 .
(40) M . F ixm an , J. Chem. Phys., 33, 1357 (1960).
(41) A . M ün ster, J. Chim. Phys., 57, 492 (I9 6 0 ).
(42) E . W . H art, J. Chem. Phys., 34, 1471 (1961).
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p o s i t i o n  o f  t h i s  s a m p l e  c o m p a r e d  t o  p r e v i o u s  o n e s ,  a n d  

t h e  e l o n g a t e d  a r e a s  w e r e  m o r e  p r o m i n e n t  w i t h  v e r y  

f e w  r o u n d  s p o t s  p r e s e n t .  T h e  m o t t l e d  a p p e a r a n c e  o f  

t h e  d e c o m p o s e d  a r e a s  i n d i c a t e d  t h a t  t h e  s i l v e r  w a s  

n o t  d e p o s i t e d  i n  a  u n i f o r m  m a n n e r .  T h e  m o t t l e d  

p a t t e r n  o f  t h e  s u r f a c e  m a y  h a v e  a r i s e n  f r o m  r e m o v a l  

o f  c a r b o n  d i o x i d e  d u r i n g  t h e  d e c o m p o s i t i o n  l e a v i n g  

t h e  r e m a i n i n g  s i l v e r  d e p o s i t e d  i n  a n  i r r e g u l a r  p a t t e r n .  

T h e  g r o w t h  o f  t h e  n u c l e i  d u r i n g  p h o t o l y s i s  c o u l d  b e  

o b s e r v e d  u s i n g  t h i s  m i c r o s c o p e  i n  c o n j u n c t i o n  w i t h  t h e  

s p e c t r a l l y  s e n s i t i z e d  r h o d a m i n e  B  d y e d  s a m p l e  s i n c e  

t h e  i l l u m i n a t i n g  l i g h t  w a s  c o n c e n t r a t e d  i n  a  v e r y  s m a l l  

a r e a .  T h e  t h e r m a l  d e c o m p o s i t i o n  w a s  u n l i k e l y  s i n c e  

a  t e m p e r a t u r e  r i s e  o f  1 0 0 °  b y  t h e  c r y s t a l s  s u s p e n d e d  i n  

t h e  o i l  w a s  n o t  p r o b a b l e .  A s  t h e  c r y s t a l  w a s  v i e w e d ,  

t h e  d a r k  a r e a s  s l o w l y  d i s a p p e a r e d  a n d  t h e  l i g h t ,  d e 

c o m p o s e d  a r e a s  g r e w  u n t i l  t h e  e n t i r e  c r y s t a l  s u r f a c e  

w a s  f i l l e d  w i t h  d e c o m p o s i t i o n  p r o d u c t s  a f t e r  a b o u t  

0 . 5  h r .  P h o t o m i c r o g r a p h s  o f  a  t h e r m a l l y  d e c o m 

p o s e d  c r y s t a l  a r e  s h o w n  i n  F i g u r e  2  b e f o r e  a n d  a f t e r  

i l l u m i n a t i o n .  T h i s  p h o t o l y t i c  p r o c e s s  c o u l d  b e  o b 

s e r v e d  s i n c e  o x y g e n  w a s  e x c l u d e d  b y  t h e  p a r a f f i n  o i l 7 

u s e d  w i t h  t h e  o i l  i m m e r s i o n  o b j e c t i v e .  S i m i l a r  o b 

s e r v a t i o n s  o n  o t h e r  d y e d  c r y s t a l  p r e p a r a t i o n s  w e r e  

p r e c l u d e d  s i n c e  t h e  c r y s t a l s  w e r e  g e n e r a l l y  s m a l l e r  

a n d  t h e  m a g n i f i c a t i o n  w a s  i n s u f f i c i e n t  t o  s e e  a  d i s t i n c t  

g r o w t h  o f  t h e  n u c l e i .

S o m e  o f  t h e  l a r g e  r h o d a m i n e  B  d y e d  s i l v e r  o x a l a t e  

c r y s t a l s  w e r e  e x p o s e d  t o  s u n l i g h t  i n  a i r  a n d  t h e n  w e r e  

v i e w e d  w i t h  t r a n s m i t t e d  l i g h t  o n  a  L e i t z  m i c r o s c o p e .  

I t  w a s  s e e n  t h a t  d e f i n i t e  b l a c k  s p o t s  w e r e  p r e s e n t  a f t e r  

e x p o s u r e ,  w i t h  s o m e  e l o n g a t e d  a r e a s  a s  w e l l .  T h e  e d g e s  

o f  t h e  c r y s t a l  w e r e  o u t l i n e d  b y  b l a c k  l i n e s  i n d i c a t i n g  

t h a t  t h e  s i l v e r  d e p o s i t e d  p r e f e r e n t i a l l y  a l o n g  c r y s t a l  

e d g e s .  I n  o n e  c r y s t a l  i t  w a s  o b s e r v e d  t h a t  t h e  d e p o s i 

t i o n  o f  s i l v e r  o c c u r r e d  i n  a  v e r y  r e g u l a r  p a t t e r n  a l o n g  

t h e  l i n e s  o f  w h a t  m i g h t  b e  a  s c r e w  d i s l o c a t i o n .  I n  t h e  

c a s e  o f  t h i s  d y e d  s a m p l e  t h e  i n h i b i t i n g  e f f e c t  o f  o x y g e n  

d i d  n o t  p r o d u c e  a  u n i f o r m  d a r k e n i n g ,  b u t  t h i s  r e s u l t  

m a y  b e  c o n n e c t e d  w i t h  t h e  i n c r e a s e  o f  t h e  g r o w t h  r a t e  

b y  t h e  p r e s e n c e  o f  r h o d a m i n e  B  d y e  o r  a  c h a n g e  i n  

o x y g e n  a d s o r p t i o n  b y  t h e  p r e s e n c e  o f  t h e  d y e .

(b) Observations by Electron Microscopy. A  r e p l i c a  

o f  t h e  s u r f a c e  o f  s o m e  o f  t h e  l a r g e  r h o d a m i n e  B  d y e d  

c r y s t a l s  p a r t i a l l y  h e a t  d e c o m p o s e d  u n d e r  v a c u u m ,  

f r o m  t h e  s a m e  b a t c h  a s  t h o s e  o b s e r v e d  u s i n g  t h e  W i l d  

m i c r o s c o p e ,  w a s  e x a m i n e d  b y  e l e c t r o n  m i c r o s c o p y  t o  

d e t e r m i n e  t h e  f e a t u r e s  o f  t h e  d e c o m p o s e d  s u r f a c e  a n d  

t o  c o n f i r m  t h e  e a r l i e r  o p t i c a l  m i c r o s c o p e  o b s e r v a t i o n s  

a t  t h e  h i g h e r  m a g n i f i c a t i o n s  p o s s i b l e  w i t h  t h e  e l e c t r o n  

m i c r o s c o p e .  T h e  r e p l i c a  w a s  m a d e  b y  d i s p e r s i n g  t h e  

p a r t i a l l y  d e c o m p o s e d  c r y s t a l s  o n  a  p l a s t i c - c o a t e d  s l i d e  

a n d  s h a d o w i n g  w i t h  p a l l a d i u m .  C a r b o n  w a s  d e -

Figure 2. Silver oxalate doped with rhodamine B viewed with 
reflected light: top, original thermally decomposed crystal; 
bottom, after 30-min exposure to microscope-illuminating light.

p o s i t e d  o n  t o p  o f  t h e  p a l l a d i u m  a n d  t h e  p l a s t i c  w a s  

p e e l e d  o f f  t h e  s l i d e .  T h e  p l a s t i c  a n d  s i l v e r  o x a l a t e  

t h e n  w e r e  d i s s o l v e d  a w a y  t o  p r o d u c e  a  u s a b l e  r e p l i c a .  

T h e  s i l v e r  f r e m  t h e  c r y s t a l  s u r f a c e  a d h e r e d  t o  t h e  r e p l i c a  

a n d  c o u l d  b e  s e e n  o n  t h e  e l e c t r o n  m i c r o g r a p h s  a s  d a r k ,  

n o n u n i f o r m - a p p e a r i n g  a r e a s .  A  p a r t i c u l a r l y  l a r g e  

n o n u n i f o r m  a r e a  f o u n d  o n  a  c r y s t a l  i s  s h o w n  i n  F i g u r e

3 .  T h e  s i l v e r  c o u l d  b e  s e e n  o f t e n  a t  c r u s h e d  e d g e s  o r  

c o r n e r s  o f  t h e  c r y s t a l s .  M o r e  t h a n  o n e  p a t c h  o f  s i l v e r  

c o u l d  b e  s e e n  o n  e a c h  c r y s t a l  a n d  t h e  n u m b e r  a n d  l o c a 

t i o n  ( i n  t h e  a b s e n c e  o f  o b v i o u s  d e f e c t s  i n  t h e  c r y s t a l )  

s e e m e d  t o  b e  q u i t e  r a n d o m .  S o m e  c r y s t a l s  h a d  a  f e w  

l a r g e  a r e a s  o f  s i l v e r  w h i l e  o t h e r s  h a d  m o r e  a n d  s m a l l e r  

o n e s .  T h e  d e c o m p o s e d  a r e a s  h a d  a  d i s t i n c t l y  m o t t l e d  

a p p e a r a n c e  a s  o r i g i n a l l y  o b s e r v e d  u s i n g  t h e  W i l d  m i c r o 

s c o p e ,  i n d i c a t i n g  t h a t  g r o w t h  p r o c e e d e d  a l o n g  s o m e  

s h o r t - r a n g e  p r e f e r r e d  p a t h .  T h e  r e p l i c a  h a d  s m a l l  

s p e c k s  o f  d a r k  m a t e r i a l  a l l  o v e r  a s  w e l l  a s  t h e  l a r g e  

d a r k  a r e a s  o n  t h e  c r y s t a l .  T h e s e  s p e c k s  w e r e  e x a m 

i n e d  b y  e l e c t r o n  d i f f r a c t i o n  a n d  f o u n d  t o  b e  n o r m a l  

c u b i c  s i l v e r ,  w h i l e  t h e  l a r g e ,  n o n u n i f o r m - a p p e a r i n g  a r e a s  

s h o w e d  a  c u b i c  s t r u c t u r e  a s  w e l l ,  b u t  t h e  s p a c i n g s  w e r e

(7 ) J. Y .  M a cd on a ld  and  R . Sandison , Trans. Faraday Soc., 34 , 589 
(1938).
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Figure IS. A/B vs. temperature.

c o n c l u d e d  t h a t  i t  w a s  n o t .  I n  o r d e r  t o  s h o w  t h i s ,  

a  q u a n t i t y  S  i s  d e f i n e d ,  g i v e n  i n  t h e  s i m p l e  t h e o r y  

d e s c r i b e d  a b o v e  b y

s  =  (B /A )A T  =  ^  T ° ( 9 )

F i g u r e  1 6  i s  a  p l o t  o f  S  vs. A T  f o r  t h e  D C 12P O - H 2O  

s y s t e m .  I f  l w e r e  t e m p e r a t u r e  i n d e p e n d e n t ,  t h i s  

w o u l d  b e  p a r a l l e l  t o  t h e  a b s c i s s a .  H o w e v e r ,  t h e  f a c t  

t h a t  c u r v a t u r e  i s  o b s e r v e d  d o e s  n o t  n e c e s s a r i l y  m e a n  

t h a t  l i s  t e m p e r a t u r e  d e p e n d e n t ,  e s p e c i a l l y  s i n c e  t h e  

c u r v e  i s  p a r a l l e l  t o  t h e  a b s c i s s a  a t  s m a l l  t e m p e r a t u r e  

d i s t a n c e s  f r o m  T c. I n  t h e  c a s e  o f  p o l y s t y r e n e - c y c l o 

h e x a n e ,  w h e r e  t h e  p o l y s t y r e n e  i s  o f  l a r g e  e n o u g h  m o l e c 

u l a r  w e i g h t  t o  c o n t r i b u t e  t o  t h e  d i s s y m m e t r y  b e c a u s e  

o f  t h e  e x t e n s i o n  o f  t h e  p o l y m e r  c o i l ,  D e b y e 30 s h o w e d  

t h a t  t h e  q u a n t i t y  S, d e f i n e d  i n  e q  9 ,  s h o u l d  r e a l l y  b e  

w r i t t e n  a s

S  =  (B /A )A T  =  ^ - V c +  A T
3 X 2 3 X 2

( 1 0 )

S i n c e  t h e  r a d i u s  o f  g y r a t i o n  ( r )  i s  t e m p e r a t u r e  d e 

Figure 16. S vs. AT.

p e n d e n t  f o r  t h e  p o l y s t y r e n e - c y c l o h e x a n e  c a s e ,  t h e  S - T  
c u r v e  f o r  t h a t  s y s t e m  s h o w s  c u r v a t u r e  o f  t h e  k i n d  s h o w n  

i n  F i g u r e  1 6  f o r  o u r  s y s t e m .  A t  l a r g e  t e m p e r a t u r e  

d i s t a n c e s  f r o m  t h e  c r i t i c a l  p o i n t  ( 1 ° ) ,  d i s s y m m e t r y  

( Z 45)  i s  s t i l l  o b s e r v e d  i n  a  0 . 5  g / 1 0 0  m l  s o l u t i o n  o f  D C ]2-  

P O  i n d i c a t i n g  t h a t  s o m e  t h e o r e t i c a l  e q u a t i o n  s i m i l a r  

t o  e q  1 0  s h o u l d  a p p l y  t o  o u r  c a s e  r a t h e r  t h a n  t h e  s i m p l e  

t h e o r y  r e p r e s e n t e d  b y  e q  9 .  A l s o ,  s i n c e  t h e  m o l e c u l a r  

w e i g h t  o f  t h e  m i c e l l e  c h a n g e s  w i t h  t e m p e r a t u r e  ( T a b l e  

I ) ,  t h e  S - T  c u r v e  s h o u l d  n o t  b e  a  s t r a i g h t  l i n e  b u t  

s h o u l d  b e  c u r v e d  o w i n g  t o  t h i s  t e m p e r a t u r e  d e p e n d e n c e .  

H o w  t h i s  t h e o r y  s h o u l d  b e  f o r m u l a t e d  t o  o b t a i n  b o t h  

t h e  r a n g e  o f  m o l e c u l a r  f o r c e s  a n d  t h e  s i z e  o f  t h e  m i c e l l e s  

f o r  a  s u r f a c t a n t - w a t e r  s y s t e m  i s  a  d i f f i c u l t  q u e s t i o n ,  

e s p e c i a l l y  s i n c e  t h e  m i c e l l a r  a g g r e g a t i o n  n u m b e r  i s  

p r o b a b l y  b o t h  t e m p e r a t u r e  a n d  c o n c e n t r a t i o n  d e 

p e n d e n t .  I n  a n y  c a s e ,  t h e  s y s t e m  q u a l i t a t i v e l y  o b e y s  

t h e  D e b y e  c r i t i c a l  o p a l e s c e n c e  t h e o r y .  R e s u l t s  s i m i l a r  

t o  t h o s e  s h o w n  i n  F i g u r e s  1 3 - 1 6  w e r e  a l s o  o b t a i n e d  a t  

a  c o n c e n t r a t i o n  o f  1 g  o f  D C 12P O / I O O  m l ,  w h i c h  i s  w e l l  

r e m o v e d  f r o m  t h e  c o n c e n t r a t i o n  a t  w h i c h  t h e  d i s s y m 

m e t r y  m a x i m u m  o c c u r s .
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Figure 5. Surface replica of undoped silver oxalate 
thermally decomposed under vacuum.

Figure 6. Surface replica of silver oxalate doped with rose 
bengal thei’mally decomposed under vacuum.

c o u l d  b e  s e e n  f r o m  t h e  e l e c t r o n  d i f f r a c t i o n  p a t t e r n  o f  t h e  

s i l v e r  o n  t h e  c r y s t a l s ,  a n d  t h e  d i f f r a c t i o n  p a t t e r n  s h o w e d  

o n l y  s p a c i n g s  c h a r a c t e r i s t i c  o f  o r d i n a r y  s i l v e r .  T h e  

c o n v e r s i o n  p r o c e s s  o f  m e t a s t a b l e  s i l v e r  t o  o r d i n a r y  

c u b i c  s i l v e r  i s  n o t  u n d e r s t o o d  a t  t h e  p r e s e n t  t i m e ,  b u t  

i t  m a y  b e  t h a t  t h e  t r e a t m e n t  o f  t h e s e  s m a l l  c r y s t a l s  

f a c i l i t a t e d  t h e  c o n v e r s i o n .  I t  i s  p o s s i b l e  t h a t  t h e

p r e s e n c e  o f  o x y g e n  c o u l d  a f f e c t  t h e  c o n v e r s i o n  o f  t h e  

s i l v e r .  F u r t h e r  e x p e r i m e n t s  h a v e  b e e n  i n i t i a t e d  t o  

e x a m i n e  t h e  c o n d i t i o n s  n e e d e d  f o r  t h e  c o n v e r s i o n  t o  

c u b i c  s i l v e r  a n d  t h e  p r o p e r t i e s  o f  t h e  m e t a s t a b l e  s i l v e r .  

T h e  g r o w t h  o f  n u c l e i  f r o m  t h e  s u r f a c e  i n t o  t h e  c r y s t a l  

c o u l d  b e  s e e n  b y  e x a m i n a t i o n  o f  s t e r e o  e l e c t r o n  m i c r o 

g r a p h s  o f  t h e  r e p l i c a s .  T h e  d e c o m p o s e d  a r e a s  a p p e a r e d  

a s  i r r e g u l a r - s h a p e d  h o l e s  f o r m e d  i n t o  t h e  c r y s t a l s .

IV . Conclusions

O n  t h e  b a s i s  o f  t h e s e  m i c r o s c o p i c  o b s e r v a t i o n s ,  i t  

s e e m s  c l e a r  t h a t  t h e  c o m p a c t  n u c l e i  p r o d u c e d  i n  b o t h  

t h e  p h o t o l y t i c  a n d  t h e r m a l  d e c o m p o s i t i o n  o f  s i l v e r  

o x a l a t e  u n d e r  v a c u u m  a r e  q u i t e  s i m i l a r .  T h e  n u c l e i  

a r e  p r o d u c e d  o n  t h e  s u r f a c e  a n d  g r o w  t h r e e  d i m e n s i o n -  

a l l y  i n t o  t h e  c r y s t a l .  I n  c a s e s  w h e r e  t h e  c r y s t a l s  w e r e  

p r e p a r e d  i n  t h e  p r e s e n c e  o f  t h e  d o n o r s  a n d  a c c e p t o r s ,  

d i s c r e t e  n u c l e i ,  g r o w i n g  i n  t h r e e  d i m e n s i o n s ,  c o u l d  

b e  s e e n  e v e n  w h e n  t h e s e  s a m p l e s  w e r e  p h o t o l y z e d  i n  

a i r  a s  w e l l  a s  b y  t h e r m a l  d e c o m p o s i t i o n  u n d e r  v a c u u m .  

T h e  t h e r m a l  a n d  p h o t o l y t i c  d e c o m p o s i t i o n  o f  p u r e  

s i l v e r  o x a l a t e  i n  a i r  w a s  f o u n d  t o  b e  g r e a t l y  i n h i b i t e d  

a n d  n o  c o m p a c t  n u c l e i  c o u l d  b e  s e e n .  I n  c a s e s  w h e r e  

c o m p a c t  n u c l e i  w e r e  f o u n d ,  o b s e r v a t i o n s  o f  b o t h  l a r g e  

a n d  s m a l l  c r y s t a l s  s h o w e d  t h a t  t h e  s a m e  t y p e  o f  n u c l e i  

w e r e  p r o d u c e d  a n d  t h r e e - d i m e n s i o n a l  g r o w t h  t o o k  

p l a c e  i n  t h e s e  c r y s t a l s  u p o n  h e a t i n g  o r  e x p o s u r e  t o  

l i g h t .  A  m e t a s t a b l e  f o r m  o f  s i l v e r  w a s  s e e n  o n l y  i n  

t h e  l a r g e  r h o d a m i n e  B  d y e d  c r y s t a l s  t h e r m a l l y  d e c o m 

p o s e d  u n d e r  v a c u u m .  T h e  a g e  a n d  s i z e  o f  t h e  c r y s t a l s  

w o u l d  n o t  a p p e a r  t o  b e  a n  i m p o r t a n t  f a c t o r  i n  e x p l a i n i n g  

t h e  v a r i a b l e  k i n e t i c  b e h a v i o r  o f  t h e  d e c o m p o s i t i o n  

r e a c t i o n ,  u n d e r  v a c u u m ,  o b s e r v e d  b y  o t h e r s , 4 ’ 13 s i n c e  

s i m i l a r  c o m p a c t  n u c l e i ,  t h a t  g r o w  t h r e e  d i m e n s i o n a l l y ,  

a r e  o b s e r v e d  i n  a l l  t h e s e  c a s e s .
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T h e  t h e r m a l  d e c o m p o s i t i o n  o f  s i l v e r  o x a l a t e  b e t w e e n  1 1 5  a n d  1 3 5 °  w a s  s t u d i e d  a s  a  f u n c t i o n  

o f  t h e  a d s o r b e d  d o n o r s  ( t r i p h e n y l a m i n e ,  a c r i d i n e  o r a n g e ,  a n d  r h o d a m i n e  B )  a n d  t h e  

a c c e p t o r s  ( t e t r a c y a n o e t h y l e n e ,  r o s e  b e n g a l ,  a n d  e r y t h r o s i n  B ) .  T h e  d e c o m p o s i t i o n  o f  a l l  

t h e  s a m p l e s  w a s  f o u n d  t o  f i t  t h e  e q u a t i o n  a =  Ctn, w h e r e  a i s  t h e  f r a c t i o n a l  d e c o m p o s i t i o n ,  

t i s  t i m e ,  a n d  C  a n d  n  a r e  c o n s t a n t s .  T h e  c o n s t a n t  C, c o n t a i n i n g  t h e  r a t e  c o n s t a n t  f o r  

g r o w t h  o f  n u c l e i  a n d  n u c l e a t i o n ,  w a s  f o u n d  t o  i n c r e a s e  a s  t h e  t e m p e r a t u r e  o f  t h e  d e c o m 

p o s i t i o n  w a s  i n c r e a s e d .  W i t h  d o n o r s  p r e s e n t  t h e  c o n s t a n t  w a s  g r e a t e r  t h a n  f o r  t h e  u n d o p e d  

c a s e ,  w h i l e  w i t h  a c c e p t o r s  m u c h  s m a l l e r  v a l u e s  w e r e  o b t a i n e d .  V a l u e s  o f  n w e r e  n o t  

a f f e c t e d  v e r y  m u c h  b y  d o n o r s ,  y i e l d i n g  v a l u e s  b e t w e e n  a b o u t  3  a n d  4  d e p e n d i n g  o n  t e m 

p e r a t u r e ,  b u t  t h e  a c c e p t o r - d o p e d  s a m p l e s  y i e l d e d  h i g h e r  v a l u e s  u p  t o  a b o u t  5 .  T h e  v a r i a 

t i o n  o f  n w i t h  d o p a n t s  w a s  i n t e r p r e t e d  a s  a  c h a n g e  i n  t h e  n u c l e a t i o n  s t e p  o f  t h e  r e a c t i o n  

i n  t h e  p r e s e n c e  o f  t h e  a c c e p t o r s .  S i m i l a r l y ,  t h e  c h a n g e  i n  C  w i t h  d o p a n t s  w a s  a t t r i b u t e d  

t o  a n  e n h a n c e d  g r o w t h  r a t e  o f  n u c l e i  w i t h  d o n o r s  a n d  a  r e t a r d e d  g r o w t h  r a t e  w i t h  a c c e p t o r s .  

T h e  s t e p s  o f  t h e  p r o p o s e d  r e a c t i o n  m e c h a n i s m  i n c l u d e  t h e  t r a p p i n g  o f  t h e  e x c i t a t i o n  e n e r g y  

o f  t h e  o x a l a t e  i o n  a t  t h e  d o p a n t  s i t e s  o n  t h e  c r y s t a l  s u r f a c e  w i t h  t h e  d o n o r s  f a c i l i t a t i n g  

t h e  e l e c t r o n - t r a n s f e r  r e a c t i o n s  a n d  t h e  a c c e p t o r s  r e t a r d i n g  t h e m .

I .  I n t r o d u c t i o n

T h e  t h e r m a l  d e c o m p o s i t i o n  o f  s i l v e r  o x a l a t e  i n t o  

s i l v e r  a n d  c a r b o n  d i o x i d e  h a s  b e e n  s t u d i e d  e x t e n s i v e l y  

i n  r e c e n t  y e a r s  u n d e r  v a r y i n g  c o n d i t i o n s  o f  p r e p a r a 

t i o n , 1’ 2 d e c o m p o s i t i o n  e n v i r o n m e n t , 3 a n d  p r e i r r a d i a 

t i o n . 1 5 6’ 4 - 6  Q u i t e  e a r l y  i t  w a s  n o t i c e d  t h a t  s i l v e r  o x a l a t e  

p r e p a r e d  i n  t h e  p r e s e n c e  o f  e x c e s s  o x a l a t e  d e c o m p o s e d  

f a s t e r  t h a n  a  s a m p l e  p r e p a r e d  w i t h  s t o i c h i o m e t r i c  

a m o u n t s  o f  o x a l a t e  a n d  s i l v e r  i o n s . 7 F u r t h e r m o r e ,  

t h e  s a m p l e  p r e p a r e d  i n  t h e  p r e s e n c e  o f  a n  e x c e s s  o f  

s i l v e r  n i t r a t e  d e c o m p o s e d  s l o w e r  t h a n  t h e  s t o i c h i o -  

m e t r i c a l l y  p r o d u c e d  m a t e r i a l .  I n  a d d i t i o n ,  S h e p p a r d  

a n d  V a n s e l o w 8 s h o w e d  t h a t  s i l v e r  s u l f i d e  n u c l e i  i n 

t r o d u c e d  i n t o  s i l v e r  o x a l a t e  a c t e d  a s  c a t a l y s t s  f o r  t h e  

t h e r m a l  d e c o m p o s i t i o n  r e a c t i o n .  T h e  c r y s t a l  s i z e  a n d  

a g e  w e r e  o t h e r  i m p o r t a n t  f a c t o r s ,  a n d  i t  h a s  b e e n  s u g 

g e s t e d  t h a t  s o m e  o f  t h e  d i s c r e p a n c i e s  a m o n g  d i f f e r e n t  

w o r k e r s  m a y  b e  r e s o l v e d  b y  a  c o n s i d e r a t i o n  o f  t h e  

a g e  a n d  c r y s t a l  s i z e . 1,4

T h e  m a r k e d  i n f l u e n c e  o f  t h e  s u r r o u n d i n g  e n v i r o n 

m e n t  o f  t h e  d e c o m p o s i t i o n  o f  s i l v e r  o x a l a t e  w a s  d e m o n 

s t r a t e d  b y  s e v e r a l  i n v e s t i g a t o r s .  I t  w a s  s h o w n  t h a t  

o x y g e n  e x e r t s  a  v e r y  m a r k e d  d e c r e a s e  i n  t h e  d e c o m p o 

s i t i o n  r a t e ,  w h i l e  c a r b o n  d i o x i d e  d o e s  n o t  a f f e c t  i t  a t  a l l . 7 

C o m p a r e d  t o  t h e  r e a c t i o n  in  vacuo t h e  d e c o m p o s i t i o n  

u n d e r  l i q u i d s  s u c h  a s  p a r a f f i n ,  n i t r o b e n z e n e ,  a n d  d i 

c h l o r o b e n z e n e  w a s  r e t a r d e d ,  w h i l e  t h e  d e c o m p o s i t i o n  

r a t e  u n d e r  l i q u i d s  s u c h  a s  p h e n o l ,  g l u c o s e  s y r u p ,  a n i 

l i n e ,  a n d  b e n z a l d e h y d e  w a s  m a r k e d l y  i n c r e a s e d . 3

T h e  d i v e r s e  o b s e r v e d  e f f e c t s  o f  t h e  m e d i u m  a n d  i m 

p u r i t i e s  h a s  b e e n  d i s c u s s e d  b y  B o l d y r e v 9 i n  t e r m s  o f  

t h e  e l e c t r o n i c  t h e o r y  o f  a d s o r p t i o n  a n d  c a t a l y s i s .  

T h e  o b s e r v e d  f a c t s  o f  t h e  t h e r m a l  d e c o m p o s i t i o n  o f  a

(1 ) A . F inch , P . W . M . Jacobs, and F . C . T om p k in s , J. Chem. Soc., 
2053 (1954).
(2 ) J. Y . M a cd on a ld , ibid., 832 (1936).
(3 ) J. Y . M a cd on a ld  and R . Sandison , Trans. F araday Soc., 34 , 589 
(1938).
(4 ) R . M . H aynes and D . A . Y ou n g , D iscussions Faraday Soc., 31 , 
229 (1961).
(5 ) F . C . T om p k in s , Trans. Faraday Soc., 44 , 206 (1948).
(6 ) A . F . B en ton  and  G . L . C unningham , J. A m . Chem. Soc., 57, 
2227 (1935).
(7 ) J. Y . M a cd o n a ld  and  C . N . H in shelw ood , J. Chem. Soc., 127, 
2764 (1925).
(8 ) S. E . S heppard  and  W . V anselow , J. A m . Chem. Soc., 52 , 3468 
(1930).
(9 ) V . V . B o ld y rev , Z h. F iz. K h im ., 33 , 2539 (1959).
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s o l i d  c a n  b e  e x p l a i n e d  i f  t h e  s p e c i a l  f e a t u r e s  o f  t h e  

i n d i v i d u a l  s t a g e s  a r e  t a k e n  i n t o  a c c o u n t .  T h e  d e 

c o m p o s i t i o n  o f  i o n i c  c r y s t a l s  i s  a s s u m e d  t o  b e g i n  w i t h  

a  s p l i t t i n g  o f f  o f  a n  e l e c t r o n  f r o m  t h e  a n i o n  a n d  i t s  

t r a n s f e r  t o  t h e  c o n d u c t i o n  b a n d  e i t h e r  d i r e c t l y  o r  

t h r o u g h  a n  i n t e r m e d i a t e  e x c i t o n  s t a t e .  T h e  e l e c t r o n  

m a y  b e  t r a p p e d  a t  a n  i m p u r i t y  s i t e  o r  a t  a n  a n i o n  

v a c a n c y ,  a n d  e i t h e r  i n t e r s t i t i a l  c a t i o n s  o r  a n i o n  

v a c a n c i e s  w i l l  b e  d r a w n  t o  t h e  t r a p p e d  e l e c t r o n  d e 

p e n d i n g  o n  w h e t h e r  F r e n k e l  o r  S c h o t t k y  d e f e c t s  p r e 

d o m i n a t e .  T h e  h o l e s  r e m a i n i n g  a f t e r  r e l e a s e  o f  t h e  

e l e c t r o n  w o u l d  r e a c t  t o  f o r m  o n e  p r o d u c t  a n d  t h e  

t r a p p e d  e l e c t r o n  w o u l d  u l t i m a t e l y  r e a c t  w i t h  t h e  c a t 

i o n s  t o  f o r m  t h e  o t h e r  p r o d u c t .  T h e  s u c c e s s i v e  a l t e r 

n a t i o n  o f  t h e  p r o c e s s e s  o f  t r a p p i n g  e l e c t r o n s ,  m i g r a 

t i o n  o f  c a t i o n s ,  a n d  r e a c t i o n  w o u l d  p r o d u c e  t h e  g r o w t h  

o f  t h e  n u c l e u s .  O n  t h i s  b a s i s  B o l d y r e v  c a n  e x p l a i n  

t h e  e f f e c t s  o f  e n v i r o n m e n t  a n d  i m p u r i t i e s  o n  t h e  d e 

c o m p o s i t i o n  o f  s o l i d s  s u c h  a s  s i l v e r  o x a l a t e .  S i n c e  t h e  

m e c h a n i s m  i n v o l v e s  c o n d u c t i o n - b a n d  e l e c t r o n s ,  i t  

s h o u l d  b e  p o s s i b l e  t o  e n h a n c e  t h e  r a t e  o f  r e a c t i o n  b y  

a d s o r p t i o n  o f  e l e c t r o n  d o n o r s  o n  t h e  s u r f a c e  o f  t h e  

c r y s t a l ;  c o n v e r s e l y ,  e l e c t r o n  a c c e p t o r s  w h i c h  w o u l d  

t e n d  t o  d e c r e a s e  t h e  e l e c t r o n  c o n c e n t r a t i o n  i n  t h e  c o n 

d u c t i o n  b a n d  w o u l d  r e t a r d  t h e  r e a c t i o n .  T h e  o b 

s e r v e d  e f f e c t s  o f  e n v i r o n m e n t  a r e  t h e n  e x p l a i n e d  b y  

a s s u m i n g  t h a t  m a t e r i a l s  s u c h  a s  h y d r o g e n  g a s ,  e x c e s s  

o x a l a t e  i o n s ,  a n d  g l u c o s e  d e v e l o p  d o n o r  f u n c t i o n s  o n  

s i l v e r  o x a l a t e  w h i l e  o x y g e n ,  n i t r a t e  i o n ,  a n d  n i t r o b e n 

z e n e  d e v e l o p  a c c e p t o r  p r o p e r t i e s .

T h e  r a t e  o f  d e c o m p o s i t i o n  s h o u l d  d e p e n d  o n  t h e  c o n 

c e n t r a t i o n  o f  i o n i c  d e f e c t s  i n  t h e  d e c o m p o s i n g  s o l i d .  

I f  i m p u r i t i e s  a r e  i n t r o d u c e d  i n t o  t h e  l a t t i c e  p r o d u c i n g  

a n i o n  v a c a n c i e s ,  t h e  r a t e  o f  t h e r m a l  d e c o m p o s i t i o n  

s h o u l d  i n c r e a s e  s i n c e  t h e  c o n d u c t i o n - b a n d  e l e c t r o n s  

o r  e x c i t o n s  w o u l d  b e  r e a d i l y  t r a p p e d .  I f  c a t i o n  

v a c a n c i e s  a r e  f o r m e d ,  t h e  p o s i t i v e  h o l e s  p r o d u c e d  

a f t e r  r e m o v a l  o f  t h e  e l e c t r o n  w o u l d  b e  t r a p p e d  a n d  

a c c u m u l a t e  i n  t h e  l a t t i c e ,  i n c r e a s i n g  t h e  p r o b a b i l i t y  

o f  t h e i r  r e c o m b i n a t i o n  w i t h  e l e c t r o n s ,  a n d  h e n c e  t h e  

r e a c t i o n  r a t e  s h o u l d  d e c r e a s e .  I n  s u p p o r t  o f  t h e s e  

i d e a s  i t  h a s  b e e n  s h o w n  t h a t  i n t r o d u c t i o n  o f  C d + 2 i o n s  

i n t o  t h e  s i l v e r  o x a l a t e  l a t t i c e ,  p r o d u c i n g  a d d i t i o n a l  

c a t i o n  v a c a n c i e s ,  y i e l d s  a  d e c r e a s e  i n  t h e  t h e r m a l  

d e c o m p o s i t i o n  r a t e . 10

T h e  m e c h a n i s m  o r g a n i c a l l y  s u g g e s t e d  b y  B o l d y r e v  

w a s ,  h o w e v e r ,  i n  c o n f l i c t  w i t h  t h e  k n o w n  f a c t s ,  s i n c e  

s i l v e r  o x a l a t e  w a s  p u r e l y  a n  i o n i c  c o n d u c t o r  a n d  s h o w e d  

n o  p h o t o c o n d u c t i v i t y . 6 ’ 10 T h e  m e c h a n i s m  w a s  l a t e r  

m o d i f i e d 10 b y  c o n s i d e r i n g  t h a t  i n s t e a d  o f  c o n d u c t i o n -  

b a n d  e l e c t r o n s  m o b i l e  e x c i t o n s  w e r e  p r o d u c e d  a n d  

t r a p p e d  b y  i n t e r s t i t i a l  s i l v e r  i o n s  t o  p r o d u c e  d e c o m 

p o s i t i o n  p r o d u c t s ,  b u t  t h e n  t h e  e f f e c t  o f  a d s o r b e d  

i m p u r i t i e s  w a s  n o t  s o  r e a d i l y  e x p l a i n e d .

A  p o s s i b l e  m e t h o d  o f  s t u d y i n g  t h e  e f f e c t  o f  a d s o r b e d  

i m p u r i t i e s  o n  t h e  t h e r m a l  d e c o m p o s i t i o n  o f  s i l v e r  

o x a l a t e  w o u l d  b e  t o  d e t e r m i n e  t h e  d e c o m p o s i t i o n  r a t e  

w i t h  k n o w n  d o n o r s  a n d  a c c e p t o r s  a d s o r b e d  o n  t h e  

c r y s t a l s .  I n  t h e  p r e s e n t  e x p e r i m e n t s  t h e  t h e r m a l  

d e c o m p o s i t i o n  r a t e  w a s  d e t e r m i n e d  u s i n g  c r y s t a l s  

w i t h  a d s o r b e d  d o n o r  a n d  a c c e p t o r  d y e s  a n d  w i t h  t r i -  

p h e n y l a m i n e  a n d  t e t r a c y a n o e t h y l e n e .

II . Experim ental Procedure

S a m p l e s  o f  p u r e  s i l v e r  o x a l a t e  a s  w e l l  a s  d o n o r -  a n d  

a c c e p t o r - d o p e d  s a m p l e s  w e r e  p r e p a r e d  b y  p r e c i p i t a t i o n  

o f  t h e  s a l t  f r o m  s o l u t i o n  i n  t h e  p r e s e n c e  o f  t h e  d o p a n t .  

T h e  d e t a i l e d  p r e p a r a t i o n  h a s  b e e n  d e s c r i b e d  p r e v i 

o u s l y . 11 T h e  d o p a n t s  u s e d  i n  t h e  e x p e r i m e n t s  c o u l d  

b e  b r o a d l y  c l a s s i f i e d  i n t o  d o n o r s  a n d  a c c e p t o r s  b a s e d  

o n  M u l l i k e n ’ s  c l a s s i f i c a t i o n . 12 T h e  d o n o r s  w e r e  t r i -  

p h e n y l a m i n e  ( I ) ,  a c r i d i n e  o r a n g e ,  C . I .  N o .  4 6 0 0 5

( I I ) ,  a n d  r h o d a m i n e  B ,  C . I .  N o .  4 5 1 7 0  ( I I I ) ,  a n d  t h e  

a c c e p t o r s  w e r e  t e t r a c y a n o e t h y l e n e  ( I V ) ,  r o s e  b e n g a l ,  

C . I .  N o .  4 5 4 4 0  ( V ) ,  a n d  e r y t h r o s i n  B ,  C . I .  N o .  4 5 4 3 0

( V I ) .  T h e  r e l a t i v e  d o n o r  o r  a c c e p t o r  s t r e n g t h s  i s  a n

H
I  H

a d d i t i o n a l  p r o b l e m  t h a t  i s  n o t  r e a d i l y  s o l v e d  s i n c e  t h e  

o r i e n t a t i o n  o f  t h e  m o l e c u l e s  i n  t h e  a d s o r b e d  s t a t e  a n d  

t h e  a c t u a l  a m o u n t  a d s o r b e d  a r e  n o t  k n o w n  e x a c t l y .

(10) V . V . B o ld y rev , Y u . A . Z a k harov , V . M . L yk h in , and  L . A . 
V otin ov a , K in etik a  i  K ataliz, 4 , 672 (1963).
(11) A . G . L eiga , J. P hys. Chem., 70 , 3254 (1966).
(12 ) R . S . M ulliken , J. Chim. P h ys., 61 , 20 (1964).
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B a s e d  o n  M u l l i k e n ’ s  w o r k  a n d  t h e  r e s u l t s  p r e s e n t e d  i n  

t h e  r e v i e w  b y  P a r i n i , 13 i t  i s  p o s s i b l e  t o  e s t i m a t e  t h a t  

t h e  b e s t  d o n o r s  w o u l d  b e  t r i p h e n y l a m i n e  a n d  a c r i d i n e  

o r a n g e ,  w h i l e  r h o d a m i n e  B  w o u l d  b e  a  w e a k e r  d o n o r  

s i n c e  i t  c o n t a i n s  s o m e  e l e c t r o n - w i t h d r a w i n g  s u b s t i t 

u e n t s  o n  t h e  a r o m a t i c  r i n g s .  S i m i l a r l y ,  r o s e  b e n g a l  

w o u l d  b e  e x p e c t e d  t o  b e  a  b e t t e r  a c c e p t o r  t h a n  e r y t h -  

r o s i n  B  s i n c e  i t  c o n t a i n s  t h e  a d d i t i o n a l  e l e c t r o n -  

w i t h d r a w i n g  c h l o r o  g r o u p s  o n  o n e  o f  t h e  a r o m a t i c  

r i n g s .  T h e  a c c e p t o r  s t r e n g t h  o f  t e t r a c y a n o e t h y l e n e  

i s  n o t  c l e a r  a m o n g  t h e s e  t h r e e  c o m p o u n d s  a l t h o u g h  i t  

w o u l d  c e r t a i n l y  b e  e x p e c t e d  t o  b e  a n  a c c e p t o r  i n  t h e s e  

e x p e r i m e n t s .

T h e  d e c o m p o s i t i o n s  o f  t h e  v a r i o u s  s a m p l e s  w e r e  

f o l l o w e d  b y  m e a s u r i n g  t h e  p r e s s u r e  r i s e  w i t h  t i m e .  

A p p r o x i m a t e l y  a  0 . 0 5 - g  s a m p l e  w a s  w e i g h e d  i n t o  a  

q u a r t z  t u b e  a t t a c h e d  t o  a  m e r c u r y - f r e e  v a c u u m  

s y s t e m  b y  m e a n s  o f  a  g r e a s e d  s t a n d a r d  t a p e r  a n d  

e v a c u a t e d  t o  a  p r e s s u r e  o f  a b o u t  5  X  1 0 _ 6  t o r r .  A n  

o i l  b a t h  r e g u l a t e d  t o  ± 0 . 3 °  w a s  r a i s e d  u n t i l  t h e  s a m p l e  

t u b e  w a s  i m m e r s e d  i n  t h e  h o t  o i l .  T h e  t i m e  o f  t h e  

r e a c t i o n  w a s  a s s u m e d  t o  b e g i n  a s  s o o n  a s  t h e  s a m p l e  

w a s  i n  t h e  o i l  b a t h .  T h e  t e m p e r a t u r e  o f  t h e  s a m p l e  

w i t h i n  t h e  c e l l  w a s  m e a s u r e d  b y  a  t h e r m o c o u p l e  a n d  

i n d i c a t e d  t h a t  t h e  d e s i r e d  d e c o m p o s i t i o n  t e m p e r a t u r e  

w a s  r e a c h e d  w i t h i n  a b o u t  5  m i n .  T h e  p r e s s u r e  w a s  

m e a s u r e d  b y  m e a n s  o f  a  W a l l a c e  a n d  T i e r n a n  g a u g e  

c a l i b r a t e d  b e t w e e n  0  a n d  2 0  m m  i n  0 . 1 - m m  g r a d u a 

t i o n s .  T h e  v o l u m e  o f  t h e  d e c o m p o s i t i o n  c e l l ,  p r e s s u r e  

g a u g e ,  a n d  n e c e s s a r y  t u b i n g  w a s  1 9 6 . 9  m l .  A n  a d d i 

t i o n a l  v o l u m e  o f  2 0 2 . 3  m l  c o u l d  b e  v a l v e d  i n t o  t h e  

s y s t e m  t o  f a c i l i t a t e  m e a s u r i n g  h i g h e r  p r e s s u r e s .  T h e  

d e c o m p o s i t i o n s  w e r e  s t u d i e d  a t  1 1 5 ,  1 2 0 ,  1 2 5 ,  1 3 0 ,  a n d  

1 3 5 ° .  T h e  f r a c t i o n a l  d e c o m p o s i t i o n ,  a, w a s  o b t a i n e d  

b y  d e t e r m i n i n g  t h e  f i n a l  p r e s s u r e  a t  t h e  d e c o m p o s i t i o n  

t e m p e r a t u r e  a n d  t a k i n g  t h e  r a t i o  o f  t h e  m e a s u r e d  

p r e s s u r e  a t  a  p a r t i c u l a r  t i m e  t o  t h e  f i n a l  p r e s s u r e .  A l l  

p r e s s u r e  m e a s u r e m e n t s  w e r e  c o r r e c t e d  f o r  t h e  t e m p e r a 

t u r e  d i f f e r e n c e  b e t w e e n  t h e  d e c o m p o s i t i o n  c e l l  v o l u m e  

a n d  c o n n e c t i n g  t u b i n g .  T h e  p r e s s u r e  w a s  a s s u m e d  

t o  b e  c o n s t a n t  a t  t h e  e n d  o f  a  r u n  w h e n  t w o  s u c c e s s i v e

5 - m i n  r e a d i n g s  s h o w e d  n o  c h a n g e .

III . Results

T h e  p r e s e n t  d a t a  f o r  t h e  d e c o m p o s i t i o n  o f  u n d o p e d  

s i l v e r  o x a l a t e  a r e  s h o w n  i n  F i g u r e  1 p l o t t e d  a s  f r a c 

t i o n a l  d e c o m p o s i t i o n ,  a, a g a i n s t  t i m e ,  t, w i t h  t e m p e r a 

t u r e  a s  a  p a r a m e t e r .  F r o m  t h e s e  p l o t s  t h e  t i m e  t o  

r e a c h  a  g i v e n  p e r c e n t a g e  d e c o m p o s i t i o n  c a n  b e  o b 

t a i n e d  a t  d i f f e r e n t  t e m p e r a t u r e s ,  a n d  f r o m  t h i s  v a l u e  

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  f o r  a  1 0 °  r i s e  i n  t e m p e r a 

t u r e  c a n  b e  c a l c u l a t e d .  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 b t a i n e d  i n  t h i s  w a y  a r e  s h o w n  i n  T a b l e  I  f o r  d i f f e r e n t

Figure 1. Thermal decomposition of undoped silver oxalate.

f r a c t i o n a l  d e c o m p o s i t i o n s  a n d  o v e r  s e v e r a l  t e m p e r a 

t u r e  r a n g e s  a n d  i n d i c a t e  a  c o e f f i c i e n t  o f  a b o u t  2 .  

M a c d o n a l d 14 s t u d i e d  t h e  d e c o m p o s i t i o n  o f  a  s a m p l e  o f  

s i l v e r  o x a l a t e  p r e p a r e d  w i t h  e x c e s s  o x a l a t e  a n d  f o u n d  

t h a t  t h e  r a t e  o f  r e a c t i o n  i n c r e a s e d  b y  a  f a c t o r  o f  a b o u t

3 . 0  f o r  a  1 0 °  r i s e  i n  t e m p e r a t u r e .  B a s e d  o n  t h e  h i g h e r  

f i g u r e  o f  M a c d o n a l d  a n d  a s s u m i n g  a  s i m p l e  r e l a t i o n 

s h i p  b e t w e e n  t h e  v a r i a t i o n  i n  t h e  r a t e  a n d  t h e  t e m 

p e r a t u r e ,  a  f l u c t u a t i o n  o f  ± 0 . 3 °  i n  t h e  d e c o m p o s i t i o n  

t e m p e r a t u r e  w o u l d  p r o d u c e  a  m a x i m u m  e r r o r  o f  ± 9 %  

i n  t h e  d e c o m p o s i t i o n  r a t e .  A l l  o t h e r  e r r o r s ,  s u c h  a s  

p r e s s u r e  r e a d i n g s ,  w o u l d  b e  s m a l l  a n d  p r o b a b l y  w o u l d  

c o n t r i b u t e  o n l y  ± 1 %  a d d i t i o n a l  e r r o r ,  y i e l d i n g  a  

t o t a l  e r r o r  o f  a b o u t  ±  1 0 %  i n  a. F r o m  a  k n o w l e d g e

Table I : Temperature Coefficient for Decomposition 
of Silver Oxalate

Temp
range, ✓-----------------Fractional decomposition-

°c 0.05 0.10 0.15 0.20 0.25 0.30

114-124 1.73 1.76 1.67 1.81 1.85 1.86
124-134 2.25 2.35 2.42 2.39 2.37 2.43
120-129.5 2.12 2.14 2.19 2.24 2.26 2.26
114-134 1.97 2.04 2.01 2.08 2.09 2.13

o f  t h e  t o t a l  e r r o r ,  a n a l y s i s  o f  t h e  k i n e t i c  d a t a  c o u l d  b e  

m a d e  t o  d e c i d e  w h e t h e r  a  p o w e r  o r  e x p o n e n t i a l  d e 

c o m p o s i t i o n  l a w  w a s  f o l l o w e d  i n  t h i s  i n s t a n c e .  S i n c e  

t h e  m o d e l  u s e d  t o  d e r i v e  t h e  e q u a t i o n s 15 c l e a r l y  w o u l d

(13) V . P. Parini, Russ. Chem. Rev., 31, 408 (1962).

(14) J. Y . Macdonald, J. Chem. Soc., 273 (1937).

(15) P. W . M . Jacobs and F . C . Tompkins, “ Chemistry of the Solid 
State,”  W . E . Garner, Ed., Academic Press Inc., New York, N . Y .,  
1955, Chapter 7.
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w h i c h  m a y  b e  c o m p a r e d  w i t h  ( ? ( C 6 H 6)  =  1 . 0 5  o b t a i n e d  

a t  F  =  0 . 0 0 7  f o r  t h e  s i l i c a - a l u m i n a . 13 A t  t h e  l o w e r  

d o s e s  u s e d  i n  t h i s  w o r k ,  d e c o m p o s i t i o n  o f  i s o p r o p y l 

b e n z e n e  w a s  o f  t h e  o r d e r  o f  1 % .

D iscussion

A. The Reaction of Isopropylbenzene on Irradiated 
Silica Gel. I n  q u a r t z e s  a n d  s i l i c a - b a s e  g l a s s e s  a n d  g e l s ,  

t h e  m e c h a n i s m  o f  f o r m a t i o n  a n d  t h e  n a t u r e  a n d  i n t e r 

r e l a t i o n s h i p s  o f  t h e  m a n y  c o l o r  c e n t e r s  f o r m e d  b y  h i g h -  

e n e r g y  r a d i a t i o n  a r e  n o t  t h o r o u g h l y  u n d e r s t o o d . 4' 5 ,15-18  

C o n s e q u e n t l y ,  i t  w o u l d  b e  p r e m a t u r e  t o  a t t e m p t  t h e  

d e v e l o p m e n t  o f  a  u n i q u e  a n d  i n t e g r a t e d  i n t e r p r e t a t i o n  

o f  t h e  c h e m i c a l  e f f e c t s  o c c u r r e n t  o n  i n t e r a c t i o n  o f  i s o 

p r o p y l b e n z e n e  a n d  o t h e r  s u b s t a n c e s  w i t h  i r r a d i a t e d  

s i l i c a  a n d  s i l i c a - a l u m i n a  g e l s .  N e v e r t h e l e s s ,  c e r t a i n  

c o l o r  c e n t e r s  i n  s i l i c a - b a s e  s o l i d s  h a v e  b e e n  r a t h e r  

t h o r o u g h l y  s t u d i e d ,  a n d  t h e i r  b e h a v i o r  a n d  n a t u r e  h a v e  

b e e n  e s t a b l i s h e d  w i t h  r e a s o n a b l e  c e r t a i n t y .  B y  c o m 

p a r i s o n  o f  t h e  b e h a v i o r  o f  s u c h  c o l o r  c e n t e r s  w i t h  t h a t  

o f  t h e  i s o p r o p y l b e n z e n e  d e a l k y l a t i o n  r e a c t i o n  o n  i r 

r a d i a t e d  s i l i c a  a n d  s i l i c a - a l u m i n a  g e l s ,  a  s t r o n g  c o r r e l a 

t i o n  i s  e s t a b l i s h e d  b e t w e e n  t h e s e  c o l o r  c e n t e r s  a n d  t h e  

e x c i t a t i o n s  e f f e c t i v e  i n  d e a l k y l a t i o n .

The Role of Impurities. T h e  r e s u l t s  i n  T a b l e  I  a r e  

t o  b e  c o m p a r e d  w i t h  b e n z e n e  y i e l d s  o f  1 3 - 2 3 3  X  1 0 15 16 17 

m o l e c u l e s / g  o f  s o l i d  o b t a i n e d  o n  s i l i c a - a l u m i n a s  i r 

r a d i a t e d  a t  r o o m  t e m p e r a t u r e  t o  a  s a t u r a t i o n  d o s e ; 2' 14 

t h e s e ,  s i l i c a - a l u m i n a s  c o n t a i n e d  ~ 1 . 2  X  1 0 21 a t o m s  o f  

A l / g  o f  s o l i d .  F o r  t h e  r o o m  t e m p e r a t u r e  i r r a d i a t i o n s ,  

a  q u a l i t a t i v e  c o r r e l a t i o n  i s  o b s e r v e d  b e t w e e n  t h e  y i e l d  o f  

b e n z e n e  a n d  t h e  a l u m i n u m  o r  t o t a l  i m p u r i t y  c o n t e n t . 19 

S i m i l a r  q u a l i t a t i v e  c o r r e l a t i o n s  h a v e  b e e n  r e p o r t e d  b e 

t w e e n  t h e  a l u m i n u m  c o n t e n t  o f  i r r a d i a t e d  s i l i c a  g e l s  

a n d  t h e i r  v i s i b l e  c o l o r ,  H 2- D 2 e x c h a n g e  a c t i v i t y ,  a n d  i r 

r e v e r s i b l e  H 2 a d s o r p t i o n . 8,11 N e v e r t h e l e s s ,  t h e  r e l a 

t i o n s h i p  b e t w e e n  b e n z e n e  y i e l d  a n d  i m p u r i t y  c o n t e n t  i s  

q u i t e  e v i d e n t l y  n o t  a  p r o p o r t i o n a l  o n e ;  c e r t a i n l y  t h e  

a l u m i n u m  c o n t e n t  d o e s  n o t  g o v e r n  t h e  l i m i t i n g  y i e l d .  

S i m i l a r l y ,  p o o r  q u a n t i t a t i v e  c o r r e l a t i o n s  h a v e  b e e n  o b 

t a i n e d  b e t w e e n  a l u m i n u m  c o n t e n t  a n d  t h e  v i s i b l e  c o l o r  

o f  i r r a d i a t e d  q u a r t z  a n d  s i l i c a ;  t h i s  h a s  b e e n  a c c o u n t e d  

f o r  a s  o w i n g  t o  p r e s e n c e  o f  p a r t  o f  t h e  a l u m i n u m  i n  

i n t e r s t i t i a l  s i t e s , 20 r a t h e r  t h a n  i n  s u b s t i t u t i o n a l  s i t e s  

w h e r e  a l u m i n u m  a c t s  a s  a  p o s i t i v e - h o l e  t r a p  a n d  g i v e s  

r i s e  t o  t h e  v i s i b l e  c o l o r 21 a n d  a  c h a r a c t e r i s t i c  e s r  s i g n a l . 22 

S u c h  a n  e x p l a n a t i o n  c a n n o t  a c c o u n t  f o r  t h e  l o w  b e n z e n e  

y i e l d s  r e l a t i v e  t o  a l u m i n u m  c o n t e n t  o n  t h e  s i l i c a -  

a l u m i n a s  f o r  w h i c h  a  m a j o r  f r a c t i o n  o f  t h e  b e n z e n e  

y i e l d  h a s  b e e n  a s s o c i a t e d  w i t h  t h e  v i s i b l e  c o l o r  c e n t e r s ; 2 

i n  s u c h  s o l i d s ,  t h e  a l u m i n u m  a p p e a r s  t o  b e  l a r g e l y  s u b 

s t i t u t i o n a l . 23 T h e  b e n z e n e  y i e l d  o n  s i l i c a - a l u m i n a  m a y  

b e  l i m i t e d  b y  t h e  a v a i l a b i l i t y  o f  s t a b l e  e l e c t r o n  t r a p s  o r  o f

s p e c i f i c  c h a r g e - c o m p e n s a t i o n  i o n s  e s s e n t i a l  t o  s t a b i l i z a 

t i o n  o f  p o s i t i v e  h o l e s  o n  s u b s t i t u t i o n a l  a l u m i n u m . 4,6

A l t h o u g h  t h e  a l u m i n u m  c o n t e n t  o f  t h e  t h r e e  s i l i c a  g e l s  

i s  s u f f i c i e n t  t o  a c c o u n t  f o r  t h e  y i e l d s  o f  b e n z e n e  i n  r o o m -  

t e m p e r a t u r e  i r r a d i a t i o n ,  t h e  a b s e n c e  o f  s i g n i f i c a n t  

v i s i b l e  c o l o r a t i o n  i n  t h e  i r r a d i a t e d  s o l i d s  s u g g e s t s  t h a t  

t h e  t r a c e s  o f  a l u m i n u m  a r e  n o t  s u b s t i t u t i o n a l  i n  t h e s e  

s o l i d s .  O n  s o l i d s  A  a n d  C  i r r a d i a t e d  a t  — 1 9 6 ° ,  b e n 

z e n e  y i e l d s  a c t u a l l y  e x c e e d  t h e  a l u m i n u m  c o n t e n t .  

O n e  m i g h t  a r g u e  t h a t  b e n z e n e  y i e l d s  o n  t h e  i r r a d i a t e d  

s i l i c a  g e l s  a r e  r e l a t e d  t o  t o t a l  i m p u r i t y  c o n t e n t ,  w h i c h  

m a y  e x c e e d  t h e  b e n z e n e  y i e l d  e v e n  i n  t h e  c a s e  o f  s o l i d  

A  i r r a d i a t e d  a t  — 1 9 6 ° .  I n  t h e  e n s u i n g  d i s c u s s i o n ,  

r e m a r k a b l y  g o o d  c o r r e l a t i o n s  a r e  e s t a b l i s h e d  b e t w e e n  

t h e  b e h a v i o r  o f  b e n z e n e  y i e l d s  o n  i r r a d i a t e d  s o l i d  A  a n d  

t h a t  o f  c e r t a i n  c o l o r  c e n t e r s ,  n a m e l y  t h e  E '  c e n t e r s  

( t r a p p e d  e l e c t r o n s )  a b s o r b i n g  a t  ~ 0 . 2 2  p ,  a s s o c i a t e d  

w i t h  s p e c i f i c  v a c a n c i e s  i n  t h e  s i l i c a  m a t r i x .  I t  i s  o u r  

o p i o n i o n  t h a t  l i m i t i n g  b e n z e n e  y i e l d s  o n  t h e  t h r e e  

s i l i c a  g e l s  a r e  g o v e r n e d  b y  t h e  a v a i l a b i l i t y  o f  d e f e c t s  

i n h e r e n t  i n  t h e  s i l i c a  m a t r i x  a n d  n o t  b y  c a t i o n i c  i m 

p u r i t i e s .  T h e  d i f f e r e n c e  b e t w e e n  t h e  b e n z e n e  y i e l d  o n  

s o l i d  A  a n d  t h o s e  o n  s o l i d s  B  a n d  C  m a y  b e  a t t r i b u t a b l e  

t o  t h e  e f f e c t  o f  t h e  v e r y  d i f f e r e n t  m e t h o d s  o f  p r e p a r a 

t i o n  o n  t h e  c o n c e n t r a t i o n  o f  s i l i c a  m a t r i x  d e f e c t s  p r o 

d u c e d ;  e.g., i t  h a s  b e e n  o b s e r v e d  t h a t  a n i o n  i m p u r i t i e s ,  

p a r t i c u l a r l y  O H - , m a y  o c c u p y  o x y g e n  v a c a n c i e s  a n d  

p r e c l u d e  f o r m a t i o n  o f  E '  c e n t e r s  o n  i r r a d i a t i o n . 18 

S o l i d s  B  a n d  C  w e r e  p r e p a r e d  w i t h  S i C h  w h i l e  t h e  s o l i d  

A  p r e p a r a t i o n  u s e d  e t h y l  s i l i c a t e .  A l t h o u g h  t h e  l a r g e  

d i f f e r e n c e  i n  s u r f a c e  a r e a  o f  s o l i d  A  a s  c o m p a r e d  t o  

s o l i d s  B  a n d  C  r e f l e c t s  a n  e f f e c t  o f  p r e p a r a t i o n  m e t h o d  

o n  s t r u c t u r e ,  i t  i s  e v i d e n t  t h a t  b e n z e n e  y i e l d s  a r e  n o t  

d i r e c t l y  r e l a t e d  t o  s u r f a c e  a r e a .  I t  s h o u l d  b e  n o t e d  

t h a t  a n  a p p r e c i a b l e  f r a c t i o n  o f  t h e  b e n z e n e  y i e l d  o n  i r 

r a d i a t e d  s i l i c a - a l u m i n a  w a s  s h o w n  n o t  t o  b e  a s s o c i a t e d  

w i t h  v i s i b l e  c o l o r  c e n t e r s  ;2 i t  i s  p r o b a b l e  t h a t  t h i s  y i e l d  

o f  b e n z e n e  a r i s e s  f r o m  t h e  s a m e  c e n t e r s  t h a t  a r e  e f f e c 

t i v e  i n  t h e  s i l i c a  g e l s .

(15) Cf. the ten  papers from  the M ellon  Institu te  S ym posium  on 
D e fect Structure o f  Q uartz and G lassy Silica, J. P hys. Chem. Solids, 
13, 271 (1960).
(16) W . D . C om p ton  and  G . W . A rnold , Jr., D iscussions Faraday  
Soc., 31 , 130 (1961).
(17) C . M . N elson and R . A . W eeks, J. A p p l. P hys., 32 , 883 (1961).
(18) R . A . W eeks and E . Lell, ibid., 35 , 1932 (1964).
(19) O ther im purities— such as iron, m agnesium , copp er, ca lcium , 
and sod ium — were present in silica gels A  and B  at ab ou t the sam e 
level as the  alum inum .
(20) A . J. C ohen , / .  P h ys. Chem. Solids, 13, 321 (1960).
(21) R . W . D itch burn , E . W . J. M itchell, E . G . S. P aige, J. F . 
Custers, H . B . D yer, and  C . D . C lark, B risto l C on feren ce  on  D efects  
in C rystalline Solids, T h e  P hysica l S ociety , L on d on , 1955, p  92.
(22) M . C . M . O ’Brien and M . H . L . P ryce , ref 21, p 88.
(23) A . L eonard , S. Suzuki, J. J. F rip iat, and C . D eK im p e , J. 
P h ys. Chem., 68, 2608 (1964).
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Correlations with the E '  Centers. I n  f u s e d  s i l i c a s  o f  

h i g h  p u r i t y ,  i n  w h i c h  n o  v i s i b l e  c o l o r  i s  p r o d u c e d  b y  

i r r a d i a t i o n ,  c e r t a i n  r a d i a t i o n - i n d u c e d  u l t r a v i o l e t  a b 

s o r p t i o n  b a n d s  a r e  e n h a n c e d  b y  i r r a d i a t i o n  a t  

— 1 9 6 ° . 16’ 24,26 A r n o l d  a n d  C o m p t o n 24 25 26 27 28 29 r e p o r t  t h a t  o n  

i r r a d i a t i o n  a n d  m e a s u r e m e n t  a t  7 7 ° K ,  t h e  i n t e n s i t y  o f  

t h e  0 . 2 1 5 - p i  b a n d  ( a n  E '  c e n t e r )  w a s  ~ 1 0  t i m e s  g r e a t e r  

t h a n  t h e  i n t e n s i t y  o b s e r v e d  a f t e r  a n  i r r a d i a t i o n  a t  

~ 3 0 0 ° K  a n d  m e a s u r e m e n t  a t  7 7 ° K .  I n  a d d i t i o n ,  

t h e s e  a u t h o r s  o b s e r v e d  t h a t  w h e n  t h e  s a m p l e  i r r a d i a t e d  

a t  7 7  ° K  i s  w a r m e d  t o  r o o m  t e m p e r a t u r e  a n d  t h e n  i m 

m e d i a t e l y  r e m e a s u r e d  a t  7 7 °  K ,  t h e  0 . 2 1 5 - / I  a b s o r p t i o n  

i s  r e d u c e d  t o  a b o u t  h a l f  i t s  o r i g i n a l  v a l u e .  F u r t h e r  

l o s s  i n  t h e  0 . 2 1 5 - / 1  a b s o r p t i o n  w a s  o b s e r v e d  t o  o c c u r  

s l o w l y  a t  r o o m  t e m p e r a t u r e  a n d  t o  a p p r o a c h  t h e  v a l u e  

o b t a i n e d  w h e n  t h e  i r r a d i a t i o n  w a s  m a d e  a t  r o o m  t e m 

p e r a t u r e .  T h e  p a r a l l e l  b e t w e e n  t h e s e  r e s u l t s  a n d  t h e  

b e n z e n e  y i e l d  r e s u l t s  i s  s t r i k i n g  ( c / .  F i g u r e s  1 a n d  2 ) .

T h e  s a m e  l i m i t i n g  y i e l d  o f  b e n z e n e  i s  a t t a i n e d  i n  

r o o m - t e m p e r a t u r e  i r r a d i a t i o n  a s  i n  t h e  d e c a y  a t  r o o m  

t e m p e r a t u r e  o f  c e n t e r s  p r o d u c e d  b y  a  s a t u r a t i o n  d o s e  

a t  — 1 9 6 ° ;  t h e r e f o r e ,  t h i s  l i m i t i n g  y i e l d  o f  b e n z e n e  a t  

r o o m  t e m p e r a t u r e  m u s t  c o r r e s p o n d  t o  e s s e n t i a l l y  

c o m p l e t e  p o p u l a t i o n  o f  c e r t a i n  s i l i c a  m a t r i x  d e f e c t s ,  

r a t h e r  t h a n  t o  a t t a i n m e n t  o f  a  r a d i a t i o n - i n d u c e d  s t e a d y -  

s t a t e  p o p u l a t i o n  o f  s u c h  d e f e c t s .  F u r t h e r m o r e ,  t h e  

a n n e a l i n g  b e h a v i o r  s u g g e s t s  a  q u a n t i t a t i v e  c o n v e r s i o n  

o f  c e n t e r s  f o r m e d  o n  i r r a d i a t i o n  a t  — 1 9 6 °  i n t o  a v a i l 

a b l e  r o o m - t e m p e r a t u r e  c e n t e r s  o n  w a r m i n g .  A g a i n ,  a  

s i m i l a r  i n t e r c o n v e r s i o n  o f  e l e c t r o n - t y p e  c e n t e r s  h a s  

b e e n  o b s e r v e d  i n  o p t i c a l  b l e a c h i n g  e x p e r i m e n t s  o n  i r 

r a d i a t e d  f u s e d  s i l i c a s ; 2 6 -2 9  e.g., N e l s o n  a n d  W e e k s  o b 

s e r v e  t h a t  i n t e r c o n v e r s i o n  o f  E /  a n d  E /  c e n t e r s  o c c u r s  

w i t h  o n l y  a  s m a l l  l o s s  o f  t o t a l  i n t e n s i t y  a n d  c o n c l u d e  

t h a t  i t  i s  e a s i e r  t o  t r a n s f e r  e l e c t r o n s  b e t w e e n  e l e c t r o n -  

t y p e  c e n t e r s  t h a n  t o  c a u s e  e l e c t r o n - h o l e  r e c o m b i n a t i o n  

a t  a  h o l e  c e n t e r .

T h e  r e s u l t s  o f  T a b l e  I I  s h o w  t h a t  c e n t e r s  p r o d u c e d  

o n  i r r a d i a t i o n  a t  — 1 9 6 °  a r e  c o n v e r t e d  i n t o  t h e  r o o m -  

t e m p e r a t u r e  c e n t e r s  b y  i r r a d i a t i o n  a t  r o o m  t e m p e r a 

t u r e ; 30 t h e  l o s s  i n  b e n z e n e  y i e l d  d u e  t o  t h e  r o o m -  

t e m p e r a t u r e  i r r a d i a t i o n  c o r r e s p o n d s  t o  a  G (  —  C 6H 6)  

«  4 ,  w h i c h  e q u a l s  ( ? o ( C 6 H 6)  a t  — 1 9 6 ° .  S u c h  a  r e s u l t  

s u g g e s t s  t h a t  t h e  l i m i t i n g  y i e l d  o f  b e n z e n e  i n  i r r a d i a t i o n  

a t  — 1 9 6 °  c o r r e s p o n d s  t o  a  s t e a d y - s t a t e  p o p u l a t i o n  o f  

t h e  u n s t a b l e  ( a t  r o o m  t e m p e r a t u r e )  c e n t e r s ;  t h e s e  c e n 

t e r s  m u s t  h a v e  a  n e g l i g i b l e  c r o s s  s e c t i o n  f o r  f o r m a t i o n  

a t  r o o m  t e m p e r a t u r e .  T h e  C r o C C tH « )  «  4  a t  — 1 9 6 °  

c o r r e s p o n d s  t o  2 5  e v  p e r  c e n t e r ,  w h i c h  i s  a b o u t  w h a t  

m i g h t  b e  e x p e c t e d  f o r  t h e  f o r m a t i o n  o f  f r e e  c h a r g e  c a r 

r i e r s  i n  s i l i c a .  T h u s ,  a t  — 1 9 6 °  a  h i g h  c a p t u r e  e f f i c i e n c y  

f o r  t h e  f r e e  c h a r g e  c a r r i e r s  i s  i n d i c a t e d  ; t h a t  f o r  f o r m a 

t i o n  o f  t h e  r o o m - t e m p e r a t u r e  c e n t e r s  i s  ~ 6 0 - f o l d  

s m a l l e r .

Correlation with Other Chemical Effects on Irradiated 
Silica Gels. T h e  d e a l k y l a t i o n  o f  i s o p r o p y l b e n z e n e  a p 

p e a r s  t o  o c c u r  o n  a  v a r i e t y  o f  c o l o r  c e n t e r s  p r o d u c e d  b y  

i r r a d i a t i o n  o f  s i l i c a  a n d  s i l i c a - a l u m i n a  g e l s .  T h e  c e n 

t e r s  e f f e c t i v e  i n  d e a l k y l a t i o n  t h a t  a r e  p r o d u c e d  b y  i r r a 

d i a t i o n  o f  s i l i c a  g e l  a t  — 1 9 6 °  s e e m  t o  c o r r e s p o n d  t o  t h e  

a c i d  c e n t e r s  o f  B a r t e r  a n d  W a g n e r . 9 T h e s e  a u t h o r s  

o b s e r v e d  n o  c o l o r a t i o n  o f  t h e i r  i r r a d i a t e d  s i l i c a  g e l  

a n d  o b s e r v e d  d e c a y  o f  t h e  r a d i a t i o n - i n d u c e d  a c i d  c e n 

t e r s  a t  r o o m  t e m p e r a t u r e .  W e  s u g g e s t  t h a t  s u c h  c e n 

t e r s  a r e  a s s o c i a t e d  w i t h  s o m e  k i n d  o f  c o l o r  c e n t e r  

c h a r a c t e r i s t i c  o f  t h e  s i l i c a  m a t r i x .  I n  a d d i t i o n ,  t h e r e  

a r e  r a d i a t i o n - i n d u c e d  d e a l k y l a t i o n  c e n t e r s  i n  s i l i c a  g e l  

a n d  i n  s i l i c a - a l u m i n a  t h a t  a r e  s t a b l e  a t  r o o m  t e m p e r a 

t u r e  a n d  a l s o  d o  n o t  a b s o r b  i n  t h e  v i s i b l e  a n d ,  h e n c e ,  a r e  

n o t  a s s o c i a t e d  w i t h  p o s i t i v e  h o l e s  t r a p p e d  o n  s u b s t i t u 

t i o n a l  a l u m i n u m  i m p u r i t y .  S u c h  a r e  t h e  c e n t e r s  

f o r m e d  a t  r o o m  t e m p e r a t u r e  i n  s o l i d  A  a n d  t h o s e  w h i c h  

r e m a i n  a f t e r  a  h y d r o g e n  o r  t h e r m a l  b l e a c h  o f  v i s i b l e  

c o l o r  c e n t e r s  i n  s i l i c a - a l u m i n a . 2 T h e s e  c e n t e r s ,  t o  

w h i c h  — 1 9 6 °  c e n t e r s  c o n v e r t  o n  w a r m i n g  o f  a  — 1 9 6 °  i r 

r a d i a t e d  s i l i c a ,  a l s o  a p p e a r  t o  b e  r e l a t e d  t o  d e f e c t s  i n 

h e r e n t  i n  t h e  s i l i c a  m a t r i x .  F i n a l l y ,  i n  s i l i c a - a l u m i n a 2 

d e a l k y l a t i o n  o f  i s o p r o p y l b e n z e n e  h a s  b e e n  s h o w n  t o  

o c c u r  a l s o  o n  t h e  v i s i b l e  c o l o r  c e n t e r s  ( s t a b l e  a t  r o o m  

t e m p e r a t u r e )  i d e n t i f i e d  a s  p o s i t i v e  h o l e s  t r a p p e d  o n  

s u b s t i t u t i o n a l  a l u m i n u m .  B o r e s k o v ,  et a l.f  h a v e  

d e m o n s t r a t e d  t h a t  i n  a  s i l i c a  g e l  t h a t  i s  c o l o r e d  b y  i r 

r a d i a t i o n ,  s u c h  a l u m i n u m  c e n t e r s  a r e  r e s p o n s i b l e  f o r  t h e  

c o l o r ,  f o r  t h e  i r r e v e r s i b l e  a d s o r p t i o n  o f  h y d r o g e n  c o n 

c o m i t a n t  w i t h  b l e a c h i n g  o f  t h e  c o l o r ,  a n d  f o r  a  m a j o r  

p a r t  o f  t h e  H 2- D 2 e x c h a n g e  a c t i v i t y  m e a s u r e d  a t  

—  1 9 6 ° .  I t  h a s  b e e n  n o t e d  p r e v i o u s l y 2 t h a t  d e a l k y l a 

t i o n  o f  i s o p r o p y l b e n z e n e  d o e s  n o t  o c c u r  o n  t h e  r a d i a 

t i o n - i n d u c e d  H 2- D 2 e x c h a n g e  s i t e s  s t u d i e d  b y  K o h n  

a n d  T a y l o r ; 6 t h e s e  s i t e s  d o  n o t  a b s o r b  i n  t h e  v i s i b l e  

( t h e y  r e m a i n  a f t e r  h y d r o g e n  b l e a c h i n g )  a n d  a r e  

p o i s o n e d  b y  o x y g e n .

B. Irradiation of Isopropylbenzene Adsorbed on Silica

(24) P . W . L ev y , J. P hys. Chem. Solids, 13, 287 (1960).
(25) G . W . A rnold  and W . D . C om p ton , P h ys. R ev., 116, 802 (1 959 ).
(26) F . S. D a in ton  and J. R o w b o tto m , Trans. F araday Soc., 50 , 
480 (1954).
(27 ) C . M . N elson  and  R . A . W eeks, J. A m . Ceram . Soc., 43 , 396 
(1960).
(28) C . M . N elson and  J. H . C raw ford , Jr., J. P h ys . Chem. S olids, 
13, 296 (1960).
(29) T h e  existence o f such in terconversions in the alkali ha lides has 
been know n fo r  som e tim e; cf. K . P rzibram , “ Irra d ia tion  C o lou rs  
and L um inescence ,”  P ergam on Press L td ., L on d on , 1956, p  72.
(30) A  sim ilar e ffect has been observed  in KC1 b y  H . U . H a rten , 
Z . P h y s ik , 126, 619 (1949).
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both h  and k increase normally with temperature. 
As expected on the basis of this explanation, pronounced 
dips in C were found only for the acceptor-doped cases. 
These samples had the largest increase of n between 115 
and 124°, and as a result the greatest decrease in the 
apparent nucleation rate constant would be expected 
in these cases.

From the plots of n vs. various dopants (Figure 5), 
it can be seen that donors do not particularly change 
the nucleation step as compared to the undoped 
samples; however, acceptors clearly change the nu
cleation process. In general, nucleation requires 
several atoms to form a stable nucleus; however, in 
the present case it may be possible to consider that 
there are traps present which can help stabilize smaller 
nuclei. In addition the plot of C vs. dopant (Figure 4) 
shows that C markedly decreases when the dopants are 
changed from donors to acceptors. If the change in 
C as a function of dopant is more representative of 
growth changes rather than nucleation as would be 
expected by the cubic dependence of fe, then these 
results can be interpreted to mean that acceptors 
favor some process that produces nuclei in a more 
complex manner involving two steps (or more) as the 
growth rate diminishes. The growth rate of nuclei 
with donors present is enhanced compared to the un
doped material and retarded when acceptors are present.

(ib) Power Law or Exponential Law. The dis
crepancy between the power law and exponential law 
decomposition has been thought1 to result from the dis
location density. In highly disorganized crystals, 
where the dislocation density was high, the exponential 
law was found to hold, but in well-annealed crystals 
the power law was valid. Although the aging seemed 
to be a satisfactory explanation for the change from 
the exponential to the power law, Haynes and Young4 
found that freshly prepared silver oxalate was variable 
in its decomposition behavior, but for material that 
had been annealed at 80° for 1 hr the acceleratory 
period could be represented by the Prout and Tompkins 
expression,16 which is basically decomposition according 
to an exponential law. The present samples could not 
be considered well-annealed crystals since they were 
used relatively fresh (all the runs were made within 5 
months of their preparation with no special annealing 
procedures used). In addition, no systematic varia
tion in the decomposition could be attributed to an 
aging of the crystals in the time of the experiments. 
A possible explanation for the variety of rate expres
sions may be attributed to the presence of silver at the 
start of the reaction from the slow room-temperature 
decomposition of the salt, especially on very small 
crystals. These nuclei could constitute the instan

taneous nucleation observed in the kinetic analysis of 
the data and might lead to the observed power law 
decomposition.

V. Mechanism of the Decomposition Reaction
A reasonable mechanism for the decomposition of 

silver oxalate incorporating the experimental facts 
can now be written. The first step, the excitation of 
the crystal, has been considered to occur by means of 
excitons1 in the photochemical decomposition. The 
thermal excitation process is not as clear, but the 
energy required would be less since the transition does 
not have to follow the Franck-Condon principle.17’17 18 
The thermal process does not necessarily involve an 
exciton and may simply involve a vibrationally excited 
oxalate ion lattice point that has sufficient energy to 
transfer an electron to a trap.

A potential energy vs. internuclear distance diagram 
may be drawn for a solid analogous to a diatomic 
molecule, but in the solid the internuclear distance 
coordinate would represent the configuration of the 
nuclei at the particular point in the crystal where the 
transition takes place. In silver oxalate the optical 
transition initially produces a vibrationally excited 
upper electronic state which then may decay rapidly 
to the ground vibrational state of the same electronic 
level, make a radiationless transition to another excited 
electronic level, or emit resonance fluorescence. The 
orange emission observed19 at low temperatures 
when the pure compound is illuminated with 3650-A 
radiation indicates that a transition has occurred to a 
lower excited electronic level which ultimately can emit 
the orange light. At room temperature a weak 
purplish emission has been observed19 as well. These 
results indicate that there are several excited electronic 
states in the pure solid below the energy of the exciting 
radiation, and it is possible that the photochemical 
decomposition of the solid may proceed through any 
or all of these excited states. Although the photo
chemical decomposition of silver oxalate usually has 
been carried out with ultraviolet radiation, the thresh
old of decomposition has been found6 to be as high 
as 4920 A. This result could be interpreted to mean 
that absorption takes place at different upper electronic 
states from which radiationless transitions can occur, 
producing a lower excited state before decomposition 
occurs. The orange fluorescence from silver oxalate

(17) J. G. W . Thomas and F. C. Tompkins, J. Chem. Phys., 20, 662 
(1952).
(18) N. F. Mott and R. W . Gurney, “ Electronic Processes in Ionic 
Crystals,” 2nd ed, Oxford University Press, London, 1948, pp 160- 
162.
(19) S. Makishima and T . Tomotsu, Bull. Chem. Soc. Japan, 27, 
70 (1954).
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Pure Quadrupole Resonance of Halogens in Some Hexahalorhenates(IV)

by Ryuichi Ikeda, Akinobu Sasane, Daiyu Nakamura, and Masaji Kubo

Department of Chemistry, Nagoya University, Chikusa, Nagoya, Japan (Received March 10, 1966)

The nuclear quadrupole resonance of halogens in various hexahalorhenates(IV) R2[ReX6] 
(R = NH4, Rb, Cs; X  = Cl, Br, I) was observed at various temperatures. The change 
in the number of observed resonance lines reveals the existence of a phase transition of 
ammonium hexaiodorhenate(IV) at 44-46°. From the dependence of resonance fre
quencies on the kind of cations R, it is concluded that, in addition to the direct electro
static effect of external charges, an indirect effect, due to neighboring ions, is significant 
on the field gradient at the resonant halogen nucleus. Sternheimer’s antishielding ac
counts for the large field gradient amplification at least with regard to the sign and the 
order of magnitude of the indirect effect relative to the direct effect. All these complexes 
show a positive temperature coefficient of quadrupole resonance frequencies with the 
single exception of ammonium hexachlororhenate(IV). It is suggested that hydrogen 
bonding or some electrostatic interaction between hydrogen and chlorine atoms in crystals 
is responsible for the exceptional behavior of this complex.

Introduction
In a preceding paper,1 we have reported that positive 

temperature coefficients of quadrupole resonance fre
quencies were found for potassium hexachlororhenate-
(IV), hexabromorhenate(IV), and hexachlorotungstate- 
(IV). The temperature range was that in which these 
complexes show a single resonance line, i.e., the range 
in which they form cubic crystals having the potassium 
hexachloroplatinate(IV) structure. A theoretical ex
planation was made in terms of the d^r-pir bond char
acter of metal-ligand bonds in paramagnetic complexes 
having one or more vacancies in their da orbitals. 
However, the field gradient at the resonant nucleus 
leading to the positive temperature coefficient does not 
originate solely from the electron distribution within 
the complex ion containing the nucleus: charges
on other ions should make an appreciable contribution 
as well. Therefore, we have undertaken a systematic 
study of the temperature coefficient of quadrupole 
resonance frequencies of hexachloro-, hexabromo-, and 
hexaiodorhenates(IV) having ammonium, rubidium, 
and cesium ions as cations. Potassium hexaiodorhe- 
nate(IV) has been already examined,1 but it does not 
crystallize in a cubic structure at any accessible tem
perature. No reports have ever been published on the 
possible formation of lithium and sodium hexahalorhe- 
nates(IV).

Experimental Section
Apparatus. A Dean-type, self-quenching, super- 

regenerative spectrometer, already described,2 was 
used for the observation of quadrupole resonance fre
quencies of chlorine isotopes. For detecting the 
resonance absorptions of bromine and iodine isotopes, 
a self-quenching, superregenerative spectrometer2 
equipped with Lecher lines was employed. Resonance 
frequencies were determined at room, Dry Ice, and 
liquid nitrogen temperatures. For ammonium hexa- 
iodorhenate(IV), frequency determination was ex
tended up to about 100° in order to locate a possible 
phase transition to a cubic structure. For all of the 
complexes studied, the temperature coefficient of 
the resonance frequencies was determined between 
Dry Ice and room temperatures.

Materials. When ammonia solution was added to 
an aqueous solution of rhenium(VII) heptoxide, Re2C>7, 
ammonium perrhenate(VII), '(NH4)R e04, separated 
as a white precipitate. It was dissolved in concen
trated hydrochloric acid and reduced with hypophos- 
phorous acid to prepare ammonium hexachlororhenate-

(1) R . Ikeda, D. Nakamura, and M . Kubo, J. Phys. Chem., 69, 2 10 1  
(1965).
(2) D . Nakam ura, Y .  Kurita, K . Ito, and M . Kubo, J. Am. Chem. 
Soc., 82, 5783 (1960).
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All of these subsequent reactions would be fast com
pared to the production of initially excited oxalate 
ions. On the basis of this mechanism it can be seen 
that a temperature increase should increase the rate 
of production of excited oxalate ions as well as the 
mobility of Ag,+ ions, leading to further nucleation 
requiring only one step and a more rapid growth of 
these nuclei.

The addition of dopants produces additional traps 
on the crystals and most likely the adsorbed dopants 
are then the only effective traps. With donor mole
cules on the surface interstitial silver ions now would 
tend to be trapped at these sites since a charge-transfer 
complex could be formed with the Ag;+ ions. The 
formation and decomposition reactions of the complex 
would be quite rapid but would produce a net increase 
of Agi+ ions at the donor impurity site.

Ag;+ +  D 

Agi+D +  Agi+ ^

: Agi+D 

:  (Agi+)2D
fast (7)

The limiting step in the reaction would still be the 
production of excited oxalate ions. The trapping of 
the excited species now would occur at the donor site 
at which there is an enrichment of interstitial silver 
ions leading to a rapid reaction to form the nucleus.

C20 4*2~ +  (Agi+)2D — > Ag2D +  2C02 (8 )

The growth of the nucleus would proceed by the same 
reaction and would be enhanced over that with the 
undoped material since there would be a greater con
centration of Agi+ ions at the donor site, and the donor 
would probably lower the energy barrier for transfer 
of electrons to the silver ions. An increase of tempera
ture would produce the same results as with the un
doped material.

In the acceptor-doped samples the reaction pro

ducing the excited ions is still slow, but now the 
trapping site is the acceptor impurity. With the ac
ceptor the interstitial silver ions are not affected, there
fore, as in the undoped case

C20 42-  C20 4*2~ slow (3)

C20 4*2-  +  A [C20 4*2-A ] fast (9)

The reaction with silver ions is the next step, but the 
presence of the acceptor raises the energy barrier to 
the electron transfer as compared to the undoped case 
leading to the slow reaction

[C20 4*2~A] +  2Agi+ — ► [Ag2A] +  2C02 (10)

The combination of the slow, excited oxalate ion pro
duction step and the slow transfer of electrons to the 
silver ion requires that /3 =  2 in the nucleation step 
since the nucleation steps can now be considered the 
successive formation of the excited oxalate ion and the 
decomposition of the intermediate silver ion excited 
oxalate ion pair to form silver and carbon dioxide. 
The growth of the nucleus is also retarded since the 
silver nucleus has an acceptor associated with it; there
fore, electron transfer to silver ions has a higher energy 
barrier. In this case, the back reactions of trapping 
and deactivation of the excited oxalate ion become im
portant and the effective number of these species de
creases. A rise in temperature would increase the 
number of excited oxalate ions and hence the rate of 
decomposition as well as the slow nucleation step. 
At the lower temperature some nuclei are produced 
rapidly, but as the temperature is raised the new 
nucleation step becomes more important, changing 
the time dependence.

Acknowledgment. The author thanks Roy Walder 
for his assistance in obtaining the kinetic data for the 
decomposition reactions.
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Salt and Acid Effects in the Hydrolysis of N-Acylimidazolium Ions

and the Role of Structured Water
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The effect of varying concentrations of NaCl, NaBr, and NaC104 at a constant HC1 concen
tration of 0.1 M  and the effect of increasing concentrations of HC1 on the rate constants and 
activation parameters for hydrolysis of a series of N-acylimidazoles in water have been meas
ured. The slopes of plots of log &0bsd vs. NaCl concentrations up to 5 M  are nearly identical 
for all of the compounds in the series. Increasing concentrations of HC1, however, affect the 
compounds with branching at the /3 carbon of the acyl group differently from the com
pounds with branching at the a carbon, the rates of hydrolysis of /^-branched compounds 
showing much less sensitivity to changes in acid concentration. The rate of hydrolysis 
of N-3,3-dimethylbutyrylimidazolium ion is unaffected by HC1 concentrations up to
6.0 M. A plot of the logarithm of the rate constant for hydrolysis of N-isovalerylimid- 
azolium ion vs. HC1 concentration is curved at low concentrations of HC1. In the hy
drolysis of N-acetylimidazolium ion, chloride and bromide ions act primarily to bring about 
an increase in AH*, but perchlorate ion affects primarily AS* at lower concentrations 
and AH* at concentrations above 5 M. The acid effect on the rate of hydrolysis of both 
N-acetylimidazolium and N-3,3-dimethylbutyrylimidazolium ions is produced by a large 
linear compensation between AH* and AS*, both becoming more positive as the acid con
centration is increased. The slopes of these plots are 385°K for N-acetylimidazolium ion 
and 303°K for N-3,3-dimethylbutyrylimidazolium ion. Thus, the effect of increasing HC1 
concentration on the hydrolysis of N-acylimidazoles is dependent on the structure of the 
acyl group and the temperature at which the rate measurements are made. In solutions 
of HC1 and LiCl, such that the concentration of Cl-  and the activity of water are nearly 
constant, the rate constants for hydrolysis of both N-acetylimidazolium and N-3,3-di- 
methylbutyrylimidazolium ions increase at 30° as the concentration of acid increases. 
The hydronium ion, therefore, is exerting a rate-accelerating effect on the hydrolysis of 
these compounds, in opposition to the rate-retarding effect of Cl- . The possibility that 
the alkyl groups of the N-acylimidazolium ions and hydronium ion are cooperating to struc
ture water in a manner favorable for the reaction is considered.

The effects of a large number of different salts and 
acids on the rate of hydrolysis of N-acetylimidazolium 
ion were studied by Marburg and Jencks.2 Increasing 
concentrations of both salts and acids, with the excep
tion of F -  and S041 2- 3 4 5 6, produce large rate decreases.2 
The w plots of Bunnett3 are curved with high initial 
slope which depends on the acid, thus showing no linear 
dependence on the activity of water in the solution. 
The salt effects are characterized by a specific anion 
effect with relatively minor specific influences due to 
the cation.

(1) This study represents part of the work to be submitted by J. A . 
Fee in partial fulfillment of the requirements for the Ph.D. degree. 
University of Southern California.
(2) S. Marburg and W . P. Jencks, J. Am. Chem. Soc., 84, 232 (1962).
(3) J. F. Bunnett, ibid., 83, 4956, 4958, 4973, 4978 (1961).
(4) J. A. Fee and T . H. Fife, J. Org. Chem., 31, 2343 (1966).
(5) R. Wolfenden and W . P. Jencks, J. Am. Chem. Soc., 83, 4390 
(1961).
(6) W . P. Jencks and J. Carriuolo, ibid., 83, 1743 (1961).

It is known that the hydrolysis of N-acetylimidazol
ium ion involves more than one water molecule in the 
transition state;4-6 therefore, it is of particular interest
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that in the series of monoanions2 the order of effective
ness in decreasing the rate of hydrolysis parallels the 
“ water-structure”  breaking properties of the anions.7 
It is likely that alkyl groups will cause water around 
a molecule to be more highly ordered.8 Such water
structuring effects have been postulated to be im
portant in determining protein behavior8 and could 
explain in part the great efficiency of enzymatic 
catalysis. Certain nonenzymatic reactions have been 
found to proceed at faster rates in frozen systems than 
in water.9 The demonstration of a role for structured 
solvent in a hydrolytic reaction in a nonfrozen system 
would, therefore, be of considerable interest, and it 
appeared that the hydrolysis of N-acylimidazolium ions 
having alkyl group branching in the acyl group might 
afford such an example. The present study is con
cerned with the effects of salt and acid on the activa
tion parameters for the hydrolysis of a series of fully 
protonated N-acylimidazoles (eq 1) and with the effects 
of acid at constant ionic molarity and activity of water.

0
^ 7 > N - C - R  +  nH20 —'  T-y
H

0
NH +  R -C -O H  +  (n—1)H20 (1)

N^
H

Experimental Section
Materials. The salts and acids were reagent grade 

and were used without further purification. Deionized 
water was used to prepare the solutions. The salt 
solutions were prepared by weighing out the correct 
amount of salt on a Mettler Model K-7 top-loading 
balance for the most concentrated solutions, and dilu
tions were made for the lower concentrations. All 
salt solutions were made up with 0.1 M  HC1. The 
acid solutions were standardized by titration with 
base. The various N-acylimidazoles were the same 
as previously described.4’10

Kinetic Measurements. The rates in the acid and 
salt solutions were measured spectrophotometrically 
by following the decrease in absorption at 245 m/x 
with a Beckman DU spectrophotometer equipped with 
a Gilford Model 2000 recording attachment. The ma
terial was added, with vigorous stirring, by means of a 
microspatula. The rates were generally followed to 
75% completion, and the infinity points were taken at 
roughly 10 half-lives. Pseudo-first-order rate constants 
were calculated using a computer program as previously 
described.4

Constant temperature was maintained during the

kinetic runs by circulating water from a Precision Scien
tific Co. Temptrol Model 154 circulating bath around 
the cell compartment. The temperature of the cell 
compartment was measured with a temperature probe 
supplied with the Gilford instrument. The difference 
between the bath temperature and the temperature of 
the cell compartment was reduced by surrounding 
the exterior cf the cell compartment with sheets of 
highly insulating Polycel 1202 foam obtained from 
Polytron Co.. Richmond, Calif. All temperatures 
are reported to ±0.1° and were obtained from the 
probe reading.

The activation energies were calculated by means 
of a computer program designed to carry out least- 
squares evaluation of In fc„bsd vs. 1/!T0K. The output 
of interest consisted of the regression coefficient, the 
intercept value, and the correlation coefficient. The 
latter varied from 0.993 to 0.999 with the average 
value being about 0.998. The errors reported in AH* 
and AS* were calculated from the standard error of the 
regression coefficient of the plot of In fc0bSd vs. 1/T°K .

The solvolysis product of N-3,3-dimethylbutyryl- 
imidazole in 6.0 M  HC1 was shown to be imidazole by 
the method of Macpherson.11 The analyses were 
made after the acid solution had remained in the dark 
for 24 hr at room temperature.

Results
Tables I-IV  list the observed rate constants for the 

hydrolysis of the N-acylimidazoles at various salt and 
acid concentrations and at different temperatures. 
The rates were measured in duplicate or triplicate, 
and the average deviations for the rate constants in 
Tables III and IV are listed. Where deviations are 
not listed they are about 2%.

Table V gives the values of the slopes of plots of log 
fcobsd vs. molar concentration of electrolyte for the 
various N-acylimidazoles. It is seen that for NaCl 
all the values are the same within error. In the acid 
solutions, however, the differences are marked. The 
rates of hydrolysis of the compounds with branching 
at the /3 position of the acyl group show less sensitivity

(7) H. S. Frank and W . Wen, Discussions Faraday Soc., 24, 133 
(1957); R. W . Gurney, “ Ionic Processes in Solution,” McGraw-Hill 
Book Co., Inc., New York, N . Y ., 1953.
(8) H. S. Frank and M . W . Evans, J. Chem. Phys., 13, 507 (1945); 
I. M . Klotz, Science, 128, 815 (1958); W . Kauzmann, Advan. Pro
tein Chem., 14, 1 (1959); G. Nemethy and H. A. Scheraga, J. Chem. 
Phys., 36, 3382, 3401 (1962); J. Phys. Chem., 66, 1773 (1962).
(9) W . Prusoff, Biochim. Biophys. Acta, 68, 302 (1963); N. H. Grant, 
D. E. Clark, and H. E. Alburn, J. Am. Chem. Soc., 83, 4476 (1961); 
A. R. Butler and T . C. Bruice, ibid., 86, 313 (1964); T . C. Bruice 
and A. R. Butler, ibid., 86, 4104 (1964).
(10) T. H. Fife, ibid., 87, 4597 (1965).
(11) H. T. Macpherson, Biochem. J., 36, 59 (1942).
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Table I : Rate Constants (¿„bad, min-1) for the Hydrolysis of the N-Acylimidazolium Ions 
at Various Concentrations of NaCl at 30°

N-Acyl group 0 .1s 1.0

Trimethylacetyl 31.6 26.1
Isobutyryl 7.57 5.47
Propionyl 4.54 3.08
Butyryl 2.74 2.29
3,3-Dimethylbutyryl 0.123 0.0843
Triethylacetyl 0.0101 0.00960

“ All solutions made up with 0.1 M  HC1. 6 0.1 M  HC1.

-NaCi concentration, moles/l.“-
2.0 3.0 4.0 5.0

15.9 13.2 9.42 6.19
4.06 2.76 1.91 1.18
2.55 1.49 1.08 0.683
1.43 1 .10 0.700 0.493
0.0633 0.0406 0.0293 0 .0200
0.00598 0.00446 0.00262 0.00208

Table II: Rate Constants (fcobsd, min-1) for the Hydrolysis of the N-Acylimidazolium Ions 
at Various Concentrations of HC1 at 30°

N-Acyl group 0.1 1.20

Trimethylacetyl 31.6 25.4
Isobutyryl 7.57 5.77
Propionyl 4.54 3.11
Butyryl 2.74 2.23
Isovaleryl 0.814
3,3-Dimethylbutyryl 0.123 0.127
Triethylacetyl 0.0101 0.00768

•HC1 concentration, moles/l.-------------------------------------------------------------
2.38 3.60 4.77 5.97

18.4 12.4 8.50 5.86
4.28 3.15 2.28 1.70
2.53 1.94 1.36 1.25
1.61 1.24 1.06 0.884
0.496 0.412 0.362 0.374
0.129 0.123 0.125 0.125
0.00663 0.00495 0.00282 0.00174

to changes in acid concentration than do the «-branched 
compounds. The rate of hydrolysis of N-3,3-dimethyl- 
butyrylimidazolium ion is unaffected by HC1 concentra
tions up to 6.0 M. Increasing the concentration of 
HCIO4, however, results in a decrease in rate of hy
drolysis for this compound at 30°. The plot of log 
fcobad vs. HC1 concentration for N-isovalerylimidazolium 
ion is curved at low concentrations of HC1. In Figure 
1 are plotted the logarithms of the observed rate con
stants vs. the concentration of electrolyte. The plots 
shown for N-isobutyrylimidazole are representative 
of the whole series in NaCl solution and of the a -  

branched series in acid solution.
Table VI lists the activation parameters for the hy

drolysis of N-acetylimidazolium ion at various con
centrations of different salts and hydrochloric acid. 
The results are plotted in Figures 2 and 3. The salts 
decrease the rate of hydrolysis in the order NaClCb >  
NaBr >  NaCl. Figure 2 demonstrates how these 
relative effects are brought about. The chloride 
and bromide ions act primarily to increase AH*, but 
the perchlorate ion affects primarily AS* at the lower 
concentrations and AH* at very high concentrations 
with the break occurring at approximately 5 M  per
chlorate ion. It is seen that the acid effect on the rate 
of hydrolysis is produced by a compensation between

Figure 1. Plot of log k 0u i  for hydrolysis of 
N-isobutyrylimidazolium ion in NaCl solutions (H ) and in 
HC1 (0) and N-isovalerylimidazolium ion (©) and 
N-3,3-dimethylbutyrylimidazolium ion (©) in HC1 at 30° 
v s . the concentration of acid or salt in moles/liter.
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Table III: Rate Constants ( k obB<], min“ 1) for the Hydrolysis of N-Acetylimidazolium Ion at Various 
Temperatures and Concentrations of Electrolyte

0.1 Af HC1 2.19 4.08 6.57 11.6
Temp, °C 20.6 30.0 39.3 49.0

2.37 Af HC1 0.572 1.21 2.43 4.69 8.05
Temp, °C 10.8 20.8 30.0 39.2 49.4

3.57 Af HC1 0.432 0.941 1.91 3.69 6.79
Temp, °C 10.8 20.8 30.0 39.2 49.4

4.77 M  HC1 0.337 0.747 1.59 2.98 5.85
Temp, °C 10.8 20.8 30.0 39.2 48.8

5.74 M  HC1 0.273 0.648 1.38 2.78 5.05
Temp, °C 10.8 20.8 30.0 39.2 48.8

% deviation 0.5 0.5 1.1 1.2 2.1
from mean

1.0 Af NaCl 1.52 2.85 4.87 8.19
Temp, °C 20.8 30.0 39.2 48.2

3.0 Af NaCl 0.694 1.37 2.43 4.28
Temp, °C 20.8 30.0 39.2 48.2

5.0 Af NaCl 0.299 0.557 1.06 1.89
Temp, °C 20.8 30.0 39.2 48.2

% deviation 1.3 1.4 1.7 1.7
from mean

1.25 M  NaBr 1.17 2.15 3.89 6.46
Temp, °C 20.8 30.0 39.0 48.6

2.50 Af NaBr 0.617 1.18 2.07 3.64
Temp, °C 20.8 30.0 39.0 48.6

3.75 Af NaBr 0.313 0.600 1.11 1.95
Temp, °C 20.8 30.0 39.0 48.6

5.0 Af NaBr 0.151 0.287 0.536 0.988
Temp, °C 20.8 30.0 39.0 48.5

% deviation 1.7 1.1 1.1 1.3
from mean

0.96 Af NaC104 0.878 1.80 3.13 5.31
Temp, °C 20.2 30.0 40.0 49.4

1.92M NaC104 0.482 0.956 1.66 2.85
Temp, °C 20.2 30.0 40.0 49.4

2.88 Af NaC104 0.252 0.495 0.909 1.55
Temp, °C 20.2 30.0 40.0 49.4

3.74 Af NaC104 
Temp, °C 

4.96 Af NaC104

0.159
20.0
0.0635

0.327
30.0
0.113

0.552
40.0
0.219 0.368

Temp, °C 20.0 30.0 40.0 49.6
6.88 Af NaC104 0.0127 0.0260 0.0489 0.0897

Temp, °C 20.1 30.0 40.0 49.6
8.0 Af NaC104 0.00446 0.00967 0.0192 0.0358

Temp, °C 20.0 30.0 40.0 49.6
% deviation 2.4 1.7 0.9 0.7

from mean

AH* and AS*, both becoming more positive as the 
acid concentration increases over a range of 3.1 kcal 
in AH* and 8.2 eu in AS*. The slope of the plot of 
AH* vs. AS* is 385°K.

Table VII lists the activation parameters for the 
hydrolysis of N-3,3-dimethylbutyrylimidazolium ion

at different concentrations of HC1 and NaCl. The 
results of the acid studies are plotted in Figure 3. 
In HC1 solutions a large compensation occurs between 
AH* and AS*, such as to leave AF* unchanged, over a 
range of 4.2 kcal in AH* and 13.9 eu in AS*. The major 
changes in these parameters occur at acid concentra-
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The Melting Point and Decomposition Pressure of Neptunium Mononitride

by W . M . Olson and R. N. R. Mulford

University of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico (Received March 11, 1966)

Decomposition pressures for the reaction NpN(s) = Np(l) +  0.5N2(g) in the temperature 
range 2210-2830° are presented. NpN melts congruently at 2830 ±  30° under a nitrogen 
pressure of about 10 atm. An equation, log p (atm) = 8.193 — [(29.54 X 103)/T ]  +  7.87 X 
10_18r 5, was found to describe the decomposition pressure-temperature relation for NpN. 
A lattice parameter of a = 4.8987 ±  0.0005 A was measured for the cubic nitride.

Introduction
At ambient nitrogen pressures below the pressure 

where NpN melts congruently the following reaction 
occurs.

NpN(s) =  Np(l, saturated with N) +  0.5N2(g)

At sufficiently high temperatures the solid will liquefy 
as soon as the decomposition pressure exceeds the am
bient nitrogen pressure. Therefore the decomposition 
pressure-temperature relation can be determined by 
observing the apparent melting point as a function of 
nitrogen pressure. If the ambient nitrogen pressure 
is high enough to suppress decomposition, the con
gruent melting point may be observed.

Experimental Section
Apparatus. The apparatus and procedure have 

been fully described previously.1 Briefly, about 5 mg 
of NpN powder was placed in a 30° vee formed in a 
tungsten strip which was heated resistively. The 
sample was observed and its temperature determined 
by means of a calibrated Pyro micro optical pyrometer 
sighted through a quartz window and prism located at 
the top of the stainless steel vacuum-pressure can.

Temperatures were corrected for the absorption of 
the prism and window, and also for the emissivity of 
the tungsten vee. It is estimated that the accuracy 
of the temperatures reported is ±30°.

Preparation of NpN. Most of the NpN was made in 
the following manner. Neptunium metal, which con
tained 230 ppm of carbon as the principal impurity, was 
cleaned in an inert atmosphere by removing the surface 
with a file. The cleaned metal was reduced to filings 
which were placed in a tungsten vee and heated re
sistively under vacuum for approximately 5 min at

about 500° to remove absorbed gases. The filings 
were then cooled to room temperature, and 1 atm of 
spectroscopic grade nitrogen, to which had been added 
about 0.5% hydrogen (Linde Ultra Pure) to serve as 
a catalyst, was introduced into the system.

The reaction between the neptunium filings and the 
gas was started by heating the filings to 600°. After 
the reaction appeared to be complete, the temperature 
was increased to 1500° and the gas was pumped off. 
This procedure decomposed any neptunium hydride 
which had not been converted to nitride during the 
heating at 600° and volatilized any unreacted nep
tunium metal. An X-ray diffraction pattern showed 
only NpN to be present. The resulting NpN powder 
was stored under vacuum, and small portions were used 
for the melting point determinations.

Procedure. In determining the melting point, or 
decomposition temperature, about 5 mg of NpN 
powder was placed in a tungsten vee, the apparatus 
was evacuated, and the sample heated to about 1000°. 
Spectroscopically pure nitrogen was then introduced 
into the system until the desired pressure was attained. 
Then the temperature was raised until the sample 
started to melt. Temperature and pressure readings 
were taken just before and just after melting had oc
curred, and the true values were assumed to be the 
averages. The before and after temperature readings 
were usually about 10° apart.

Results

The decomposition pressures obtained for NpN 
are plotted in Figure 1 as log p (atm) vs. 10,000/ T

(1) W . M. Olson and R. N . R. Mulford, J. Phys. Chem., 67, 952
(1963).
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(°K). The data points are considerably scattered, 
but it is apparent that they fall along a gentle curve 
which intersects the vertical line representing con
gruent melting at a pressure of about 10 atm. The 
congruent melting point, as established by this vertical 
line on the plot, is 2830 ± 3 0 ° .

In previous work, oxygen impurity had been found 
to have considerable influence on the decomposition 
of ThN.2 In the present work with NpN no clear 
influence of oxygen was detected. Some of the points 
in Figure 1 were obtained with nitride made from saw
dust which definitely contained oxide as a result of the 
sparking and burning that accompanied the sawing 
process. The other points were obtained from nitride 
prepared from bulk metal by the method previously 
described. There was no apparent difference between 
the pressure-temperature results from the two nitride 
sources. No oxide was detected in X-ray patterns 
from the nitride made from the bulk metal.

Neptunium, like plutonium, forms only a mono
nitride. The lattice parameter of this cubic, sodium 
chloride type nitride was found to be a = 4.8987 ±  
0.0005 A which agrees well with the value reported 
by Zachariasen,3a =  4.897 ±  0.002 A.

Discussion
Since the liquid neptunium in equilibrium with the 

nitride is saturated with nitrogen, and therefore its 
activity is some unknown value less than unity, the 
present data cannot be used to provide an accurate 
value for the standard heat of formation of NpN.

The solubility of nitrogen in liquid neptunium presum
ably varies with temperature, the solubility increasing, 
and, consequently, the neptunium activity decreasing 
as the temperature increases. This temperature de
pendence of the solubility is reflected in the curvature 
shown by the data in Figure 1. A limit for Af7°298 
may be obtained from the lowest experimental point, 
where the activity of the neptunium was nearest 
to unity, by combining the experimental value with 
entropy and heat capacity estimates. If, for the forma
tion of 1 mole of NpN from pure neptunium and ni
trogen gas, we assume A<S°298 = — 20 cal/deg mole and 
ACP° = 1.5 cal/deg mole as an average between 298 
and 2500°K, the heat of formation at 298°K is found 
to be more negative than —61 kcal/'mole. The en
tropy of formation is taken to be the same as that of 
UN, as calculated from the measured absolute entropy 
of UN.4 5

In previous similar work with UN,1 PuN,6 and 
ThN,2 it was found that an equation of the form log 
p =  A +  (B/T) +  CT6 fitted the experimental points 
well. This equation, which was derived empirically 
has the property of approaching a straight line as the 
temperature becomes lower. This behavior is plausible 
for the nitrogen pressure over a univariant mixture of 
liquid metal and nitride; that is, the deviation from 
linearity is caused by the lowering of the activity of 
the metal in the liquid phase. As the temperature 
decreases, less and less nitrogen remains in solution 
and the metal activity approaches unity. For the 
decomposition pressure of NpN, the data in Figure 1 
are fitted by (T is in °K)

log p (atm) = 8.193 -  [(29.54 X 103) /T ]  +

7.87 X 10 -18T6

It is of some interest to compare the stability of 
NpN with the stabilities of the other actinide ni
trides.1’2,6 For accurate comparisons, the standard 
free energies of formation of the nitrides are needed, 
but these cannot be obtained because the activities of 
the metals in their liquid phases are unknown. One 
is thus forced to compare decomposition pressures. 
Small differences among the decomposition pressures 
may reflect only the variation of nitrogen solubility in 
the liquid metals, but it is likely that a large difference

(2) W . M. Oison and R. N. R. Mulford, J. Phys. Chem,., 69, 1223 
(1965).
(3) W . H. Zachariasen, Acta Cryst., 2, 388 (1949).
(4) E. F. Westrum, Jr., “ International Symposium on Compounds 
of Interest in Nuclear Reactor Technology,” Ùniversity of Colorado, 
Boulder, Colo., Aug 3-5, 1964.
(5) W . M. Oison and R. N. R. Mulford, J. Phys. Chem., 68, 1048
(1964).
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between the decomposition pressures of two nitrides is 
a true indication of different stabilities or bond 
strengths. Comparison of the known decomposition 
pressures of the actinide shows an increase in decom
position pressure at constant temperature as atomic 
number increases. At 2500°K, the lowest tempera
ture for which measured pressures are available, com
parison of the logarithms of the decomposition pressures 
calculated from the equations shows that, while UN, 
NpN, and PuN are not too dissimilar in stability, 
ThN is possibly significantly more stable than the 
other three. However, small differences in entropy 
or heat capacity or solubility of nitrogen in the liquid

metal phase could easily account for the differences 
among observed pressures. Similarly, differences in 
stoichiometry of the nitride phases could affect the ob
served pressures. Benz and Bowman6 have found a 
departure from stoichiometry at high temperatures for 
UN.

Acknowledgment. We are grateful to F. H. Ellinger 
for making the X-ray measurements on NpN. This 
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Atomic Energy Commission.

(6) R. Benz and M. G. Bowman, J. Am. Chem. Soc., 88, 264 (1966)

The Americium-Hydrogen System1

by W . M . Olson and R. N. R. Mulford

University of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico (Received April 18, 1966)

Pressure-temperature-composition measurements and X-ray data are presented for the 
americium-hydrogen system. Two hydride phases were found: one, face-centered cubic 
of composition AmH!+I; the other, hexagonal of composition AmH3. Both phases are 
isostructural with the corresponding plutonium and neptunium hydrides. The plateau 
pressures for the Am-AmH2 univariant composition range are represented by log p(atm) = 
7.190 — 8812/7'(°K). The derived heat of formation of AmH2 is A Hi =  —40.3 kcal/ 
mole.

Introduction

The uranium-hydrogen,2 neptunium-hydrogen,3 and 
plutonium-hydrogen4 5’6 systems have been studied 
previously. Now, with sufficient americium metal 
available, it seemed appropriate to extend our knowl
edge of the hydrides to this seventh member of the 
actinide series. Such a study should be especially 
interesting because no very regular behavior, as is 
seen for the rare earth hydrides, has yet been found for 
the actinide hydrides.

Experimental Section

The apparatus and method have been described in 
detail previously.3 Briefly, a sample of americium

metal was contained in an yttria crucible which was 
placed in a silica tube attached to a standard Sievert’s 
apparatus. The sample was out-gassed at 800°. 
Then, measured amounts of hydrogen were added to 
the sample, the pressure in the system being determined 
by means of a combination mercury manometer

(1) Work done under the auspices of the U. S. Atomic Energy Com
mission.
(2) F. H. Spedding, et al., Nucleonics, 4, 4 (1949).
(3) R. N. R. Mulford and T. A. Wiewandt, J. Phys. Chem., 69, 1641
(1965).
(4) R. N. R. Mulford and G. E. Sturdy, J. Am. Chem. Soc., 77, 3449 
(1955).
(5) R. N. R. Mulford, ibid., 78, 3897 (1956).
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(pressures above 2 torr) or a McLeod gauge (pressures 
below 2 torr). The accuracy of measurement of the 
hydrogen pressure was such that the H/Am atom ratio 
is believed to be known to ±0.02. The silica sample 
tube was enclosed within a silver block to smooth tem
perature variations in the sample, and an automatically 
controlled tube furnace able to maintain the sample 
temperature within ±0.1° was used. The sample 
temperature was determined with a calibrated Pt— 
Pt-10% Rh thermocouple having its measuring junc
tion in a reentrant well in the sample bulb.

The Am241 isotope was used and contained 0.15% 
by weight of Ca and 0.20% La as the principal metallic 
impurities. A trace of Am 02 was also detected in the 
X-ray diffraction pattern of the metal. The computed 
H/Am ratios were not corrected to take account of the 
impurities in the americium. Matheson Co. ultra- 
pure grade hydrogen, claimed by the manufacturer to 
contain less than 10 ppm total impurities, was used 
directly from the cylinder.

The procedure consisted of adding small increments 
of hydrogen to the system, measuring the pressure and 
temperature after each increment until the highest 
H /Am  ratio had been obtained, then removing the hy
drogen in successive decrements and again measuring 
the pressure and temperature after each decrement. 
Since it was not possible to attain a predetermined tem
perature exactly, the isotherm points were obtained by 
short interpolations. The pressure-temperature curve 
for each amount of hydrogen in the system was obtained 
for both ascending and descending temperature. 
Hysteresis was observed, as described below, only for 
compositions close to AmH3.

Results

The P-T-C  data are plotted in Figures 1 and 2. 
The isotherm plots in Figure 1 show some solubility of 
hydrogen in americium at the higher temperatures, 
about 16 atom %  being soluble at 800°. Figure 1 also 
reveals that the dihydride phase has a lower composi
tion limit that is almost temperature independent over 
the range studied. The inference, if any, is that the 
phase becomes slightly hydrogen deficient as the tem
perature increases.

When the ratio of hydrogen to metal exceeded 2, 
hydrogen dissolved in the AmH2 phase until a com
position of about AmH2,7 was reached. When more 
hydrogen was added, a hexagonal AmH3 phase was 
found. However, this conversion is sluggish, and 
single-phase AmH3 was not obtained. Up to AmH2.7, 
good reproducibility in the pressure-temperature data 
was obtained, but some hysteresis was observed at 
higher hydrogen contents, as can be seen in Figure 2.

ATOM RATIO H: Am

Figure L Pressure isotherms v s . sample composition 
for the range Am to AmH2. Open circles are for addition 
of hydrogen, solid circles are for removal of hydrogen.

Figure 2. Pressure isotherms for the composition 
AmHs to AmHj. Arrows show direction 
of temperature approach to the point.

Because of the extreme sluggishness of the reaction 
forming AmH3, no well-defined hysteresis loops were 
observed.

In Table I, X-ray data for several compositions are 
presented. It was very difficult to obtain samples
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which could provide X-ray patterns sufficiently sharp to 
permit determination of the AmH3 lattice parameters. 
A satisfactory pattern was finally obtained from a 
sample that had been annealed under 530 torr of hy
drogen pressure for 40 hr at 100°.

Table I : X-Ray Data

Sam- H/Am Phases
pie ratio present Lattice parameter, A

i 0.46 Cubic only a<¡ = 5.347 ±  0.001
2 1.76 Cubic only a 0 = 5.349 ±  0.001
3 2.67 Cubic only a0 = 5.338 ±  0.004
4 2.92 Cubic +  hex Cubic:

Hex:
a0 = 5.340 ±  0.005 
Poor pattern

5 2.96 Cubic +  hex Hex: do = 3.77 ±  0.01 
Co = 6.75 ±  0.01

The AmH2+I (0 <  x <  0.7) phase is face-centered 
cubic, presumably of the fluorite type, and is iso- 
structural with PuH2+I6 and NpH2+a:3 as well as with 
most of the rare earth dihydrides. The lattice param
eters observed for the cubic phase are given in Table I ; 
the calculated density of AmH2.0 is 10.6 g/cm 3.

The AmH3 phase is hexagonal and is isostructural 
with PuH3,6 NpH3,3 and the trihydrides of the heavy 
rare earths.7 The calculated density of AmH3.0 is 
9.76 g /cm 3. As the hydrogen positions have not been 
determined for any of these compounds except CeH2, 
the assumption that they are isostructural rests on 
their having similar metallic lattices.

It is seen from Table I that the lattice parameter 
shrinks as the hydrogen content of the cubic Amtl2+:c 
phase increases. Similar behavior is exhibited by 
PuH2+a: and the rare earth hydrides of comparable 
structure. However, the lattice parameter of NpH2+I 
expands with increasing hydrogen content.

When the logarithms of the plateau pressures of 
Figure 1 are plotted vs. the reciprocal of the tempera
ture, a straight line is obtained whose slope gives the 
heat per mole of hydrogen gas for the formation of 
AmH2 from americium and hydrogen. The americium 
and AmH2 phases for which this heat is appropriate 
have compositions as defined by the ends of the plateau, 
but in view of the small solubility of hydrogen in ameri
cium and the small departure from stoichiometry of the 
AmH2 on the hydrogen-poor side, the heat may be 
assumed to be close to that for the reaction involving 
the pure phases. The equation for the line is

log p(atm) =  7.190 -  8812/T(°K)

The slope, for the process

Am(s) +  H2(g) =  AmHj(s)

gives an enthalpy change

AH = -4 0 .3  kcal/mole (773-1073°K)

which should be nearly correct for the standard heat 
of formation of AmH2 in the temperature range given.

A brief comparison of the actinide hydrides is of 
interest. Pertinent data are listed in Table II. Dif
ferent crystal structures and compositions are found 
for the lower hydrides in the respective systems. 
Thus ThH2 is tetragonal, PaH3 and /3-UH:i are cubic, 
and NpH2, PuH2, and AmH2, although also of cubic 
symmetry, are structurally different from PaH3 and fl- 
UH3. If, however, the metal-hydrogen bond lengths 
are computed for each hydride, assuming that NpH2, 
PuH2, and AmH2 have the fluorite structure from anal
ogy to CeH2, it is seen that for all except ThH2 the 
distances are close to 2.32 A.

Table II

Com-
Lattice

parameter,
M -H

distance,

-A H {,
kcal/
mole

pound Structure A A of H¡

ThH2 Tetragonal a  =  4.10, 2 .41(?) 34

PaH, Cubic
c = 5.03 

6.648 2.33
d-UIts Cubic 6.631 2.32 20
NpH2 Fee 5.343 2.314 28
PuH2 Fee 5.359 2.320 37
AmH2 Fee 5.348 2.316 40

The heats of formation per mole of hydrogen gas show 
a fairly large increase with atomic number; ThH2 
is again an exception. Thus the actinide hydrides 
above thorium become more stable as atomic number 
increases, at least as far as americium. In the com
parable fluorite-structure dihydrides formed by the rare 
earth series, no trend is evident in the heats of forma
tion; all the known heats are close to —50 kcal/mole of 
H2. In the rare earth hydrides the lanthanide con
traction is clearly evident; that is, the metal-hydrogen 
distance decreases uniformly with atomic number.7 
The actinide hydrides, however, do not exhibit any 
effect that can be attributed to actinide contraction, 
although such contraction is clearly evidenced in other 
series of more ionic actinide compounds, the dioxides

(6) F. H. Ellinger in “ The Métal Plutonium,” A. S. Coffinberry 
and W . N . Miner, Ed., TJniversity of Chicago Press, Chicago, 111., 
1961, p 291.
(7) A . Pebler and W . E. Wallace, J .  P h y s .  C h e m ., 66, 148 (1962).
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Phase Separation of Poly-L-proline in Salt Solutions

by A. Ciferri and T. A. Orofino

Chemstrand Research Center, Inc., Durham, North Carolina (Received May 6, 1966)

Solutions of form II poly-L-proline in water and aqueous salt solutions exhibit a reversible 
phase change upon heating. Precipitation, viscosity, and light-scattering analyses have 
been carried out to elucidate the mechanism of the phase separation, to establish simi
larities with the heat precipitation of tropocollagen, and to determine the role of salts in the 
transformation. The precipitation and light-scattering results indicate that the phase 
change observed involves crystallization of the polypeptide units from solution. Great 
similarities to the behavior of collagen are exhibited. The effect of salts in increasing 
or decreasing the field of stability of the dissolved form is similar to that expected from the 
behavior of these salts in altering the activity coefficients of related substances which 
crystallize on cooling. The intrinsic viscosity, however, is decreased monotonically with 
increase in concentration of both salting-in and salting-out agents and thus is apparently 
responsive to other compensating effects. Some general thermodynamic considerations of 
the heat precipitation of polymers to form an amorphous or crystalline phase are pre
sented.

Introduction

Poly-L-proline is known to exist in two forms, desig
nated I and II, which apparently differ in the struc
tural configuration1-3 about the imide linkage in the 
polymer repeating unit

— N---- — CH— CO—

CH2

Isomerization of one form into the other can be ac
complished in solutions of certain reagents. Crystal
lographic analysis of form II, believed to represent the 
irans isomer, indicates that the polypeptide chain is a 
helix with a 3.1-A monomer repeat distance. This 
conformational arrangement is also the basis for the 
structure of collagen, of which proline is the second most 
abundant constituent.1 2 3 In contrast with form I 
(insoluble), II dissolves readily in water. Although 
the crystallographic helix is not stabilized by hydrogen 
bonds, a particularly rigid conformation would be 
expected in solution, owing to the decreased rotational 
freedom imposed by the ringed structure of the repeat 
unit, and the resonance-stabilized frans-imide bond.

Opportunity for internal rotation thus resides primarily 
in the C„-carbonyl linkage.

Blout and Fasman,la and Kurtz, Berger, and Kat- 
chalskylb have reported that upon increase of tempera
ture to about 65°, poly-L-proline precipitates from aque
ous solution, the process being completely reversible 
on cooling. In the present communication we report 
the results of an extensive investigation of the solu
bility characteristics of this material in various aque
ous salt solutions. Our purpose has been twofold: 
(1) to examine the general characteristics of the phase 
separation process, to investigate its origin, and to 
compare similarities noted with the heat precipitation 
of collagen;4 (2) to study the effect of salts on the 
temperature of phase separation. For this purpose 
precipitation, intrinsic viscosity, and light-scattering 
studies on a single sample of form II poly-L-proline 
have been carried out.

(1) (a) E. R. Blout and G. D. Fasman, Recent Advan. Gelatin Glue 
Res., Proc. Conf. Univ. Cambridge, 1957, 122 (1958); (b) J. Kurtz, 
A. Berger, and E. Katchalsky, ibid., 131 (1958).
(2) A. Veis, “The Macromolecular Chemistry of Gelatin,” Academic 
Press Inc., New York, N. Y ., 1964.
(3) W . F. Harrington and P. H. von Hippel, Advan. Protein Chem., 
16, 19 (1961).
(4) E. Bianchi, G. Conio, and A. Ciferri, Biopolymers, in press.
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but some OH groups are retained very tenaciously.3 
Substitution of other groups for the OH groups is 
often sought to modify adsorptive and other properties 
of silicas.

Much of our present knowledge of their surface 
structure has come from infrared studies of high-area 
silicas.4-18 Because typical silica gels scatter much 
radiation, special forms of high-area silica such as 
Aerosil (Cabosil) and microporous glass have been 
used in most studies to date. Neither of these materials 
represents typical silica gel. Microporous glass is, 
moreover, very impure (96% silica), containing boria, 
alumina, and other impurities. Only a few studies of 
more typical silica gels prepared by “ wet” methods 
have been reported.6,11,14 To minimize scattering 
losses, these silica gels have been studied as self- 
supporting pressed disks. The high pressures used in 
disk formation can apparently significantly alter the 
behavior of the silica, however.5,16

Considering the variety of materials studied, the 
major characteristics of their infrared spectra are 
remarkably similar. A sharp band at 3750 cm-1 is 
universally assigned to “ isolated” (i.e., not H-bonded) 
OH groups. A tail, or close-lying band, in the 3600- 
3750-cm-1 region appears to be caused by weakly H- 
bonded OH groups. Absorption centered in the 3400- 
3500-cm-1 region is attributed to strongly H-bonded 
OH groups and/or adsorbed H20. Because the bands 
in this region are generally associated with a band 
near 1630 cm-1 (presumably caused by H20  deforma
tion), assignment to H20  is usually favored. Attribu
tion of a band at 3500 cm-1 to geminal OH groups (i.e., 
two groups attached to the same silicon atom) has been 
suggested, however.2,11

A band found at 4540 cm-1 on microporous glass 
has been assigned to the combination of isolated OH 
stretching with S i-0  stretching vibrations,13 while a 
similar band on silica gel has been assigned to the combi
nation of OH stretching with Si-OH bending.14 A 
band near 870 cm-1 has been assigned to deformation 
of surface OH groups.9 10 11 12 13 14 15

Bands at 1635, 1870, and 2000 cm-1 (shoulder) in 
the spectrum of dry silicas appear to arise from combi
nations and/or overtones of lattice vibrations,9,10 
as do weaker bands in the region from 2200 to 2950 
cm-1 in the spectrum of microporous glass.10,13,17

Spectra in the H20  deformation region indicate that 
little or no adsorbed H20  remains after the silica has 
been dried above 25004,10 and that most H20  can be 
eliminated at considerably lower temperatures. Evi
dence from reaction of silica gels with A1C13 and BC13 
has, however, been interpreted to mean that molecular

H20  can be strongly held even after the silica has been 
dried under vacuum at 350° or higher.19

Prevailing opinion holds that most of the OH groups 
in silica gel are on the surface. Characteristically, 
however, a significant fraction of the OH content, 
even on silicas predried at 600°, is not removed by 
reaction with reagents such as diborane,3’20 CH3MgI, 
and CH3Li,4 5 suggesting that the groups are held in
ternally rather than on the surface. Absence of reac
tion could, however, reflect steric factors, possibly 
arising from the presence of geminal OH groups.2

Little is presently known about the mobility, attach
ment, or arrangement of OH groups on the surface. 
It has even been suggested6 7 8 that the OH groups left 
after the silica has been dried at very high temperatures 
may not actually exist on the hot surface but may 
reform only at lower temperatures as traces of H20  are 
again chemisorbed.

Replacement of OH groups on microporous glass by 
NH2 groups16 17 and by fluoride18 19 have been studied, but 
little infrared study of reactions of OH groups on pure 
silica has been reported to date. Some NH3 is slowly 
chemisorbed on silica, but chemisorption never exceeds
1.5 molecules/100 A2 of surface.21 No infrared study 
of such adsorption has been reported, but physical 
adsorption of NH3 has been investigated.6-8

(3) C. Naccache and B. Imelik, Bull. Soc. Chim. France, 553 (1961); 
C. Naccache, J. F. Rosetti, and B. Imelik, ibid., 404 (1959).
(4) J. J. Fripiat and J. Uytterhoeven, J. Phys. Chem., 66, 800 (1962) ; 
J. J. Fripiat, M . C. Gastuche, and R. Brichard, ibid., 66, 805 (1962).
(5) R. S. McDonald, ibid., 62, 1168 (1958).
(6) A. N. Sidorov, Dokl. Akad. Nauk SSSR, 95, 1235 (1954).
(7) N. W . Cant and L. H. Little, Can. J. Chem., 42, 803 (1964).
(8) M . Folman and D. J. C. Yates, Proc. Roy. Soc. (London), A246, 
32 (1958); J. Phys. Chem., 63, 179 (1959).
(9) H . A. Benesi and A. C. Jones, ibid., 63, 179 (1959).
(10) L. H. Little and M. V. Mathieu, Actes Intern. Congr. Catalyse, 2e, 
Paris, 1, 771 (1961).
(11) J. A. Hockey and B. A. Pethica, Trans. Faraday Soc., 57, 2247 
(1961).
(12) G. J. Young, J. Colloid Sci., 13, 67 (1958).
(13) V. A. Nikitin, A. N. Sidorov, and A. V. Karyakin, Zh. Fiz. 
Khim., 30, 117 (1956).
(14) J. H. Anderson and K . A. Wickersheim, Surface Sci., 2, 252 
(1964).
(15) M . Folman, Trans. Faraday Soc., 57, 2000 (1961).
(16) F. H. Hambleton, J. A. Hockey, and J. A. G. Taylor, Nature, 
208, 138 (1965).
(17) N. Sheppard and D. J. C. Yates, Proc. Roy. Soc. (London), 
A238, 69 (1956).
(18) T. H. Elmer, I. D. Chapman, and M. E. Nordberg, J. Phys. 
Chem., 67, 2219 (1963).
(19) H. P. Boehm, M. Schneider, and F. Arendt, Z. Anorg. AUgem 
Chem., 320, 43 (1963).
(20) I. Shapiro and H. G. Weiss, J. Phys. Chem., 57, 219 (1953); 
H. G. Weiss, J. A. Knight, and I. Shapiro, J. Am. Chem. Soc., 81, 
1823 (1959).
(21) V. W . Stober, Kolloid-Z., 145, 17 (1956).
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Figure 2. Photometric microdensitometer traces of 
relative intensity v s . scattering angle for poly-L-proline:
(A) original dry sample, (B) precipitate from water 
solutions at 67° in the presence of supernatant solution.

appeared to consist of lamellae which exhibited only 
a very faint depolarization. Flat-plate X-ray diffrac
tion patterns at 24° were obtained for the precipitate 
mixed with the supernatant (water) in a lead-free 
glass capillary. The X-ray tube was operated at 30 kv 
and 20 ma, the radiation being Ni-filtered Cu Ka 
(X 1.54 A). An exposure time of about 2 hr was 
necessary. The films were scanned with a micro
densitometer to obtain the intensity-scattering angle 
plot shown in Figure 2 and compared with the crystal
line pattern obtained for a finely ground specimen of 
the original dry material. It is clear that the precipi
tate deposited from solution exhibits considerable crys
talline order.

An infrared spectrum of the precipitate obtained 
from water solution, dried, and pressed into KBr disks 
was taken with a Perkin-Elmer 421 grating spectrom
eter. The curve is shown in Figure 1 and is compared 
with the spectrum for the original material. No ad
sorption bands at 900 and 1355 cm-1 have emerged 
as a result of the heat precipitation; accordingly,

there is no indication that the phase change observed 
is attributable to the transition from form II to (in
soluble) form I.

5. Resolubilization Experiments. Precipitates ob
tained with rates of heating of both 2°/hr and l° /d a y  
generally would not redissolve on cooling at room 
temperature over a period of about 2 months. Precipi
tation could be arrested, however, by cooling to room 
temperature solutions where only incipient turbidity, 
or a very small amount of precipitation, had been 
effected by limiting the time during which the solution 
was maintained at a higher temperature. After long 
standing the turbid solution separated into a small 
quantity of precipitate and a clear supernatant which 
obviously contained most of the polymer. Neither 
further development of precipitate with time at room 
temperature nor further clarification was evident. If, 
starting from this “ stable,”  partly precipitated solu
tion, temperature was again increased, a precipitation 
value a few degrees lower than that observed starting 
from the clear solution (at a given rate of heating) 
was obtained. The only way in which the precipitate 
could be redissolved completely was by lowering the 
temperature to between 5 and —15°. Generally, 
the lower fp the lower the temperature necessary for 
the resolubilization. The exact temperatures required 
for resolubilization as a function of salt concentration 
were not determined.

6. Viscosity Measurements. Intrinsic viscosity [r?] 
as a function of temperature (± 0 .1 °) in various aqueous 
salt solutions selected for this investigation was meas
ured in a Cannon-Ubbelohde dilution viscometer 
chosen to provide solvent efflux times not less than 
70 sec. Kinetic energy corrections were small and 
were ignored in treatment of the primary data. The 
viscosity of a given solution was measured first at 
25°, then successively at higher temperatures. Upon 
cooling the solution to 25°, the original value could be 
reproduced. Prolonged exposure at the higher tem
perature was, however, avoided, the viscometer with 
the solution being stored in a cold room (ca. 1°) during 
the longer intervals between measurements. The 
customary extrapolation of reduced specific viscosity 
j?sP/ c  to zero polymer concentration, c, is illustrated in 
Figure 3 for various solvent media. The systems 
appear to exhibit normal behavior and show no anoma
lous trend with decreasing polymer concentration.

7. Light-Scattering Studies. Light-scattering inten
sities as a function of temperature and polymer concen
tration were measured in i  t f  KSCN and in 0.44 and 
0.5 M  KC1 solution. The apparatus consisted of a 
standard Brice-Phoenix photometer, Series 1999-108 
(X 4358 A, unpolarized), modified to provide tern-
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Figure 3. Representative plots of the reduced 
specific viscosity vs. poly-L-proline concentration at 
different temperatures and salt concentrations.

perature control of the cell by means of a surrounding 
water jacket. Calibration and general procedural 
details parallel those in a similar study reported 
elsewhere,6 with the exception that measurements here 
were confined to the principal scattering angles (45, 
90, 135°). All solutions were filtered through ultra- 
fine glass frits under nitrogen pressure. In contrast 
with the viscosity measurements, intensities measured 
originally at the lowest temperature (25°) could be re
produced only when, upon completion of the sequence 
of measurements at progressively higher temperatures, 
the solutions were stored for several hours at ca. 1°. 
Moreover, the effects of differences in thermal history 
were revealed in the final data obtained. In particular, 
the results reported for 0.5 M  KC1 solutions can differ 
substantially from those for the 0.44 M solvent only 
on this account. It is significant that in the former 
measurements, a slight amount of precipitated material 
was observed just prior to the ultrafine filtration of the 
stock solution. The residue was removed by the clari
fication process, thus apparently yielding a solution 
free of aggregated solute constituents over the time 
scale of the experiment (c/. Discussion section).

The dissymmetry ratios d for the various solutions 
ranged from 1.2 to 1.8 in 1 M KSCN, from 1.0 to 1.4 
in 0.44 M  KC1 (d increasing with increasing c in each 
instance), and were unity in the 0.5 M  KC1 solution. 
The intrinsic dissymmetries [d], obtained by extrapola
tion of (d — l ) -1 to zero polymer concentration, were 
1.15, 1.02, and 1.00, respectively. Small contributions

from fluorescent radiation in KC1 solutions were ob
served. Appropriate corrections to the scattering 
intensities were made on the basis of data obtained with 
optical filters inserted in the path of the scattered 
beam. Depolarization corrections were ignored.

The refractive index increment for the polymer in 
0.5 M  KC1 was measured at 25° with a Brice-Phoenix 
differential refractometer. With blue light, the value 
0.195 was obtained.

Results

Plots of precipitation temperature vs. salt concentra
tion, Ca, for the poly-L-proline sample in aqueous KF, 
KC1, and KSCN solutions are shown in Figure 4. 
Data for the intrinsic viscosity in the same media are 
collected in Table I, and the change in h] with Cs and 
temperature is illustrated in Figure 5. A decrease of 
[77 ] with both variables is seen to be indicated. Plots 
of the reciprocal reduced scattering intensity at 90° 
(arbitrary units) vs. polymer concentration are shown in 
Figure 6. From the intercept for 0.5 M  KC1 and the 
corresponding refractive increment, a value for the 
weight-average molecular weight, Mw =  18,500, is 
obtained. A comparable value seems to be indicated 
from the plot for the KSCN data, after taking into 
account corrections of the limiting reduced intensity

Figure 4. Variation of the precipitation 
temperature with salt concentration for poly-i^proline 
solutions containing 0.4% polymer.

(5) T . A. Orofino and F. Wenger. J. Phys. Chem., 67, 566 (1963).
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Table I : Intrinsic Viscosity Results for 
Poly-L-proline Solutions

Temp, tub
Solvent "C dl/g k' KPdbO/dT

Water 25 0.690 (0.69)
35 0.655 0.58 — 4.4
45 0.616 0.59
55 0.566 0.59

KSCN, 0.5 M 25 0.605 0.33
35 0.547 0.57 — 2.8
45 0.540 0.45
55 0.528 0.05

1 M 25 0.506 0.74
35 0.480 0.66 -2 .8
45 0.450 0.58

2  M 25 0.316 2 .1
35 0.314 1.4 0
45 0.318 0.5

4 M 25 Ì
35 |(0.14) 0
45 )

KC1, 0.15 M 25 0.59 1
35 0.51 ,[(0.8) - 4 .4
45 0.50 J

0.5 M 25 0.61
35 0.56 (0.8) -5 .0
45 0.50 1

0.7 M 25 ]
35 (•0.39 (1.7) 0
45 J

Figure 5. Variation of the intrinsic viscosity 
of poly-L-proline with salt concentration 
at different temperatures.

for dissymmetry effects and the somewhat smaller 
dn/dc value estimated for this system. Within ex-

Figure 6. Reciprocal reduced excess scattering 
intensity v s . poly-L-proline concentration at 
different temperatures and salt concentrations.

perimental error, effects of temperature on the excess 
scattering intensities in 0.5 M  KC1 were not apparent 
in the range 25-35°.

Discussion
1. Characteristics of the Heat Precipitation. The 

observations reported in this investigation firmly 
establish that the phase transition effected by heating 
in poly-L-proline systems is a reversible process, in 
spite of the appreciable rate and hysteresis phenomena 
involved. Large time effects are commonly indica
tive of liquid-crystalline transitions; in contradis
tinction, equilibrium conditions are readily achieved 
with liquid-liquid separations encountered in con
ventional polymer systems. In any case, the observa
tion that some birefringent fibers occur in the pre
cipitate, together with the results of the X-ray analysis 
of the concentrated phase in the presence of the super
natant solution, offers strong indications that some crys
tallinity has developed in the precipitate. Since the 
infrared spectrum of the precipitate clearly shows 
that the material has remained in the original form II, 
the choice of possible mechanisms responsible for the 
heat precipitation is considerably limited. We shall
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consider and examine the evidence for the following 
interpretations: (1) the phase change involves the 
direct transformation of dissolved polymer to an 
ordered, crystalline material; (2) the change represents 
a liquid-liquid transition in the polymer-solvent sys
tem, with the concentrated phase subsequently ac
quiring partial crystalline order.

We examine first the thermodynamic requirements 
for the occurrence of liquid-liquid separation upon 
increasing temperature. The necessary condition here 
is that the interaction of the polymer with water or 
salt-water diluent (regarded as a single-component 
solvent) changes upon heating until a critical tempera
ture is reached, at which a phase richer in amorphous 
polymer separates. According to current theories 
for binary polymer solutions6 the partial molar free 
energy of mixing polymer molecules with solvent, 
AAi, is given by the expression

AFi/RT =  -  [vt/x +  (V* -  X iV ]  +  0(%3) (1)

where r2 is polymer concentration in volume fraction, 
x is proportional to polymer molecular weight, R is 
the gas constant, T is absolute temperature, and 
X i  is a parameter which expresses the degree of interac
tion of polymer with the solvent. At given molecular 
weight and solute concentration, the coefficient of the 
second term in parentheses in eq 1 alone dictates the 
relationship of AF\ to the nature of the polymen- 
solvent pair. It may be alternatively expressed6

(Vs -  Xi) =  i i  — Ki =  ^1(1 — Q/T) (2)

where m and \p, are the component enthalpy and en
tropy of dilution parameters, respectively, and 0 repre
sents the quantity Tk In order to characterize 
the systems under consideration, it is required that 
AAi given by eq 1 maintain a value less than zero for 
all values of T < Tp (~ 0 )  and that AF), upon increase 
in temperature to or above Tv, exceed zero. The latter 
condition will correspond observationally to the onset 
of phase separation of amorphous polymer from solu
tion. It is clear from inspection of eq 1 and 2 that, 
since Tp must remain within the range of observation, 
0 >  0 and thus the thermodynamic parameters \pi 
and ki are of the same algebraic sign. The additional 
condition dAFi/dT >  0 requires that the pair assume 
negative values. Thus, in the binary solution approxi
mation, a liquid-liquid separation upon increasing 
temperature may occur only when both the heat and 
entropy of dilution parameters for polymer-solvent 
interaction are negative. Reported examples of such 
systems are aqueous solutions of gelatin7 8 and poly- 
methacrylic acid811 (cf. also ref 8b). The appropriate
ness of a similar interpretation for the present system

may be assessed through consideration of the viscosity 
and light-scattering data obtained.

We shall assume in the analysis following that 
poly-L-proline in dilute solution may be satisfactorily 
represented as a coiling, albeit relatively stiff, polymer. 
(The magnitude of Mw and the range of [77]  values en
countered would appear to provide a basis for this 
assumption although the degree of validity of the 
approximation is in any case nor critically relevant 
here.)

The dependence of the intrinsic viscosity upon 
pertinent chain parameters may be expressed,6 for 
example, by the pair of relationships

M  -  2 <  p g  3 (3)

a6 -  a3 =  C '( ^ /M ) - vV i(1 -  Q/T)Ml/l (4)

where M is polymer molecular weight, r02 is the mean- 
square unperturbed end-to-end distance of the polymer 
chain, a is the factor by which (ro2)1A is expanded 
through interaction with solvent, and $ and C  are 
constants. It is clear from eq 3 and 4 that [77]  will 
decrease with increasing temperature9 only if either 
?'02 or the quantity i^i(l — Q/T) decreases with increasing
T. The experimental observation (Table I) is that 
d[rj]/dT <  0. Quantitative assessment of the role 
of the thermodynamic parameters is, however, pre
cluded since the extent to which ffie temperature co
efficient of r02 contributes to d h j /d r  is unknown. 
Qualitatively, a negative value might be expected if 
one assumes, for example, that the rigidity of poly-L- 
proline in aqueous solution is sufficient to permit 
representation of the chain dimensions according to the 
Bressler and Frenkel10 formulation

r02 = x'l2(2Vf)/kT — 1)(1 +  cos /3)/(1  — cos /3) (5)

in which x' is the number of inflexible links of length 
l, 0 is the complement of the valence angle, Vo is the 
potential barrier for uncorrelated rotation of one link 
with respect to its neighbor, and k is the Boltzman 
constant. This equation is based upon the existence 
of only a single minimum in the potential and is seen

(6) P. J. Flory, “ Principles of Polymer Chemistry,”  Cornell Uni
versity Press, Ithaca, N. Y ., 1953.
(7) L. V. Rajagh, D. Puett, and A. Ciferri, Biopolymers, 3, 421 
(1965).
(8) (a) J. Eliassaf and A. Silberberg, Polymer, 3, 555 (1962); (b)
H. Morawetz, “ Macromolecules in Solution,”  Interscience Pub
lishers, Inc., New York, N. Y ., 1965, p 66.
(9) T . A. Orofino and A. Ciferri, J. Phys. Chem., 68, 3136 (1964).
(10) M . L. Volkenstein, “ Conformational Statistics of Chain Mole
cules,” Interscience Publishers, Inc., New York, N. Y ., 1961, p 189; 
S. E. Bressler and Ya. I. Frenkel, Zh. Eksperim. i Teor. Fiz., 9, 1094 
(1939).
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to require that r02 decrease with increasing temperar- 
ture.

It has been implicitly assumed in the foregoing dis
cussion that intrinsic viscosity parameters measured 
for poly-L-proline in various media relate to the molecu- 
larly dispersed solute. The data depicted in Figure 
6, taken together with the dissymmetry data presented 
in part 7 of the Experimental Section, reveal, however, 
the effects of various time-dependent factors upon the 
incipient precipitation of poly-L-proline from solution. 
The curve for 1 M  KSCN exemplifies a character 
typical11 of aggregated solute dispersions in which 
the extent of molecular dispersion increases progres
sively with decrease in polymer concentration and, 
in this case, with decrease in temperature. A similar 
behavior, although less pronounced, is shown in the 
case of the 0.44 M KC1 solutions. It is noteworthy 
that the portions of the latter curves at low concentra
tion, particularly at lower temperatures, begin to ex
hibit a dependence on c characteristic of dispersed 
polymers of moderate molecular weight in good sol
vent media (i.e., far from the 9 point): the dissym
metries are essentially unity (small coil size) and the 
apparent values of the virial coefficient F2 defined by 
the relation

r2 =  [d(C//o ) /d c ]c=o/2(C//o ) c=fl

are greater than zero. This behavior is fully evident 
in the case of the 0.5 M  KC1 curve in which no indica
tion of solute aggregation is provided. The large 
differences in light-scattering characteristics among 
the three systems cannot reasonably be associated 
solely with intrinsic variations in solvent power in 
the media, two of which (KC1 solutions) are virtually 
identical thermodynamically. Obviously, the differ
ences observed reflect variations in the thermal history 
of the solutions and corresponding changes in the ex
tent of incipient solute aggregation to which the 
light-scattering measurements (and indeed, on a lesser 
scale, the visual precipitation and viscosity studies) 
are responsive. To the extent that the data for 0.5 
M  KC1 and the initial portions of the curves for 0.44 
M  KC1 describe the inherent solution properties of the 
dispersed solute system, however, the following con
clusion may be drawn: the solvent medium 0.5 M 
KC1 is . thermodynamically favorable toward poly-L- 
proline at 25° and does not change its characteristics 
appreciably with temperature. Thus, it appears 
likely that at the precipitation temperature for this 
system (ca. 45°, see Figure 4), the observed phase 
transition is not induced by liquid-liquid separation. 
The foregoing analysis lends, therefore, support to an 
interpretation of the observed phase changes in aqueous

poly-L-proline based upon a liquid-crystal transition, 
i.e., crystallization from dilute solution.

It is interesting to observe that the macroscopic 
precipitation seems to be preceded by the formation 
of aggregates. A similar effect was noted for cellulose 
derivatives12“ and for polyglutamic acid.12b Additional 
investigations are required in order to establish whether 
the phenomenon is associated simply with the slow 
rate of crystallization or whether crystallites are 
indeed in equilibrium with aggregates rather than 
single molecules.

The occurrence of a direct liquid-crystal transition 
upon increase in temperature requires that the entropy 
and enthalpy of the polymer segments comprising the 
precipitated phase exceed the corresponding (partial 
molar) quantities for the polymer in solution. A net 
increase in the entropy per polymer unit upon transfer 
from solution to the precipitated form would imply 
that in the dispersed phase a substantial degree of 
order prevails, probably involving organization of sol
vent molecules with respect to the solute species. The 
required characteristics of the enthalpic process like
wise comply with such an interpretation. Thus, 
viewed in this manner, the solvent species acquire 
increased mobility as the polymer separates from solu
tion. Transitions of this kind are known: the aggre
gation of tobacco mosaic virus protein occurs, revers
ibly, on increasing temperature and the entropy con
tribution due to the release of bound water has been 
confirmed.13 14 15 Indeed, simple substances like Nal- 
2H20  exhibit negative solubility-temperature coeffi
cients.

The heat precipitation of poly-L-proline bears 
strong resemblance to the aggregation of tropocollagen 
helices on increasing temperature.4 In both cases 
occurrence of a crystalline precipitate is observed.

Large time effects are as common to tropocollagen as 
to poly-L-proline4’14,16 systems; in some cases aging of a 
clear tropocollagen solution results in isothermal 
crystallization, and the process appears irreversible. 
(The possible significance from the point of view of 
fibrogenesis is interesting.) The apparent irreversibility 
of the precipitation for tropocollagen can, however, 
be reconciled with the observations for poly-L-proline

(11) C. Tanford, “ Physical Chemistry of Macromolecules,” John 
Wiley and Sons, Inc., New York, N. Y ., 1961; P. Doty and G. E. 
Myers, Discussions Faraday Soc., 13, 51 (1953).
(12) (a) S. Newman, W . R. Krigbaum, and D. K , Carpenter, J. 
Phys. Chem., 60, 648 (1956); (b) T. M . Schuster, Biopolymers, 3, 
681 (1965).
(13) C. L. Stevens and M . A. Lauffer, Biochemistry, 4, 31 (1965).
(14) (a) J. Gross. J. Exptl. Med., 108, 215 (1958); (b) H. B. Ben- 
susan and B. L. Hoyt, J. Am. Chem. Soc., 80, 719 (1958).
(15) J. H. Fessier, Biochem. J., 76, 452 (1960).
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Lorentz shape for the central band. The separations 
in the P and R  branch maxima were approximately 200 
cm-1 for the OH band and 140 cm-1 for the OD band.

The separation Av (cm-1) is given by

Av =  VskTB/hc = 2 M W T B

where T is the absolute temperature, and B, the rota
tional constant, is equal to h/8n2c7b. For linear mole
cules, 7b is the moment of inertia about an axis perpen
dicular to the internuclear axis and going through the 
center of mass. For diatomic molecules, 7b =  /O'2 
where n is the reduced mass and r is the distance be
tween atom centers. The surface silicon atom to which 
an OH group is attached is also bound to three O atoms; 
it can probably be regarded as an essentially infinite 
mass. Only a single axis of rotation exists, passing 
through the Si atom and very close to the 0  atom. 
Assuming a bond angle >90°, the OH group was ap
proximated as a diatomic molecule with the atomic 
masses of 0  and H rotating about the axis of rotation 
and separated from each other by re{i = r cos (<j> — 90°), 
where 4> is the angle between the axis of rotation and the 
O-H axis.

7b =  pr9 cos2 (c(> — 90°)

where n =  raim2/ ’(?ni +  m2). Assuming an equilibrium 
O-H distance r (as in H20 ) =  0.958 X 10-8 cm, values 
were calculated for expected separations between P and 
R, branch maxima as a function of the angle </>. For 
values of <j> ranging from 90 to 125°, the separations 
ranged from 180 to 220 cm-1. The observed separation 
(~200 cm-1) falls in midrange-corresponding to 
roughly 115°; <b is slightly larger than 6, the true 
Si-OH bond angle. Calculations indicate that at <f> = 
115°, 6 =  113°. The difference is less than the error 
involved in the approximations and in measuring the 
separations of the P and R branch maxima.

Similar calculations were made for OD groups, and 
the observed separation in P and R maxima (~140 
cm-1) again corresponded to a bond angle of ~113°.

The calculated bond angle seems reasonable, but tor
sional oscillation (or possibly other causes) could give 
similar bands. Since 7 is the same for torsional oscil
lation as for free rotation, the branch maxima separa
tions should be the same. The P and R  branches are 
very weak compared to the strong central (Q branch) 
band. Perhaps rotation is strongly hindered.17 Per
haps only some of the OH groups, situated differently 
from the rest, rotate freely while the others do not. 
If so, differences in the rate of exchange with D20, or 
in other chemical behavior, might alter the ratio of the 
intensities of the central and side branches. Although 
present data cannot exclude minor alterations in the

relative intensity of the branches, no major differences 
were observed following D20  exchange or during any of 
the other reactions described.

The bands reported between 2700 and 3000 cm-1 in 
the spectrum of microporous glass10-13 may reflect im
purities not present in silica, or possibly adsorbed hy
drocarbons.6 No such bands were found for silica 
aerogel.

As silica is dried at progressively higher temperatures, 
the “ tail”  below the 3750-cm-1 disappears more rapidly 
than does the 3750-cm-1 band itself. The H-bonded 
OH groups are thus eliminated more easily than those 
that are not H bonded. This indicates that these OH 
groups are bonded to other OH groups, because H 
bonding to an oxide ion should not, per se, promote 
elimination of the OH group (as H20 ) .

The spectral changes observed for hot silica probably 
reflect changing interactions with the local environment 
as well as direct effects of temperature on the O-H bond 
vibrations. However, the OH and OD groups clearly 
remain on much the same type of sites at high tem
perature as those on which they are found after cooling. 
They are not desorbed as H20  at high temperatures and 
reformed when H20  readsorbs on cooling.

The evidence obtained from adsorption of ethyl ether 
or NH3 on silica aerogel predried at 600° or above 
shows that all the OH groups remaining are surface 
groups.

Evidence from reaction with SiCl4 suggests that steric 
factors are probably usually responsible for the incom
plete reaction of OH groups. Even on silica holding 
<2  OH/100 A, a surprising number of the surface OH 
groups are sufficiently close together to permit two of 
them to react with one SiCl4 molecule. Such close 
proximity of OH groups would probably make quanti
tative removal by reaction with diborane, CH3MgI, or 
CH3Li at low temperatures extremely difficult.

"■ Boehm, et al.,19 conclude that production of two 
molecules of HC1 for each molecule of A1C13 which re
acts with the silica surface results from the reaction

H20  +  A1C1» — ► AlOCl +  2HC1

A similar explanation does not appear possible for the 
results obtained with SiCl4 in the present work, be
cause SiOCl2 is unknown,29 and no spectroscopic 
evidence was found for H20  (as such) on silica aerogel 
dried at 600° or above. Clearly, however, close 
proximity of two OH groups on the surface provides an 
alternative explanation in both cases.

Present evidence suggests that OH groups are vir

(29) A. F. Wells, “ Structural Inorganic Chemistry,” Oxford Uni
versity Press, Oxford, 1962, pp 776-778.
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tually immobile on the surface of dry silica below 800°. 
Even at 900°, the groups remaining after the first hour 
of evacuation are eliminated only extremely slowly. 
Ready migration of OH groups or protons would pre
sumably cause rapid formation and elimination of H20. 
Migration of OH as such requires that Si-0 bonds be 
broken to form Si+ sites or unsaturated valencies, and 
it would probably not occur much more readily than 
bulk rearrangement of the silica structure. Migration 
of protons might occur more easily, but if migration 
occurs very readily, it is hard to understand why NH2 
groups on silica are not more rapidly replaced by OH 
groups when exposed to H20  vapor at elevated tempera
tures (and vice versa). If OH groups are very mobile, 
it is also difficult to see how those left on the surface 
after predrying at 800° could be paired in some cases 
and single in other cases as indicated by reaction with 
SiCl4. The OH groups on silica appear less mobile 
than those on alumina.26

If surface OH groups are indeed relatively immobile, 
their arrangement must be very important in possible 
reactions with one another or with other molecules. 
Despite much speculation, there is no evidence to date 
concerning such arrangement. Isolated OH groups are 
not necessarily widely separated. The results of reac
tion of SiCl4 indicate that, on the contrary, they are 
often close together. Vicinal OH groups, i.e.

H H
0  O
1 I

—Si— O—Si—

are not necessarily H bonded and may be difficult to 
remove because removal requires edge linking of Si04 
tetrahedra. Geminal OH groups (=Si(O H )2) are 
probably not H bonded to their partners because a five- 
or six-member ring is normally needed for “ intramole
cular” H bonding.30 Triplet OH groups (-Si(OH)3) 
should be equally free of internal H bonding. Elimina
tion of H20  by internal condensation of geminal pairs or 
triplet OH groups would require formation of = S i = 0  
groups. Silicon is not believed to form such groups;29 
so, unless geminal or triplet OH groups adjoin OH 
groups on adjacent Si atoms, their removal through

H20  formation would probably be very difficult. Prob
ably, particularly on fresh silica gels, geminal and triplet 
OH groups do exist, but this has not been proved. In
teresting questions are raised by the fact that reaction 
with SiCl4 plus hydrolysis and redrying fails to alter 
significantly either the number of surface OH groups 
or the appearance of the OH bands. The best apparent 
interpretation is as follows. During hydrolysis, = S i- 
(OH)2 or — Si(OH)3 groups, which as initially produced 
protrude above the surface, are further hydrolyzed and 
migrate as Si(OH)4 to other locations where they add 
to the existing structure in a more stable fashion, simply 
extending the original surface slightly without changing 
its character. It has not been established, nor is it 
evident, that geminal or triplet OH groups which are 
not H bonded can be readily distinguished spectro
scopically from widely separated single OH groups.

The slow chemisorption of a limited amount of NH3 
or very dry silica implies the existence of a small num
ber of highly strained12 or ionic siloxane linkages on the 
surface which react with NH3 to produce -N H 2 H— OH. 
As found here, the maximum number of such sites is 
about 1.4/100 A2. Chemisorption of NH3 on silica, 
as an alumina, appears to be analogous to chemisorp
tion of H20. The failure of HC1 to chemisorb similarly 
on dry silica is somewhat surprising.

Conclusion
Although infrared spectroscopic studies have pro

vided considerable information about the surface of 
silica, many questions concerning the details of surface 
structure remain unanswered. Answers to most of 
these questions probably cannot be obtained without 
supporting studies with other techniques. Additional 
evidence seems particularly needed on the relative 
abundance of single, paired, and triplet hydroxyl 
groups. Evidence on this subject will be presented 
in a subsequent paper.
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Sedimentation Equilibrium of Ovalbumin in Concentrated Cesium Chloride1
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Ovalbumin has been examined in the ultracentrifuge at sedimentation equilibrium in 
concentrated cesium chloride. From the position of the band of protein in the density 
gradient generated by the redistribution of the salt in the centrifugal field, the buoyant 
density of ovalbumin was found to be 1.296 ±  0.003 g /cm 8. This value agrees quite 
well with the apparent hydrodynamic density of ovalbumin obtained by plotting the 
viscosity-corrected sedimentation coefficients observed at several cesium chloride con
centrations against the density of the salt solutions, and extrapolating the resulting linear 
relation to S =  0. Sedimentation equilibrium experiments at different rotor speeds and 
with solution columns of different lengths indicate that the variation of the buoyant 
density of ovalbumin with hydrostatic pressure is small.

Introduction
A previous report has described measurements of 

the sedimentation velocity of ovalbumin in concen
trated aqueous solutions of five different salts.2 3 When 
the sedimentation coefficients, measured at several 
concentrations of a given salt, were corrected to a 
reference viscosity and plotted against the densities of 
the solvents, each set of points defined a straight line 
which, on extrapolation, crossed the density axis well 
below the reciprocal of the partial specific volume of the 
protein (l/v p). The discrepancy between the density 
intercept and l/vp could be accounted for by variation 
of the frictional ratio of ovalbumin with salt concen
tration, by the binding of water in preference to salt 
of the protein, or by certain combinations of the two 
effects. For reasons cited previously, it seems im
probable that either the molecular weight or the 
partial specific volume of ovalbumin varies in these 
solvents.

Cesium chloride was one of the salts in which the 
sedimentation velocity of ovalbumin was measured. 
In cesium chloride, a direct determination of the density 
of the sedimenting unit can be done— at one salt con
centration— by means of the banding method developed 
by Meselson, Stahl, and Vinograd.8’ 4 * Comparison 
of the buoyant density of the protein measured by 
the banding method with the density intercept ob
tained from the sedimentation velocity measurements 
allows the elimination of several of the possible ways

of accounting for the way in which the sedimentation 
coefficient of ovalbumin varies with the concentra
tion of cesium chloride. For example, if variation of 
the frictional ratio alone were responsible for the ob
served dependence of the sedimentation coefficient on 
the density of the solvent, then the two densities could 
not agree. If the two values agree and the frictional 
ratio does change significantly with the composition 
of the solvent, then the protein must bind one compo
nent of the solvent in preference to the other and the 
degree of preferential solvation must also vary with 
salt concentration. The simplest explanation of the 
velocity experiments, that the protein binds water in 
preference to salt, and that neither the degree of 
preferential hydration nor the frictional ratio varies 
with salt concentration, would require agreement 
between the density intercept of the velocity data 
and the buoyant density measured by the banding 
method.

(1) This work was supported by Grant GM-11749 from the U. S. 
Public Health Service. Some of the work was reported at the 
Southwest-Southeast Regional Meeting of the American Chemical 
Society, Memphis, Tenn., Dec 8-10, 1965.
(2) J. Hill and D. J. Cox, J. Phys. Chem., 69, 3032 (1965).
(3) M . Meselson, F. W . Stahl, and J. Vinograd, Proc. Natl. Acad. 
Sci. U. S., 43, 581 (1957).
(4) J. Vinograd and J. E. Hearst, Progr. Chem. Org. Natl. Prod., 20,
372 (1962).
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Experimental Section

Materials. The ovalbumin was twice-crystallized 
material purchased from Worthington Biochemical 
Corp. The protein was taken from the same lot used 
in previous work.2 Cesium chloride was obtained from 
the Gallard-Schlesinger Chemical Manufacturing Corp. 
Salt solutions for the ultracentrifuge experiments were 
prepared by dissolving the appropriate amounts of 
cesium chloride in potassium phosphate buffer at pH
6.8. The buffer was 0.01 M  with respect to phosphate 
and was prepared using glass-distilled water. Solvent 
densities were measured using 1-ml vented-cap pycnom
eters, and the results were reproducible within ±0.001 
g/cm 3. A sample of the dense and insoluble fluoro
carbon FC-43, produced by Minnesota Mining and 
Manufacturing Corp., was obtained from the Spinco 
Division of Beckman Instruments, Inc.

Ultracentrifugation. Solutions of ovalbumin in con
centrated cesium chloride were brought to sedimenta
tion equilibrium at 20° in a Spinco Model E analytical 
ultracentrifuge, and the experiments were observed 
using schlieren optics. The cesium chloride concentra
tions used were so selected that the position of the band 
of protein at equilibrium lay near the middle of the 
solution column. Ovalbumin, with a molecular weight 
of 45,000, formed relatively wide bands at sedimenta
tion equilibrium and, in order to obtain bands that 
were sharp enough to be located accurately, it was 
necessary to operate the centrifuge at relatively 
high rotor speeds. Double-sector cells could not be 
used with dense solutions at high velocities, since these 
generally leaked across the partition between the 
sectors. The protein solutions and the solvents were, 
therefore, run separately in single sector cells equipped 
with 1 ° negative wedge windows.

In order to calculate the density gradient obtained 
at sedimentation equilibrium in any particular experi
ment, the schlieren photograph of water at the same 
rotor speed was required. In principle, the appro
priate base line for the density gradient calculation 
would be derived from a photograph of the schlieren 
pattern of the salt solution taken as the rotor reaches 
the operating speed, but before the salt gradient has 
developed.4,6 In practice, it was found that the gra
dient began to develop rapidly from the ends of the 
solution column during acceleration and, by the time 
the rotor reached top speed, no more than the central 
third of the schlieren pattern remained unperturbed 
by the redistribution of the salt.

Experiments were done in which the developing 
schlieren pattern of a cesium chloride solution was 
photographed at several angular velocities as the rotor 
was accelerated to 59,780 rpm. In separate experi

ments, the cell was filled to the same level with water, 
and its schlieren pattern was photographed at each of 
the rotor speeds at which the cesium chloride solution 
had been observed. The water and cesium chloride 
base lines both rose appreciably as the centrifugal 
field was increased. However, at a given angular 
velocity, the water pattern coincided quite closely 
with whatever portion of the cesium chloride base 
line was still unaffected by the development of the 
salt gradient. It was concluded that the schlieren 
pattern of water at the appropriate rotor speed could 
be used as the base line for the density gradient calcu
lation in these particular measurements. This pro
cedure might not be correct for other solvents, and its 
use would have to be justified experimentally in each 
case.

All three of the runs required for a given buoyant 
density measurement—protein and salt, salt alone, and 
water—were done in the same cell, using the same 
windows. The rotor speed, the schlieren bar angle, 
and the length of the solution column were carefully 
matched among the three runs. It was found that the 
column lengths could be reproduced most precisely by 
weighing the amounts of solutions or solvents intro
duced into the cell.

The relation between the density gradient at sedi
mentation equilibrium and the area under the schlieren 
pattern was determined in separate experiments using 
a valve-type synthetic boundary cell. A cesium 
chloride solution of known density (pi) was introduced 
into the centerpiece of the cell, and a solution of lower 
density (p2) was placed in the cup. The schlieren bar 
was set at the same position as was used for the equi
librium runs. The rotor was accelerated until the 
cup emptied, and the boundary was allowed to diffuse 
until the entire schlieren pattern was visible. The 
pattern was photographed, the area under the boundary 
(Ai,2) was measured, and the quantity K  =  (pi — 
P2) /A i ,2 was calculated. The measurements were 
most conveniently done using pairs of solutions that 
differed in density by about 0.05 g /cm 3, and seven 
pairs were chosen which covered the range of densities 
encountered in the cell at sedimentation equilibrium. 
The precision (± 2 -3 % ) of the individual measure
ments of K  was not sufficient to allow the detection of 
a significant trend in the values with density; a mean 
value was used in subsequent calculations. In a few 
cases, after the schlieren pattern had been photo
graphed at a relatively low rotor speed, the rotor was 
accelerated to 59,780 rpm and the pattern was photo-

(5) J. E. Hearst, J. B. Ifft, and J. Vinograd, Proc. Natl. Acad. Sci. 
U. S., 47, 1015 (1961).
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determined density was 1.001954 ±  O.OOOOO5 g/ml, 
while that calculated from the interpolated “ Critical 
Table”  data was 1.001952-

Conversion of Densities to Partial Specific Volumes. 
The apparent specific volume, $, of a solute at tempera
ture, T, can be obtained from density data by use of 
the relationship

where n is the weight fraction of solute, pT is the density 
of the solution at temperature T, and p0,r is the density 
of the solvent at the same temperature. If the specific 
volume of the solute is not concentration dependent, 
the apparent specific volume is equal to the partial 
specific volume, v.

The method described in this paper is not suitable 
for the study of solutes whose specific volume is con
centration dependent. Since the diver has a particular 
density at any given temperature, only one concentra
tion of solute will result in a solution which has the same 
density as the diver at that temperature (see Discus
sion).

Density of Sucrose at 20°. Accurate density data are 
available for sucrose at 20°.10 Despite the fact that the 
specific volume of sucrose is concentration dependent, 
it was decided to investigate the density-temperature 
behavior of sucrose and compare the data at 20° with 
the published data.

Sucrose was dried in a vacuum oven at 70° for 4 hr 
and stored in a desiccator. A stock solution (2.53670 
g/100 g of solution) was prepared and various weight 
dilutions of this solution placed in the test tube with the 
diver. The solution-diver isopycnic temperatures were 
determined and the densities of the sucrose solutions 
were obtained from the diver calibration curve. The 
apparent specific volume of the sucrose at the various 
temperatures was obtained from eq 1. Once an in
terpolated value for the apparent specific volume at 20° 
had been obtained from the experimental data, the 
concentration of sucrose which would give a solution of 
the same density as the diver at this temperature could 
be calculated by use of eq 1.

Ulrich, Kupke, and Beams6 have calculated that the 
least-squares fit to the published sucrose density data 
can be expressed by the relationship

P2„° =  0.998238 +  0.386734« +  0.10624«2 (2)

where n is the weight fraction of sucrose.
When the value for the sucrose concentration, which 

was obtained from eq 1, was incorporated into eq 2, a 
value of 1.001997 was obtained for the density of this 
concentration of sucrose at 20°. At this concentration

of sucrose the solution and the diver should have the 
same density. The density of the diver at this tem
perature which was obtained from the KC1 calibration 
curve was 1.001994. The good agreement between 
these two values for the density of the diver at 20° 
affords corroborative evidence for the reliability of the 
KC1 calibration curve.

Determination of Density of Albumin Solutions. 
Stock albumin solutions of approximately 5 g /dl were 
prepared and dialyzed exhaustively against distilled 
water at +  2°. They were then filtered through washed 
No. 1 Whatman paper to remove any lint or other sus
pended material and stored in a glass-stoppered bottle 
at + 2 °. Weight dilutions of the albumin were ob
tained by weighing aliquots of the stock solution and 
glass-distilled water into weighing bottles (final albu
min concentrations, 0.9-1.5%). The diluted solution 
was mixed well, placed in the test tube with the diver, 
and the isopycnic temperature was determined. The 
density of the solution was obtained from the diver 
calibration curve.

Determination of Protein Concentration by Dry Weight 
Measurements. Triplicate dry weight measurements 
were made on 2-ml samples of the stock albumin solu
tions. To obtain dry weight data of an accuracy com
parable to that of the density data, the error in the dry 
weight determinations would have to be less than one 
part per thousand. The triplicate samples were rou
tinely in agreement to well within this limit. However, 
the actual value obtained depended on the method 
of drying which had been employed. Different drying 
conditions gave dry weights which varied up to almost 
one part in a hundred. The best conditions for ob
taining the true dry weight of a protein are somewhat 
uncertain and probably vary from protein to protein.

The most common method of obtaining dry weight 
data is heating in air at 110° to constant weight,11’12 
but various other techniques have been used. A com
parison was made of several of these methods, viz., 
drying in air at 110 and 125°, drying in air at 110° over 
activated alumina,6 drying over P20 5 at 110° in vacuo 
in an Aberhalden drying pistol,13 and drying in a 
vacuum oven at 75, 95, 105, 110, and 115°. In all 
cases the samples were freeze dried prior to the final 
drying procedure. All measurements were repeated to 
constant weight (when possible) and all weighings were

(10) F. Plato, Wiss. Abh., 2, 153 (1900); quoted by F. J. Bates and 
Associates, “ Polarimetry, Saccharimetry and the Sugars,” XL S. 
Government Printing Office, Washington, D. O., 1942.
(11) M . O. Dayhoff, G. E. Perlmann, and D. A. Maclnnes, J. Am. 
Chem. Soc., 74, 2515 (1952).
(12) P. A. Charlwood, ibid., 79, 776 (1957).
(13) S. E. Allerton, personal communication.
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Table I :  Dry Weights of Albumin Relative to Dry Weight at 75° in Vacuo

BMA BPA
---- c(T)/c(7d°, m vacuo)a----

HMA I HMA II HMA H I6

75° (in vacuo) (1.0000) (1.0000) (1.0000) (1.0000) (1.0000)
95° (in vacuo) 

105° {in vacuo) 
110° {in vacuo) 0.9960 0.9962 0.9958 0.9954

0.9981
0.9967

110° {in vacuo 
over PiOs) 

110° (in air) 
115° {in vacuo) 
125° (in air)

0.9953 

1.0053
0.9947
0.992g

a c{T)/c{75°, in vacuo) — concentration of albumin at T° in grams/100 g of solution divided by concentration of the same sample 
at 75° in vacuo; 2-ml samples of approximately 5% protein were used for each determination. b BMA = bovine mercaptalbumin; 
BPA = bovine plasma albumin; HMA = human mercaptalbumin.

performed 45 min after removal of the samples from the 
heating chamber. Some of the data obtained by use of 
these various procedures are shown in Table I. For 
reasons which are discussed later in this paper, the 
method finally adopted was that of drying the protein 
in a vacuum oven at 110°. Details of the procedure 
are given in the following paragraphs.

Five clean glass weighing bottles were removed from 
the desiccator, wiped with lens paper, and placed in the 
microbalance. After 20-min equilibration the bottles 
were weighed, the first bottle (the tare) being reweighed 
after weighing of the other bottles had been completed. 
A mean value of the two weights was taken as the weight 
of the tare. The difference between the two weighings 
was almost always less than 10-6 g. The stock albu
min solution (2 ml) was pipetted into three of the bottles 
and the five bottles were reweighed, the tare again being 
weighed first and last. The other empty bottle was 
used as a secondary tare to ensure that any change in 
weight of the tare due to contamination which had 
occurred during the various manipulations would be 
detected. If the weight of the tare had changed be
tween the two sets of weighings due to differing environ
mental conditions, the difference in the weight of the 
tare was added to or subtracted from all of the weights 
obtained in the second set of weighings.

The lids of the bottles were placed at right angles on 
the top of the bottles and the bottles were placed in Dry 
Ice until the solutions had frozen. A copper block 
which contained holes slightly larger than the diameter 
of the weighing bottles and about one-third of their 
height had been precooled in Dry Ice. The weighing 
bottles were transferred to the cooled block and the 
block was placed in the vacuum oven. The samples 
were then freeze dried overnight in vacuo. In the

morning, the temperature of the oven was raised to 
110° and the oven was maintained at that temperature 
for 48 hr. After the vacuum pump had been turned off, 
the air inlet to which the drying tube filled with P20 6 
had been attached was opened and air was allowed to 
enter the oven as rapidly as was possible without dis
lodging the dried protein from the weighing bottles. 
The bottles were capped as quickly as possible while still 
in the oven and transferred to a desiccator.

After 25 min the bottles were wiped with lens paper 
and transferred to the microbalance. After 20 min 
they were weighed in the same order and manner as 
described previously. The bottles were reweighed 30, 
60, and 120 min after the initial time of the first weighing. 
The weights of the bottles were corrected for changes in 
the weight of the tare as previously described and the 
concentration of albumin (grams/g of solution) was 
calculated. The albumin could regain almost one- 
thousandth of its weight between the first and third 
weighing. The protein concentrations determined at 
45, 75, 105, and 165 min were extrapolated to zero time.

The samples were reheated in the vacuum oven and 
reweighed at 24-hr intervals until constant weight was 
achieved. Mean zero time values which varied by less 
than one part per thousand were considered to be at 
constant weight. A mean of all the zero time data at 
constant weight was taken as the dry weight of the 
albumin.

Determination of Partial Specific Volume. The par
tial specific volume of the various albumin preparations 
was calculated by the use of eq 1. The data for human 
mercaptalbumin are plotted in Figure 3. The straight 
line on the graph is a calculated least-squares-fit line. 
The two triangles on the graph represent data obtained 
by pycnometry. A stock 5% albumin solution and 
10-ml pycnometers were used in these determinations
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Table I I : Partial Specific Volume“ of Bovine Plasma Albumin (BPA) at Various Temperatures

Run I Run II Run III
(9 data points) (8 data points) (10 data points)

#20° 0.73311 ±  0.00015 0.73291 ±  0.00016 0.73296 ±  0.0001o
2̂5° 0.7348g ±  0.00010 0.73475 ±  0.0001o 0.73484 ±  0.00006

*>30° 0.73666 ±  0.00009 0.73659 ±  0.0001o 0.73672 ±  0.00008
dv/dT 0.000356 ±  0.000016 0.00036g ±  0.000019 0.000376 ±  0.000014

° The values shown are means and standard deviations of the experimental data, 
deg.

v has units of ml/g; dv/dT has units of ml/g

Table I II : Partial Specific Volume“ of Bovine Plasma Albumin (BPA), Bovine Mercaptalbumin (BMA), 
and Human Mercaptalbumin (HMA) at Various Temperatures

BPA BMA HMA
(27 data points) (23 data points) (24 data points)

2̂0° 0.73300 ±  0.00027 0.73305 ±  0.00024 0.73280 ±  0.00013
¿>25° 0.73482 ±  0.00017 0.73493 ±  0.00015 0.7345s ±  0.00008
$30° 0.73665 ±  0.00019 0.73680 ±  0.00018 0.73635 ±  0.00009
dv/dT 0.000366 ±  0.000033 0.000375 ±  0.000030 0.000355 ±  0.000016

“ The values shown are means and standard deviations of the experimental data. v has units of ml/g; dv/dT has units of ml/g deg.

TEMPERATURE (°C)

Figure 3. Partial specific volume of human mercaptalbumin at 
various temperatures: O, run I; X, run II;
A, pycnometric determinations.

which were performed in triplicate. The densities of 
the triplicates varied by less than ± 1  X 10~6 g/ml.

Similar results were obtained with bovine plasma 
albumin and bovine mercaptalbumin. The variation 
in three experiments with bovine plasma albumin can 
be seen from the data in Table II. The standard 
deviations of the values are also listed. Similar results 
were obtained with the other albumin preparations.

Mean partial specific volume data for bovine plasma 
albumin, bovine mercaptalbumin, and human mercapt
albumin are summarized in Table III. If the densities 
of the KC1 solutions used to calibrate the diver were in 
error by one in the fifth decimal place, v will be in error 
by 0.00034. An error of one part in a thousand in pro
tein concentration will cause an error of approximately 
0.0003 in v, and an error of 0.01° in temperature will 
cause an error of 0.00014 in v.

Discussion
The determination of partial specific volumes by 

measurement of solution-diver isopycnic temperatures 
has one intrinsic disadvantage; for a particular diver, 
only one concentration of solute will give any particular 
isopycnic temperature. The partial specific volume 
data at various temperatures are thus obtained from 
solutions of different solute concentration. If the par
tial specific volume of the solute is concentration de
pendent, a series of apparent specific volumes is ob
tained, and, unless density concentration data are 
available at several temperatures, the true partial 
specific volume cannot be determined. The necessary 
information could be obtained by the use of several 
divers of differing density. It is unlikely, however, that 
the concentration dependence of the partial specific 
volume is a serious problem when protein solutions of 
relatively low concentration (<5% ) are being studied. 
The partial specific volume data of Dayhoff, Perlmann,
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also varies from salt to salt, and there is a smooth 
correlation between water activity and preferential 
hydration. On the basis of these data, each obtained 
in a different salt, Bruner and Vinograd7 suggest that 
the preferential hydration of a macromolecule in a 
given salt should vary with salt concentration since 
the activity of water does so. Their interpretation 
would argue against the possibility that the sedimen
tation behavior of ovalbumin may be accounted for by 
the constancy with salt concentration of preferential

hydration and the frictional ratio. It should be 
possible to approach the problem more directly by 
measuring the buoyant density of ovalbumin in cesium 
chloride and deuterium oxide. The salt concentration 
and thus the water activity at the protein band should 
be different in water and in deuterium oxide, and it 
should be possible, in this way, to determine whether 
or not the preferential solvation of the protein is 
the same at two different concentrations of the same 
salt.

The Radiolysis of Ethyl Mercaptan1

by J. J. J. Myron and R. H . Johnsen

jDepartment of Chemistry and the Institute of Molecular Biophysics, Florida State University, 
Tallahassee, Florida {Received March 21, 1966)

A study of the radiolysis of liquid ethyl mercaptan has been undertaken. The data strongly 
suggest that the radiolytic behavior of the mercaptan differs significantly from that of the 
corresponding alcohol. A comparison of the two radiolyses in the light of the present 
results is presented.

Introduction
In the past, radiolytic studies of compounds con

taining sulfhydryl groups have generally been carried 
out on dilute aqueous solutions of polyfunctional thiols. 
Except for data on the esr spectra of irradiated methyl 
and ethyl mercaptan2 taken at 77 °K, no studies on the 
radiolytic behavior of these compounds appear to 
have been made. Investigation of simple mercaptans 
in the “ pure”  state should be of interest as a compari
son to that of the corresponding aliphatic alcohols 
which have been extensively studied by various 
workers.3-6

The possible importance of thiol radiolysis studies is 
evidenced by the number of publications dealing with 
biological systems in which mercaptans were present 
as additives. Compounds such as cysteine,7-9 cyste- 
amine,10 and glutathione11'12 have been widely used as 
“ protectors”  of biologically significant systems against 
radiation damage. Oxidation of the thiol group by 
radiation-produced radicals from the other compo

nents of the system is probably an important mode of 
“ protection”  or “ inhibition”  afforded by the sulfur 
compound. The corresponding disulfide and small 
amounts of hydrogen sulfide are the usual products of 
oxidation. 1 2 3 4 5 6 7 8 9 10 11 12

(1) Research, supported in part by A.E.C. Contract AT-(40-l)-2001  
and in part by A.E.C. Contract AT-(40-l)-2690.
(2) C. L. Luck and W . Gordy, J. Am. Chem. Soc., 78, 3240 (1956).
(3) (a) W . McDonnell and A. S. Newton, ibid., 76, 4651 (1954) ; 
(b) I. A. Taub and L. M . Dorfman. ibid., 84, 4053 (1962).
(4) (a) J. G. Burr, J. Phys. Chem., 61, 1477 (1957); (b) G. E. Adams, 
J. H. Baxendale, and R. D. Sedgwick, ibid., 63, 854 (1959).
(5) E. M . Hayon and J. Weiss, J. Chem. Soc., 3962 (1961).
(6) R. H. Johnsen, J. Phys. Chem., 65, 2144 (1961).
(7) S. L. Whitcher, M . Rotheram, and N. Todd, Nucleonics, 11, 30 
(1953).
(8) P. Riesz and B. E. Burr, Radiation Res., 16, 661 (1962).
(9) C. N. Trumbore, et al., J. Am. Chem. Soc., 86, 3177 (1964).
(10) B. Shaprio and L. Eldjar, Radiation Res., 3, 225 (1955).
(11) G. E. Woodward, Biochem. J., 27, 1411 (1933).
(12) E. S. G. Barron and V. Flood, J. Gen. Physiol., 33, 229 (1950).
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densities obtained from recently determined calibration 
curves. The magnitude of the change in the density of 
the diver was not great; for example, the density of the 
diver at 25° dropped from 1.00197i to 1.001929 during 
this time period.

With the present equipment, the volume of sample 
required for a density determination is slightly over 3 
ml. This volume is necessary for the thermometer 
bulb and 0.5-1 cm of the stem to be immersed in the 
solution. If the thermometer were replaced by a small 
thermistor, the volume of solution required for the 
measurement could be decreased to less than 1 ml. 
With the equipment in its present form, about 200 mg

of protein is required for a series of five density deter
minations.

Density measurements on albumin in the presence 
of KC1 are in progress. These will be continued and ex
tended by the concomitant addition of HC1 or KOH in 
an attempt to determine the partial specific volume of 
nonisoionic protein components.
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Spectroscopy and Franck-Condon Factors of Scandium Fluoride in 

Neon Matrices at 4°K

by Donald McLeod, Jr., and William Weltner, Jr.1

Union Carbide Research Institute, Tarrytown, New York 10591 (Received May 16, 1966)

The absorption and emission spectra of ScF in neon matrices at 4°K have been observed 
in the visible and near-infrared regions. The vapor that evolved from a mixture of solid 
Sc +  ScF3 at 1700°K was superheated to 2400°FI before being trapped in the neon matrix; 
this was necessary to obtain a sufficient concentration of ScF molecules. Comparison of 
the matrix absorption spectrum with the analysis of the gas spectra by Barrow, et al., 
shows that only transitions from the lowest 12 + state are occurring at 4°K  and that it is 
the ground state. Gradual small shifts of the visible spectrum of ScF in the matrix when 
exposed to tungsten light (reversed on warming) indicate that new metastable sites are 
being formed in the neon lattice. Ratios of Franck-Condon factors have been derived 
from the relative intensities of the bands in two progressions of ScF in the matrix spectra 
(ETI X x2 and C x2 ■*- X 1!)). Values of Are (the change in interatomic distance during 
excitation) derived from them are compared with those obtained from gas data and agree 
to better than 7%. Five bands in the infrared have been tentatively assigned to the 
ScF2 and ScF3 molecules.

Introduction
The ScF molecule is isoelectronic with TiO and, if 

inner shells are excluded, with ZrO. Each of these 
oxide molecules has been thoroughly investigated via 
gas2 and matrix spectroscopy,3 and TiO has also been 
studied theoretically.4 5 TiO has a 3Ar ground state 
with low-lying XA and x2 + electronic levels, while ma
trix studies of ZrO indicate that it has a NS"1" ground 
state with low-lying 3A and XA levels. The simplest 
criteria suggest that ScF would be more like TiO and so 
have a 3Ar ground state. Recently Barrow, Gissane, 
LeBargy, Rose, and Ross6’6 have made a thorough 
analysis of the gas phase spectrum but are not able to 
unambiguously specify the lowest state. This matrix 
investigation was undertaken to allow a comparison of 
the absorption spectrum at 4°K  with their analysis in 
order to determine the ground state of ScF. The re
sult is that three singlet-singlet transitions are observed 
at 4°K  and the lowest state is therefore x2+.

Because of the large changes in interatomic distance 
(Are) occurring during the electronic transitions of 
ScF in the visible region,6’7 long progressions of bands 
are observed in the spectrum. The relative intensities

of the bands in a progression yield the ratios of Franck- 
Condon factors for transitions to the various excited 
vibrational levels in the upper electronic state. From 
these ratios the Are value for an electronic transition can 
be derived. It is of interest to see how the Are values 
derived from matrix spectra compare with those ob
tained from rotational analysis in the gas. In the case 
of ScF the agreement is found to be excellent.

(1) University of Florida, Gainesville, Fla.
(2) By J. G. Phillips, U. Uhler, L. Akerlind, and others. See 
R. W . B. Pearse and A. G. Gaydon, “The Identification of Molecular 
Spectra,” 3rd ed, John Wiley and Sons, Inc., New York, N . Y ., 1963.
(3) (a) W . Weltner, Jr., and D. McLeod, Jr., J. Phys. Chem., 69, 
3488 (1965) ; (b) M . J. Linevsky, “ Proceedings of the First Meeting 
of the Interagency Chemical Rocket Propulsion Group on Thermo
chemistry, New York, N . Y ., 1963,”  Vol. 1, Chemical Propulsion 
Information Agency, Silver Spring, Md., 1964, p 11.
(4) K . D . Carlson and C. Moser, J. Phys. Chem., 67, 2644 (1963); 
K . D . Carlson and R. K . Nesbet, J. Chem. Phys., 41, 1051 (1964).
(5) R. F. Barrow, W . J. M . Gissane, R. C. LeBargy, G. Y . M . Rose, 
and P. A. Ross, Proc. Phys. Soc. (London), 83, 889 (1964).
(6) R. F. Barrow and W . J. M . Gissane, ibid. 84, 615 (1964).
(7) Dr. R. F. Barrow kindly provided the latest results of his group’s 
analysis of the singlet systems before publication. This included 
several excited states not given in ref 5 and 6.
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However, in the ethanol system there is evidence that 
the reaction similar to (3) occurs to a significant extent 
in the liquid but not in the gas phase.19 This appears 
to be due to the fact that the hydrogen bonding present 
in the liquid phase could not aid the formation of the 
transition complex I in the gas phase.19

+
CH3— CH2— 0 — H 1 I

H —O —C H 2—C H 2 
I

Hydrogen bonding in ethyl mercaptan occurs to a 
much lesser extent than in ethyl alcohol due to the 
significantly smaller electronegativity of the sulfur 
atom as compared to the oxygen atom. Therefore, 
the formation of the transition complex necessary for 
reaction 3 is not as likely in liquid mercaptan as it is in 
liquid ethanol and, therefore, this mechanism for H2 
is relatively less important.

The various bond strengths (in kilocalories) that have 
been reported (or estimated) for the ethyl mercaptan 
and alcohol molecules are listed in Table I.20'21 The

Table I

Bond
strength,

Type of bond kcal

Ethanol
O-H 99“
C -0 90“
C-C 836
C-H(methylene) 906
C-H (methyl) 966

Ethanethiol
S-H 87'
c -s 73‘

“ See ref 20. 6 Estimated bond strength, see text. c See
ref 21.

bond strengths that were estimated for the ethanol
molecule were arrived at as follows. The C-H  value
for the methyl group was assumed to be that quoted 
for ethane by Cottrell,22 who also cited a 6-kcal dif
ference in dissociation energy for the primary and 
secondary C-H  bonds in propane. Hence, the ap
proximate value of 9,0 kcal for the C-H  bond in the 
methylene position for ethanol is given. The C-C 
bond strength is that quoted for ethane.22 24 The 
corresponding bond strengths for the mercaptan mole
cule will, in all likelihood, be somewhat greater due to

the sulfur atoms’ smaller electronegativity. These 
figures, while approximate, should give a reasonable 
estimate of the relative bond strengths for the mole
cules.

It thus appears that the O-H bond in the alcohol is 
the strongest and methylene C-H bond is the weakest 
among the bonds to hydrogen atoms. This supposi
tion is supported by the esr spectra of ethyl alcohol23,24 
at 77°K and the nature of the major liquid products 
from the radiolysis.3,16

Both these types of data indicate that at some stage 
in the radiolysis CH3CHOH is present in appreciable 
quantities. On the other hand, the S-H bond in the 
mercaptan appears to be the most labile of all bonds 
to hydrogen in both molecules. It is possible that the 
greater hydrogen yield is due to the relatively great 
ease of abstraction by hydrogen atoms (produced 
by reaction 5 and/or other reactions) from the S-H 
group.

The lability of the bond to the sulfhydryl hydrogen 
atom should result in products that attest to the pres
ence of CH3CH2S radicals in the system. Diethyl 
disulfide and diethyl sulfide constitute 95% of the con
densation products while the 1,2-dithiol was not ob
served. As the formation of these products is most 
easily explained by the combination of two ethylthiyl 
radicals and the combination of an ethylthiyl and an 
ethyl radical, respectively, the presence of thiyl radi
cals can be inferred.

Further evidence for the presence of thiyl radicals 
at some stage in the radiolysis can be obtained from 
data on mercaptan samples that were irradiated and 
subjected to esr analysis before and after photolysis 
with selected wavelengths at 77°K. These experi
ments show that the species giving rise to the original 
esr signal is converted by light to another paramagnetic 
intermediate which has been identified as CH3CH2S.25 26 27 
This interpretation is consistent with Truby’s26,27 
work on disulfides in which he postulates that the esr 
spectrum of irradiated disulfides consists of contribu
tions from ionic species (predominantly) and RS

(19) J. J. Myron and G. R. Freeman, Can. J. Chem., 43, 1484 
(1965).
(20) P. Gray, Trans. Faraday Soc., 52, 344 (1956).
(21) J. L. Franklin and H. E. Lumpkin, Am. Chem. Soc., 74, 1023 
(1952).
(22) T. L. Cottrell, “The Strengths of Chemical Bonds,” Butter- 
worth and Co. Ltd., London, 1958.
(23) H. Zeldes and R. Livingstone, J. Chem. Phys., 30, 40 (1959).
(24) B. Smaller and M . S. Matheson, ibid., 28, 1169 (1958).
(25) S. B. Milliken, K. Morgan, and R. H. Johnsen, to be published.
(26) F. K. Truby, J. Chem. Phys., 40, 2768 (1964).
(27) F. K. Truby, D. C. Wallace, and J. E. Hess, ibid., 42, 2845 
(1965).
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Observations
Near-Infrared and Visible Absorption Spectrum. Two 

strong systems and a weak one at longer wavelength 
were observed in the absorption spectrum of ScF in a 
neon matrix at 4°K. They are shown in Figure 1. 
The (0,0) transitions of these three progressions lie at 
4792, 6227.5, and ^9405 A. The observed transitions 
are listed in Table I along with the higher v' levels and 
derived vibrational frequencies in the upper electronic 
states. The rounded bands on the long-wavelength side 
of the bands in the infrared system (see Figure 1) are 
assumed to be a matrix effect because they have the 
same spacing as that system. However, it is possible 
that they are due to another lower-lying electronic 
state.

Table I : Observed Band Systems in the Absorption 
Spectrum of ScF in a Neon Matrix at 4°K

Band
system X, A v, cm -1 AGV> +  i,

E r a  X ' s (0 ,0 ) 4792 20,862 605
(1 ,0 ) 4657 21,467 597
(2 ,0 ) 4531 22,064
(3,0) 4415

C‘2 — X » 2 (0 ,0 ) 6227.5 16,053 580
(1 ,0 ) 6010.5 16,633 574
(2 ,0 ) 5810 17,207 571
(3,0) 5623.5 17,778 566
(4,0) 5450 18,344 560
(5,0) 5288.5 18,904 553
(6,0) 5138 19,457 547
(7,0) 4997.5 20,004 —550
(8,0) —4864 —20,554

Bffi X ‘2 (0 ,0 )° 9405 10,630 592
(1 ,0 ) 8909 1 1 ,2 2 2 584
(2 ,0 ) 8468 11,806 568
(3,0) 8079 12,374 564
(4,0) 7727 12,938 563
(5,0) 7405 13,501 558
(6 ,0 ) 7111 14,059

° The true (0,0) band of this system may be at longer wave
lengths.

The ScF spectrum has been observed in the gas by 
Gurvich and Shenyavskaya12 and investigated much 
more thoroughly by Barrow, et alA 6 Their analysis 
indicates that the three matrix systems are to be identi
fied with transitions from a ground state. Table II 
gives a comparison of the gas and neon matrix data. 
Unfortunately, our instrumentation was as limited in 
the near-infrared as was that of Barrow, et al, and we 
were not able to establish whether the band at 9405 A

(10,630 cm-1) was the (0,0) of the B X  system. The 
changes in the interatomic distances (Ar0) in these 
transitions measured in the gas are also included in the 
table in order to suggest that extensive Franck-Condon 
envelopes are to be expected in the spectrum. The 
relative band intensities in these progressions will be 
discussed more fully below.

Table I I : Comparison of Gas and Neon Matrix 
Data for the ScF Molecule

Transi-
----------------- Gas-

Too, 2»
✓------ Neon mi

Too,
atrix------ -, Aro

(gas),6
tion° cm-1 cm-1 cm-1 cm-1 A

E ‘ II  * -  X * 2 20,326.8 614.7 20,862 605 0.078
C'2 X>2 16,092.0 584.3 16,053 580 0.119
B'n •«- X ‘2 i(10,661.3 ^582.4 5(10,630 ^592 ^0.132

“ Assignments are those given in ref 5 and 7. The designation 
of the upper states as B, C, and E was suggested by Dr. Barrow. 
6 From ref 5 and 7.

It was observed that the shapes of the bands in the 
COS ■*— X XS transition slowly changed while the absorp
tion spectra were being measured. These bands are 
about 20 cm-1 wide at half-height. Irradiation with 
tungsten light caused a gradual decrease in the intensity 
of the main spike in each band and the successive 
appearance cf new spikes about 13 cm-1 apart 
on the short-wavelength side of each band. The initial 
stage of this change in shape is illustrated in Figure 2. 
Although exact measurements were not made, there was 
not any noticeable decrease in the over-all intensity of 
each band, thus indicating the absence of diffusion. 
Upon warming the matrix to about 12°K and requench
ing to 4°K, the side spikes disappeared and the band 
reverted back almost to its initial appearance. It is 
therefore concluded that these side bands are due to the 
formation of new metastable sites for the ScF molecule 
in the matrix, formed as a result of electronic excitation. 
The E 1!! ■*- X 'S +  progression has broader bands (—TO 
cm-1 wide at half-height), and it is difficult to choose 
the peak of a band to within ±1.5 A. Because of this, 
the light effect becomes noticeable only after consider
able changeover of intensity has taken place. The 
band peak positions appear to shift by as much as 70 
cm-1 after irradiation but toward longer wavelengths.

The relative intensities of the bands in two progres
sions were measured as described in the Experimental 
Section and are given in Table III. Measurements on * 14

(12) L . V . G u rv ich  and E . A . Shenyavskaya, Opt. S pectry . (U S S R ),
14, 161 (1963).
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Multiple Knudsen Cell Effusion. Enthalpies of Vaporization of 

Indium and Gallium1

by G. J. Macur, R. K . Edwards, and P. G. Wahlbeck

Department of Chemistry, Illinois Institute of Technology, Chicago, Illinois 60616 {Received March 28, 1966)

In order to determine several vapor pressures at one well-defined temperature, several 
Knudsen cells were heated simultaneously in a massive molybdenum block which served 
to provide a uniform temperature environment. With this multiple-cell technique, it was 
hoped that the precision in a set of vapor pressure measurements determined in a single 
isothermal experiment would be better than that achieved in individual pressure measure
ments. The vapor pressures of liquid indium and gallium were determined. The pre
cision of pressure measurements was better than what is usually achieved with the Knudsen 
method. The standard enthalpies of vaporization of indium and gallium at 298°K were 
found to be 56.58 ±  0.10 and 64.62 ±  0.22 kcal/g-atom, respectively; these values agree 
well with the literature values.

I. Introduction
The Knudsen effusion method has been used ex

tensively for the determination of vapor pressures of 
materials at high temperatures. In many experi
ments it would be desirable to determine a set of vapor 
pressures at one fixed temperature. Examples are
(1) the evaluation of activities, through vapor pressure 
measurements at a given temperature, of components 
of an alloy as a function of composition, e.g., activities 
for the Cu-Au system by Edwards and Brodsky;2
(2) the evaluation of nonideality effects of effusion 
orifices, e.g., the study by Freeman;3 and (3) the evalu
ation of effects due to variation of orifice areas, e.g., 
the nonunit vaporization coefficient. At elevated 
temperatures there is a considerable error in tempera
ture measurement, and it is very difficult to reproduce 
temperatures. Therefore, it is most difficult to achieve 
highly precise agreement in a set of isothermal vapor 
pressure values which are taken from individual 
measurements. A higher precision should be achieved 
when several cells are used simultaneously in an iso
thermal enclosure. In order to have many Knudsen 
cell measurements at a well-defined temperature, 14 
Knudsen cells were placed in a large molybdenum 
block. Thus, it was possible to obtain 14 vapor pres
sure measurements simultaneously at one temperature.

The measurements of vapor pressures of pure liquid

gallium and indium reported here were performed in 
preparation for measurements of the activities of gal
lium and indium in Ga-In liquid solutions.1 Standard 
enthalpies of vaporization of liquid gallium and indium 
have been calculated from these vapor pressures.

II. Experimental Section

Apparatus. The apparatus as used in this experi
ment is shown in Figure 1. It consisted of a high
speed vacuum pumping system, an inert gas inlet 
system, pressure gauges, an electrical furnace with a 
temperature controller, a temperature-measuring de
vice, and a set of Knudsen cells in a thermostating 
molybdenum block.

The vacuum pumping system consisted of an oil 
diffusion pump with forevacuum produced by a 
mechanical pump. Argon could be admitted through 
the stopcock at the top of the apparatus. The Philips 
gauge was used to measure pressures below 1 torr, and

(1) Based on a thesis by G. J. Macur, submitted to the Illinois 
Institute of Technology in partial fulfillment of the requirements for 
the Ph.D. degree, June 1965.
(2) R. K . Edwards and M . B. Brodsky, J. Am. Chem. Soc., 78, 2983 
(1956).
(3) R. D. Freeman, Technical Document No. ASD-TDR-63-754, 
1963. He has attempted to establish isothermal conditions for 
effusion by heating eight Knudsen cells simultaneously in a thermo- 
stated block.
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cury arc produced strong fluorescence of the (+2 -*■ 
X !S system. This was true whether the filtered light 
was in the range of 4900 to 6200 A (exciting the C ■*- X  
system) or in the range of 3900 to 5000 A (exciting the 
E ■«- X  system). The most intense emission spectrum 
(see Figure 3) was obtained when the exciting light was 
in the range of 2400 to 4000 A. This was unexpected 
since, as noted above, the ScF absorption systems appear 
to be weak in the ultraviolet, unless the intense 3366-A 
absorption band is due to ScF.

In the fluorescence spectrum, one observes the ex
pected (0,0), (0,1), and (0,2) transitions of the C -*• X  
system and those transitions seen in absorption, i.e.,
(1,0), (2,0), (3,0), and (4,0). Other weaker transitions 
also appear, perhaps between excited vibrational levels 
in the two states. The observed frequencies are given 
in Table V. Notice that AGi/, in the ground state is 
720 cm-1 in the matrix as compared to 727.9 cm-1 in 
the gas.6,7

Table V : Fluorescence Bands of the ScF 
Molecule in a Neon Matrix at 4°K

(d',o'0 X, A v, cm -1 A v ,  cm -1

cos — x » s
(4,0) 5446 18,357 559
(3,0) 5617 17,798 564
(2,0) 5801 17,234 573
(1,0) 6000.5 16,661 586
(0,0) 6219 16,075 719
(0,1) 6510.5 15,356 713
(0,2) 6828.5 14,643

Other Weaker Bands
5491 18,207
5666 17,644
5854 17,078
5962.5 16,767
5977.5 16,725
6273.5 15,936
6329.5 15,795

As can be seen from Figure 3 the distribution of in
tensity among the bands corresponding to the (4,0),
(3,0), (2,0), (1,0), and (0,0) transitions is a maximum 
at (2,0), as in the absorption spectrum. This indi
cates that the vibrational levels in the upper state are 
approximately equally populated during emission, and 
that vibrational relaxation times are long in these levels. 
This may be modified slightly by the photomultiplier 
response which begins to drop off rapidly in the region of 
6200 A and at longer wavelengths. For this reason the 
(0,0), (0,1), and (0,2) transitions do not have the ex
pected intensity distribution.

6000.5

Figure 3. Emission spectrum of ScF in a neon 
matrix at 4°K (excitation: high-pressure mercury- 
arc in the range of 2400-4000 A).

Spectral changes during excitation of fluorescence 
were not observed, but it is believed that all of the 
molecules were emitting from a metastable site. Evi
dence of this is given by the reproducible small shift, 
about 25 cm-1 to the blue, of the (0,0), (1,0), etc., 
emission bands relative to the absorption positions. 
This is in accord with an accelerated changeover of 
molecules to a metastable site in the neon matrix dur
ing the intense irradiation with mercury light. Some 
of the “ other weaker bands”  in Table V show differences 
which indicate that they could be attributed to the (5,1),
(4,1), (3,1), (1,1), and (2,2) transitions of the C —► X  
system. However, their relative intensities and the 
missing (2,1) band make this assignment question
able.

The doublet at 5962.5 and 5977.5 A on the short- 
wavelength side of the (1,0) band in Figure 3 does not 
always appear that strongly. If irradiation is in the 
4000-6000-A range, an intense sharp band at 5950.5 A 
(16,801 cm "1) appears instead. A smaller band is 
also observed at 6184.5 A (16,165 cm-1). If this dif
ference of 636 cm-1 may be taken as the vibrational 
frequency in the lower state, it is very close to the value 
of AGi/2 =  642.9 cm-1 given by Barrow and Gissane6 
for the 3Ar state of ScF. Then this strong emission 
band may be a (0,0) transition in the triplet-triplet 
manifold. However, it is unlikely that the upper level 
is the 34>r observed in the gas since the matrix shift 
would be about +1523 cm-1 which is rather large.

Infrared Spectra. The vibrational spectrum of the 
ScF molecule was not detected in the infrared region 
because it was difficult to prepare a concentrated ma
trix. (Apparently it absorbs strongly in the visible so 
that a low concentration suffices for good spectra in 
that region.) The fluorescence spectrum shows that 
the ground-state vibrational frequency is 720 cm-1 in a 
neon matrix, but bands near that frequency in the in
frared were always attributable to other molecules, 
probably ScF2 or ScF3.

Volume 70, Number 10 October 1966



3298 D onald M cLeod, Jr ., and W illiam W eltner, Jr .

Vaporization of ScF3 from a tungsten cell at 1600° 
gave a neon matrix exhibiting five infrared bands at 726 
cm-1 (medium), 709 (very strong), 661 (weak), 482 
(weak), and 446 (?) (very weak). If scandium metal 
was added to the ScF3 and the mixture vaporized at 
1350°, these same bands were observed with essentially 
the same relative intensities, but a separate band at 704 
cm-1 (medium) also appeared on the side of the strong 
709-cm-1 band. The frequency of this new band and 
the fact that only very weak ScF bands appeared in the 
visible region indicate that it cannot be attributed to 
ScF. It remains unidentified.

Lacking positive mass spectrometric identification of 
the vaporizing molecules, we can only conjecture that 
the five bands are absorptions of ScF® and ScF3. If 
ScF3 is planar and of D3h symmetry, then one predicts13 
its infrared-active frequencies to be roughly 790 and 
370 cm-1 (E') and 280 cm-1 (A2"). If ScF2 is bent, 
two stretching frequencies in the region of 600-800 cm-1 
are expected, but if it is linear, only one will appear. 
One might then assign the 726-, 482-, and 446-cm-1 
frequencies to ScF3, and the 709- and 661-cm_1 frequen
cies to r3 and vi, respectively, of a slightly bent ScF2 
molecule.

When vaporization took place from the graphite 
double cell such as to yield good ScF spectra in the 
visible, many more bands appeared in the infrared, 
both in the700-cm_1 region and in the 1000-1300-cm-1 
region. The bands at higher frequencies are pre
sumably due to C -F  bands14 15 since the temperature of 
the hot chamber of the double cell is high enough that C3 
bands are observed in the visible spectrum.

Franck-Condon Factors

Because the ScF spectra show such broad Franck- 
Condon envelopes of well-separated bands, they are 
ideal for measurements of relative intensities, par
ticularly the C72 •*— X !2 transition. The results of 
such measurements are given in Table III. The rela
tive intensities of the bands within the progressions 
shown in Figure 1 are determined principally by the 
Franck-Condon factors of the two electronic states in
volved. These factors are, in turn, dependent prin
cipally upon the change in the interatomic distance, Ar, 
during the excitation process and to a lesser extent upon 
the vibrational anharmonicity in the two states.

The probability of a transition v' •*- v" in absorption 
is proportional to

E,'v"\*v’(r)Re(r )iV"(r) dr|2 Ev>V”Re2 dr|2 (1)

where Ev>t" is the energy of the transition, RJr) is the 
electronic transition moment for which Re is an average 
value, and i/v(r) and i/v-(r) are the vibrational wave

functions in the upper and lower states, respectively. 
The approximation of factoring our Re is a usual prac
tice and has been thoroughly discussed elsewhere.16 
The last squared integral in eq 1, containing only the 
vibrational wave functions, is the Franck-Condon fac
tor qv'v>>. Then the ratio of the intensity of any band 
to that of the (0,0) band in a progression of v' values is 
given to this approximation by /„V-Lio =  LVoQVo/ 
Eooqoo- The ratio of g„<0/goo is then directly obtained 
from the relative intensities measured in the matrix 
spectra. These experimental matrix ratios may be 
compared with calculated values from gas data, or, 
what is more meaningful, the Are values derived from 
these ratios can be compared with those measured in the 
gas. We will briefly explain our derivation of Are values 
from the measured Franck-Condon factor ratios.

The method used here to calculate q„-v» values was 
the subject of two papers by Fraser and Jarmain.16'17 
It utilizes Morse potential functions for the upper and 
lower electronic states. Their “ rc shift”  procedure17 
was used because of the relatively large changes in an
harmonicity, Mê ei in the ScF transitions. Are enters 
into their equations in the form of [exp( —aAre)], where 
a is the arithmetic mean of the Morse anharmonicity 
constants for the upper and lower states. The values 
of coê e are not very well determined from matrix spectra 
(see Tables I and V), but average values can be derived 
as about 4.0, 2.5, and 3.5 cm-1 for the E, C, and X  
states. These agree quite well, which is probably for
tuitous, with those obtained in the gas by Barrow, et al.,1
4.1, 2.64, and ~3 .3  cm-1, respectively. As mentioned 
earlier the calculated ratios of Franck-Condon factors 
are quite sensitive to the value of Are used in the equa
tions, whereas they are much less sensitive to the values 
of o)eXe employed.

The values of ArM necessary to reproduce the meas
ured matrix ratios as given in Table III are compared 
with the accurate gas values, ArG, in Table VI. Dis
crepancies occur only in the third place and amount to 
about 7%  of ArG at most. Variation of w,xK values by 
± 1  cm-1 from those given above cause variations in 
ArM of about ±0.001 A. Other possible sources of

(13) T h e  ScFa frequencies w ere calcu lated  from  the stretch ing  fo rce  
constan t o f  ScF  (fc =  4 .06  X  105 d y n e s /cm ) and  assum ing ks/l2k —
0.094.

(14) See, for exam ple, those  fo r  C F 2 g iven  b y  D . E . M illigan , D . E . 
M ann , M . E . Jacox, and  R . A . M itsch , J. Chem. P h ys ., 4 1 , 1199 
(1964).

(15) R . W . N icholls  and A . L . S tew art, “ A to m ic  and M olecu la r  
Processes,”  D . R . B ates, E d ., A cad em ic Press In c ., N ew  Y o rk , N . Y . ,  
1962, C hapter 2.
(16) P . A . Fraser and W . R . Jarm ain, P roc. P h ys. Soc. (L o n d o n ), 
A66, 1145 (1953).

(17) W . R . Jarm ain and P . A . Fraser, ibid,., A 66, 1153 (1953).
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error in the calculation, i.e., uncertainties in ue, EV'V”, 
etc., are of no importance. The increasing discrepancy 
between Atm and ArG at higher v' may arise from several 
causes involving both inaccuracies in the theory and 
the experiments. Inadequacies in the theory are the use 
of Morse potential functions and the neglect of variations 
of Re with r.18 The measurement of intensities in the 
matrix spectra may be in error because of our method 
of choosing a background line. However, it is possible 
that the difference between ArM and ArG is real and that 
the matrix environment affects the change of inter
atomic distance in the trapped molecule to that extent.

Table VI: Arjj (Matrix) Compared with Arc (Gas) 
for ScF (Angstrom Units)

(v',v") Arc — ArM

(+2 X 'S  (observed Ar g  -  +0.119 A f
(1,0) +0.002 ± 0 .002
(2,0) -0 .006
(3.0) -0 .004

E 'n  —i► X ‘ 2 (observed Are = +0.078 A)°
(1.0) -0 .004
(2.0) -0 .006

“ These are Ar0 values obtained from the gas data of Barrow, 
et a i y 1 The difference between Ar0 and Are is negligible here.

Discussion
The matrix absorption spectrum of ScF indicates that 

it has a 12+ ground state as compared to a 3Ar ground 
state for the isoelectronic molecule TiO. In the latter 
case the lowest state arises from a da configuration, 
where the a and d molecular orbitals have almost the 
same energy.3a’4 In ScF the a orbital is then lower 
than the 5 to a sufficient extent that the <r2 configuration 
and 12 + ground state are the most stable, as in Z r0 .3a 
The ad states, 3 A and 4A, must, however, be very low 
lying. There is always the possibility that for two elec
tronic levels of nearly the same energy, such as the J2 + 
and 3Ar levels of ScF, matrix perturbations could invert 
the order of the energy levels in the gas. One can only 
defend the conclusions drawn from matrix spectra by 
noting that there is no established case of such an oc
currence.19

The electronic transitions observed in the matrix are 
attributed to excitation from the X 12 (<j2) state to the 
B^Co-ir*), C12+(7r3ir*), and E T ^+ô) levels, in analogy 
with the singlet states of TiO and Z r0.3a [The letters 
used for these states were suggested by Barrow7 since 
in analogy with TiO one also expects a low-lying A 1 A 
(aS) level and a D 'i  (871-*) level, to which the transitions

are not allowed from the ground state.] The simple 
crystal-field model previously discussed38'20 must be 
modified by the inclusion of 4px and 4p<r levels of the 
metal atom as in the theoretical work of Carlson, 
Nesbet, and Moser4 and of Carlson, Ludena, and 
Moser.21 This only means that the x* orbital (see 
Figure 8 of ref 3a) used in the above configurations 
could be a 4px instead of a 3dx* orbital.

An interesting and disturbing feature of the matrix 
absorption spectrum is the rather large shift (+-535 
cm-1) of the E 1]! ■*- X x2 system of ScF relative to the 
gas. The spectra of many transition-metal diatomic 
oxides, including TiO, trapped in neon matrices show 
shifts in electronic-level spacings, but they are limited 
to +200 c n r 1.3*'20 However, this same electronic 
transition in the matrix has not been identified for ZrO 
or HfO (of course, it would not appear for TiO), so 
that a more meaningful comparison cannot be made. 
There is no doubt that the E X  transition of ScF in 
the gas is being observed in the matrix; the agreement 
between observed and calculated ratios of Franck- 
Condon factors reassures us of that. The upper level 
of this transition is apparently experiencing a larger 
matrix effect than other excited levels. Even larger 
shifts have been observed in the ScO, YO, LaO series22 
where the bands were also found tc be broader than 
those in the E ■*- X  transition, but the theoretical pic
ture for these oxides21 does not indicate that there is 
correlation between their transitions and excited states 
and those of ScF.

There is another interesting “ matrix effect”  observed 
in the spectra of ScF. It is the change of the sites for 
ScF molecules in the lattice to new metastable sites 
when the matrix is exposed to visible light. This is 
manifested by the gradual appearance of two or three 
new bands on the high-frequency side of each of the 
relatively sharp bands of the C ■*- X  system at inter
vals of about 13 cm-1. Presumably the same thing is 
occurring in the E ■*- X  system except that one ob
serves those broader bands to move toward the red and 
ultimately shift by as much as 70 cm“ 1. Similar but 
different effects have been observed in matrices of ScO,

(18) P . A . Fraser, Can. J . P h ys., 32 , 515 (1954).
(19) C 2 is  th e  on ly  m olecu le  fo r  w h ich  there  is ev iden ce  o f tra pp ing  in 
an excited  electron ic state. [See G . W . R ob in son  “ M e th o d s  o f 
E xperim ental P h ysics ,”  V o l. 3, “ M olecu lar  P h y sics ,”  D . W illiam s, 
E d ., A cad em ic  Fress In c ., N ew  Y o rk , N . Y .,  1962, p  233). H o w 
ever, recent ev iden ce  ob ta in ed  in these labora tories ind icates that 
the  C 2 m olecu le is p rob a b ly  n o t  being  observed  in th at case. T h is 
w ork  is ab ou t to  be  su bm itted  for  pu b lica tion .
(20) W . W eltner, Jr., and D . M cL e o d , Jr., J . Chem. P h ys., 42 , 882 
(1965).
(21) K . D . Carlson, E . L udena, and C . M oser, ibid., 43 , 2408 (1965).
(22) W . W eltner, Jr., D . M cL e o d , Jr., and P . K asai, to  be published.
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YO, and LaO.22 Unfortunately, in the case of ScF the 
light was not filtered to allow the excitation of only one 
electronic transition at a time. One wonders whether 
all excited states are equally effective in causing the 
shifts and whether an exceptionally large change of Ar 
(as in the C 1̂  - « -X ^  transition) might also be influen
tial. Irradiating in the ultraviolet (-~2400 to 4000 A) 
during fluorescence did appear to cause also a shift of 
the emission of the C -*■ X  system relative to the ab
sorption by about 20 cm-1 to the blue.

The excellent agreement between Ar values for the 
Cx2 X x2 and E 1!! X 'S  transitions obtained from 
the relative intensities of bands in the matrix spectra of 
ScF and those obtained from rotational analysis of the 
gas spectrum is gratifying (see Table VI). The con
version of relative intensities to Ar values involves the

assumption that Re, the electronic transition moment, 
is relatively independent of r. This is usually true but 
there can be large divergencies as discussed, for ex
ample, by Halevi.23 Our calculations indicate that the 
assumption is valid for ScF to within the accuracy of 
our observations. That accuracy does not allow any
thing to be said about the effect of the matrix on the Ar 
values, except that it cannot be large.
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(23) P . H a levi, P roc. P h ys . Soc. (L on d on ), 86 , 1051 (1965).

The Double Layer at the Mercury-Formamide Interface

by G. H . Nancollas, D . S. Reid, and C. A. Vincent1

Departm ent o f  C hem istry, State U niversity  o f  N ew  Y ork at B u ffa lo , Buffalo, N ew  Y ork , 
and Departm ent o f  Chem istry, T he U niversity , Glasgow . Scotland {Received M a y  23, 1966)

The differential capacitance of the electrical double layer at the interface between the 
dropping mercury electrode and solutions of potassium chloride (0.05, 0.071, 0.100, and 
0.500 7»), lithium chloride (0.100 to), cesium chloride (0.100 to), sodium chloride (0.100 to), 
and rubidium chloride (0.100 to) in formamide at 25° has been measured. Differential 
capacitance measurements have also been made on solutions of potassium chloride (0.100 
to) and cesium chloride (0.100 to) in formamide at 5 and 45°. Determinations of the inter
facial tension have been carried out using a capillary electrometer. Relative surface 
excesses of chloride ion and potassium ion have been calculated from the results and evi
dence is advanced indicating specific adsorption of potassium ions at the dropping mercury 
electrode-formamide interface. The capacitance-charge curves show a characteristic 
hump at more cathodic potentials than in aqueous solutions, and the shapes of these curves 
are discussed in terms of current theory.

Introduction
The measurement of electrical capacitance offers 

one of the most sensitive methods for studying the 
structure of the double layer at a metal-solution inter
face. Most of the work has been done with aqueous

systems, and there is now a considerable body of pre
cise capacitance and interfacial tension data for the 
dropping mercury electrode in aqueous solutions of

(1) Visiting Lecturer, University of Illinois, Urbana, 111.
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electrolytes, particularly those of the alkali halides and 
oxy anions.2 In the presentation of the theories of 
electrocapillarity, it is usually assumed that among 
the inorganic ions, the anions with the possible excep
tion of fluoride ions are capable of superequivalent or 
specific adsorption while the concentration of the 
cation at the interface is determined purely by its 
charge. The possibility of specific adsorption of cat
ions, particularly cesium ions, has been suggested by 
some workers,3 but as yet no firm conclusions have 
been reached.

Another feature of the capacitance-potential curves 
for the dropping mercury electrode in aqueous solutions 
which awaits satisfactory explanation is the appearance 
of the characteristic “ hump,”  usually slightly to the 
anodic side of the potential of zero charge (pzc). 
Watts-Tobin4 and Macdonald and Barlow6 considered 
the influence of solvent dipole orientation on the 
dielectric constant of the inner region of the electrical 
double layer to be of basic importance in the explana
tion of this phenomenon. Because of their proximity 
to the metal surface, and because they may be subjected 
to very large electrical fields, solvent molecules near 
the interface behave differently from those in bulk; 
under certain conditions orientation polarization is 
almost complete, and hence the dielectric constant in 
this region may fall to a very low value. It was sug
gested4 that at the electrode surface there are two 
types of oriented water molecules, one with the oxygen 
toward the metal and the other with the hydrogen atoms 
directed toward the electrode. In terms of these 
models, the appearance of the hump in the capacity 
curve is connected with the changing orientation 
polarization of the adsorbed water molecules at posi
tive polarization.

Hills and Payne,6 who measured the surface excess 
entropy and volume for 0.10 M  aqueous solutions of 
electrolytes, also connected the appearance of the hump 
with solvent structure at the interface. They con
sidered the two opposing effects which would ac
company adsorption of excess solvent molecules into 
the compact double layer, namely (i) increase in the 
distortional component of the polarizability with in
crease in surface density of dipoles, and (ii) increase 
in the thickness of the compact double layer.

Other workers have postulated that the capacitance 
hump is due to effects associated with specific adsorp
tion of anions at the mercury-solution interface. Thus, 
Damaskin, Schwartz, and Frumkin7 considered polari
zation of solvent molecules by anions adsorbed into the 
inner Helmholtz plane, while Bockris, Devanathan, 
and Muller8 suggested lateral repulsion between such 
anions as the main factor.

Study of the capacity hump in aqueous solution is 
sometimes made difficult since it may be obscured 
by strong specific adsorption of anions. Recently,9-12 
a similar maximum in the capacity-charge curve has 
been found for some alkali metal halides in nonaqueous 
solvents. In formamide, an excellent polar solvent, 
this occurs at potentials considerably more negative 
than the potential of zero charge and it is thus less 
easily masked by anion specific adsorption. In such 
solvents, quite different ion-solvent interactions are 
to be expected from those in aqueous solutions.

In the present work, the differential capacity of the 
dropping mercury electrode has been measured in 
formamide solutions of lithium, sodium, potassium, 
rubidium, and cesium chlorides as a function of con
centration and temperature. Interfacial tension meas
urements have also been made using a capillary elec
trometer.

Experimental Section
Formamide was first saturated with ammonia gas 

and filtered to remove any precipitated ammonium 
formate. It was then distilled six times under 
vacuum at temperatures below 60° to avoid decompo
sition, and stored under nitrogen. The pure formamide 
has a melting point of 2.5°, close to the literature value 
of 2.55°. Analar potassium, rubidium, cesium, and 
sodium chlorides were all recrystallized three times 
from conductivity water and dried at 300° just prior to 
use. Lithium chloride was recrystallized three times 
from dry ethanol, and the ethanol was removed by 
gentle heating in a stream of dry nitrogen. The solid 
was heated to constant weight at 120° and stored under 
nitrogen. Just before use it was heated again to 240°. 
All solutions were made up by weight in a drybox filled 
with nitrogen, and their densities were found by using 
a pycnometer. Mercury was purified by triple distil- 2 3 4 5 6 7 8 9 10 11 12

(2 ) D . C . G raham é, Chem. Rev., 41 , 441 (1 947 ); J. Electrochem . Soc.,
98, 343 (1 951 ); 99 , 370C  (1 952 ); J. A m . Chem. Soc., 74 , 4422
(1 952 ); 76, 4819 (1 954 ); 79, 2093 (1957).
(3 ) B . B . D am askin , N . V . N ik o la e v a -l 'e d o ro v ich , and  A . N . F rum 
kin, D okl. A kad . N a u k  S S S R , 129, 121 (1958).
(4 ) R . J. W a tts -T o b in , P hil. M ag ., 6 , 113 (1961).
(5 ) J. R . M a cd on a ld  and  C . A . B arlow , Jr., J. Chem. P h ys., 36 , 3062 
(1962).
(6 ) G . J. H ills and R . P ayne, Trans. F araday Soc., 61 , 316 (1965).
(7 ) B . B . D am ask in , E . Schw artz, and  A , N . F rum kin , Zh. F iz. 
K h im ., 36 , 2419 (1962).
(8 ) J. O ’ M . B ock ris , M . A . V . D evan ath an , and K . M u ller, P roc, 
R oy. Soc. (L on d on ), A 274 , 55 (1963).
(9 ) C . A . V incent, P h .D . T hesis, G lasgow  U niversity , Scotlan d , 
1963.
(10) R . P ayne, J. Chem. P hys., 42 , 3371 (1965).
(11) B . B . D am ask in  and Y u . M . P o v a ro v , D okl. A kad . N a u k  S S S R , 
140, 394 (1961).
(12 ) S. M in e  and M . B rzostow sk a , R oczn ik i Chem ., 38 , 301 (1964).
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lation under reduced pressure after standard chemical 
treatment, and was stored under nitrogen.

Impedance measurements were made with the self
timing transformer ratio-arm bridge method described 
in a previous paper.13 The only modification made was 
the repositioning of the two 1000-yuf blocking capacitors 
(see Figure 4 in ref 13) so that they were connected 
between the transformer 'ratio-arm bridge and the 
selector switch. Conversion from the measured parallel 
combination of impedances to the equivalent series 
combination was made with the aid of a KDF 9 
computer (English Electric) using the method described 
previously.14

The cell and general experimental procedure were 
similar to that outlined in a previous paper,14 and pre
cautions were taken to prevent moisture from entering 
the cell at any time. Considerable attention was 
given to the choice of electrode for use as a reference in 
these nonaqueous solutions. Although many workers 
use an aqueous reference electrode necessitating an 
aqueous-nonaqueous liquid junction, it was felt to be 
undesirable to introduce an additional uncertainty from 
this source. The silver-silver chloride electrode has 
been shown to behave reversibly in formamide solu
tions,15 and it was therefore used as the reference elec
trode dipping directly into the cell solution. The 
electrodes were prepared by the thermal electrolytic 
method,16 washed thoroughly with formamide contain
ing a small quantity of potassium chloride, and allowed 
to age in the dark for several weeks in a similar solution.

Electrocapillary maximum potentials were deter
mined by method V described by Grahame and his co
workers17 using a streaming mercury electrode in 
deaerated cell solutions. The highest attainable poten
tial was taken as that of the electrocapillary maximum.

The capillary electrometer was enclosed in an air 
thermostat and was similar to that described by 
Parsons and Devanathan.18 It incorporated the same 
reference electrode system as for the capacity meas
urements, and all solutions were presaturated with 
nitrogen. The pressurizing system consisted of two 
large reservoirs containing mercury, one of which was 
connected to the mercury reservoir of the capillary 
and to a manometer. The pressure in the system could 
be sensitively controlled by raising and lowering the 
reservoir with a micrometer screw. The tip of the 
capillary was drawn by the method suggested by 
Conway and Barradas,19 and the illuminated mercury 
meniscus, viewed with a travelling microscope, was 
brought to a position 1.000 mm above the capillary tip 
each time. A drop of mercury was expelled between 
each measurement. The heights of the mercury col
umns were measured with an accuracy of 0.02% on a

cathetometer, and the apparatus was calibrated by 
measuring interfacial tensions in 0.1 N  potassium chlo
ride aqueous solutions and comparing the results with 
those of Devanathan and Peries.20 The results of 
duplicate experiments in formamide solutions were 
reproducible to with ±0.2 erg cm-2 except at the most 
cathodic potentials, where the agreement was ±0.5  
erg cm-2.

Results
The method used for applying back-pressure cor

rections has been described previously.14 An approxi
mate surface tension calculated from the drop weight 
is used to evaluate the equivalent constant rate of 
flow of mercury which would be obtained with the 
same mercury head in the absence of back-pressure. 
This is then used to calculate, by means of an iterative 
procedure on an electronic computer, the surface 
tension, the drop weight at any instant in the life of the 
drop, and the differential capacitance Co.14 Differen
tial capacitances at different potentials, E, were de
termined for formamide solutions containing 0.1 
m lithium, sodium, rubidium, and cesium chlorides, 
and 0.05, 0.071, 0.1, and 0.5 m potassium chloride at 
25°. Some 0.1 m solutions of potassium chloride and 
cesium chloride in formamide were also studied at 5 
and 45°. Each capacitance value is the averaged 
result of at least three runs under each set of conditions, 
the mean deviation being about 0.1%. Interfacial 
tensions at different potentials were determined for 
formamide solutions containing 0.05 and 0.10 m potas
sium chloride. In Table I are listed the potentials 
of the electrocapillary maximum, and Table II includes 
the potential, interfacial tension, and capacity at the 
electrocapillary maximum for three of the potassium 
chloride solutions. In 0.1 m solutions of lithium, 
sodium, rubidium, and cesium chlorides, no significant 
difference in electrocapillary maximum potential (ecm) 
was observed from that for potassium chloride at the 
same concentration and it is clear that the cation has

(13) G . H . N ancollas and C . A . V incent, J. Sci. Instr ., 40 , 306 
(1963).
(14) G . H . N ancollas and  C . A . V incent, Electrochim . A cta , 10, 97 
(1965).
(15) Y u . M . P o v o ro v , Y u . M . K essler, A . I . G orban ev , and  I . V . 
S a fon ova , D okl. A kad . N a uk S SS R , 155, 1411 (1964).
(16) V . S. K . N air and G . H . N ancollas, J. Chem. Soc., 4144 (1958).
(17) D . C . G raham e, E . M . C offin , J. I. C um m ings, and  M . A . P oth , 
J. A m . Chem. Soc., 74 , 1207 (1952).
(18) R . P arsons and  M . A . V . D evan athan , Trans. F araday Soc., 49 , 
673 (1953).
(19) B . E . C on w a y  and R . G . Barradas, Electrochim . A cta , 5 , 319 
(1961).
(20) M . A . V . D evan ath an  and P . Peries, Trans. F araday Soc., 50 , 
1236 (1954).
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Table I : Potentials of the Electrocapillary Maximum

Temp, °C 25 25 25 25 45 5
Molality of KC1 0.050 0.071 0.100 0.500 0.100 0.100
Eecm, V ° -0 .467 -0 .465 -0 .462 -0 .457 -0 .442 -0 .477

a E  is the potential of the cell Ag|AgCljKCl in formamide (nt)lHg.

Table II : Electrocapillary Maximum Data for Potassium 
Chloride Solutions in Formamide at 25°

Conen, E,
m V

0 .0 5 0 - 0 . 4 6 7
0 .071 - 0 . 4 6 5
0 .1 0 0 - 0 . 4 6 2

T» c,
ergs cm -2 nf cm “2

3 8 2 .7 16 .69
1 7 .52

3 8 1 .5 1 8 .36

only a very small effect on the potential of the ecm 
as is the case in aqueous solution.21

The charge on the dropping mercury electrode, q, 
given by

was obtained by integration of the capacitance-poten
tial curves. An electronic computer was used to fit 
the data to a polynomial of any chosen degree, and the 
closeness of fit was verified by comparing a plot of the 
polynomial with the experimental points; polynomials 
of degree six or eight were normally sufficient. The 
necessary integration constants were taken from the 
ecm potentials, and the integration was carried out by 
the computer. Plots of differential capacitance against 
charge at 25° are shown in Figures 1 and 2; the capaci
tance-charge curves for potassium and cesium chloride 
solutions at 5, 25, and 45° are given in Figure 3.

It was found that the maximum cathodic polariza
tion which could be achieved before decomposition of 
the formamide, and accompanying current flow, de
pended markedly upon the purity of the solvent. 
With each successive fractional distillation at reduced 
pressure and a temperature below 60°, this cathodic 
region could be extended. In the present work the 
dropping mercury electrode was studied at charges 
beyond —20 ;ucoulombs/cm2 in contrast to the maxi
mum value of —14 /¿coulombs/cm2 achieved by Payne.10

Discussion
It is seen in Figures 1, 2, and 3 that the capacitance 

curves have a well-defined hump at considerably more 
cathodic potentials than in aqueous solutions, and 
similar observations have been made for potassium 
iodide10 and fluoride12 solutions in formamide. In the

Figure 1. Differential capacitance of the electrical 
double layer at a mercury electrode in 0.1 m  solutions of 
the alkali metal chlorides in formamide at 25°. For 
clarity, successive curves are displaced upward by 2 ¿if/cm2.
O, LiCl; A, NaCl; □, KC1; V, RbCl; 0 , CsCl.

case of potassium chloride (Figure 2), the specific 
adsorption of chloride ion does not begin to seriously 
obscure the hump until quite high concentrations are 
reached (0.5 rn). In aqueous solution this occurs at 
about 0.1 M. If the maximum in the curve is due to 
solvent dipole reorientation, this suggests that the 
formamide molecule has its most stable orientation 
with the positive pole of the solvent dipole directed 
away from the mercury surface. This is consistent 
with the expected most favorable orientation of the 
formamide molecule in which the oxygen atom is 
directed toward the mercury surface.

(21) D. C. Grahame, J .  E le c t ro c h e m . S o c . , 98, 343 (1951).
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Figure 2. Differential capacitance of the electrical double 
layer at a mercury electrode in solutions of potassium 
chloride in formamide at 25°. For clarity 
successive curves are displaced upwards by 2 ¡ x i / c m 2.

O, 0.050 m ;  A ,  0.071 m; Q, 0.100 m \  V, 0.500 m .

Figure 3. Differential capacitance of the electrical double 
layer at a mercury electrode in 0.1 m  solutions of potassium 
chloride and cesium chloride in formamide as a function of 
temperature. The left ordinate scale refers to the curves for 
potassium chloride, that on the right to cesium chloride: 
a, 0.1 m  CsCl, 5°; b, 0.1 m  CsCl, 25°; c, 0.1 m  CsCl, 45°; d, 0.1 m  

KC1, 5°; e, 0.1 m  KC1, 25°; f, 0.1 m  KC1, 45°.

In the far-cathodic region (Figures 1 and 3) there is 
a very noticeable effect of cation: the capacitance 
values in formamide fall in the order K+ <  Na+ <  
Li+ <  Rb+ <  Cs+. It is interesting that in every 
case a minimum in the capacity curve at large cathodic 
polarizations could be observed before the onset of 
solvent decomposition. The capacitance of cesium 
chloride and rubidium chloride rises much more 
rapidly than that of lithium chloride, whereas the rise 
in capacitance has barely begun for sodium chloride 
and potassium chloride. This difference is in marked 
contrast to the results in aqueous solution, and cannot 
be explained simply on the basis of compressional forces 
and size of solvated cation. It is of interest to note 
that a similar behavior has been observed in N-methyl- 
formamide solutions.11

In formamide solution of potassium iodide, Payne10 
did not take the applied potential to sufficiently 
negative values to observe the capacitance rise. 
The expected greater specific adsorption of iodide ions 
as compared with chloride ions, however, causes 
masking of the capacitance hump in the former solu

tions at very much lower electrolyte concentrations 
(about 0.05 m KI as compared with 0.5 m KC1).

The effect of temperature on the capacity curves 
for potassium chloride and cesium chloride is seen in 
Figure 3. The general lowering of the hump with in
creasing temperature is similar to that observed in 
aqueous solutions and has been explained qualitatively 
by attributing the phenomenon to the orientation of 
solvent molecules at the interface.21 A feature of the 
curves in Figure 3 is that at the higher temperatures 
the curves intersect twice. At cathodic polarization, 
the curve at 25° is uniformly lower than at 5°, as would 
be expected on the basis of the higher specific adsorp
tion of cation (discussed below) at the lower tempera
ture. On the negative side of the hump, however, the 
45° curve crosses that at 25°, as is consistent with the 
temperature dependence of the solvent orientation 
polarization term of the Watts-Tobin theory. It is 
very interesting to note that similar temperature-in- 22

(22) D. C. Grahame, J. Am. Chem. S o c 79, 2093 (1957).
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Figure 4. Contribution of anions (C- ) and cations 
(C+) to the differential capacitance of the 
electrical double layer at a mercury electrode in 
0.071 m  potassium chloride in formamide at 25°.

duced double intersection of capacity-charge curves 
have recently been reported for aqueous 1 N solution 
of perchlorates; the effect in very concentrated solu
tions (9.3 N) was even more marked.23

The relative surface excess of anion, r_, and cation, 
r+, in potassium chloride solution at a concentration 
of 0.071 m was calculated by the method of Grahame 
and Soderberg.24 25 The part of the differential capaci
tance attributable to the cations, C+, was obtained by 
integration of (ACo/Alog a±)E_ with respect to E_ 
using the mean activities given by Povarov, Kessler, 
and Gorbanev26 for the evaluation of the mean activity 
a±. The integration constant was based on the cal
culated value of C+ at the electrocapillary maximum.

since it was not possible to assume the absence of spe
cific adsorption of cation at the most negative potential 
attainable, C_ was obtained from the relationship

Co = C+ +  C_

and plot of C+ and CL against E -  are shown in Figure 4. 
r+ was evaluated by integration of the C+ vs. E_ curve, 
the integration constant being obtained from the rela-

Figure 5. Relative surface excess of anions (z -F r -) and 
cations (z+Fr+ in the electrical double layer at a mercury 
electrode in 0.071 m  potassium chloride in formamide at 25°.

tionship between the interfacial tension and the chemi
cal potential at the electrocapillary maximum

(for a 1:1 electrolyte) 

F_ was obtained from the relationship 

- q  =  z+FT+ +  z_FT_

where z± is the valence of the ion, with the sign of 
its charge. The values of the surface excess agreed 
with those calculated from interfacial tension measure
ments to within the experimental error. Plots of 
r+ and as a function of E -  are given in Figure 5, 
and their shapes suggest superequivalent adsorption 
of the cation, although to a smaller extent than ad
sorption of the anion under the corresponding anodic 
conditions. In the case of cesium chloride, the marked 
rise in capacitance at cathodic potentials may reflect 
even more extensive superequivalent adsorption of 
the cation. It is of interest to note that Frumkin26

(23) V. F. Ivanov, B. B. Damaskin, A. N. Frumkin, A. A. Ivash
chenko, and N. I. Feshkova, Electrokhimiya, 1, 279 (1965).
(24) D. C. Grahame and B. A . Soderberg, J. Chem. Phys., 22, 449 
(1954).
(25) Yu. M . Povarov, Yu. M . Kessler, and A. I. Gorbanev, Izv. 
Akad. Nauk SSSR, Ser. Khim., 1895 (1964).
(26) A. N. Frumkin, B. B. Damaskin, and N. V. Nikolaeva-Fedoro- 
vich, Dokl. Akad. Nauk SSSR, 115, 751 (1957); 121, 129 (1958).
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has interpreted the results of electrocapillary and dif
ferential capacitance measurements in aqueous cesium 
halide solutions in terms of similar cationic adsorption.

In an attempt to obtain a more quantitative explana
tion of the capacitance maximum in formamide, the 
Watts-Tobin theory for a mercury-water interface 
has been extended by taking into account the possibility 
of nonequivalent orientations of the solvent molecule 
at the mercury interface. The solvent contribution 
term in the Watts-Tobin theory

C , t =  J W -  sech2^  ~  7 )
“  3 d2kT V3dkT

in which the symbols have the same meaning as in ref 
4, was recomputed assuming that the solvent dipole 
had the possible orientations 9 and r/ with respect to 
the surface of the mercury. The resulting expression 
for Insolvent

Csolvent
Niii2(sin 6 +  sin r/)2

«  X
exp{ (F  — <p)n(sin 9 +  sin v)/dkT}

[1 +  exp{(F  — <p)n(pm 9 +  sin rj)/dkT} ]2

reduces to the Watts-Tobin expression when sin 9 = 
sin 77 — 1/ V 3 . Substitution of this extended Clivent 
term into the Watts-Tobin expression for water was 
found to be insufficient to explain the results obtained 
for formamide. Accordingly, a fourth term of the 
form (4-A>22/d 2/.rr)(Ci/C'o)"1 e x p { - M2(^ +  Vi)/dkT] 
was added to allow for the contribution of super
equivalent adsorbed cation to the capacitance. The 
final capacitance equation

A„ j W / g i
iird +  d2kT\C0

N r f f C X 1
d2kT\CJ

iß i(< p  -  V o ) \

expi  d k T  f

j  — ßiiv +  R2)) 
:Pi  dkT /

+

+

VM2(sin 6 +  sin ?;)2 exp(F — ij)//(sin 9 +  sin r\)/dkT 
d2kT[ 1 +  exp{(F — p)/i(sin 6 +  sin y)/dkT} ]2

was found to fit the results quite closely, but a final 
choice between this theory and that of Hills and 
Payne6 cannot be made on the basis of the present 
data.
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dihexyl sulfosuccinate),6 being lowest and fairly con
stant at the highest detergent concentrations. For 
potassium laurate, the ratio is between 4 and 6,2'4’7 
but, for dodecylamine hydrochloride, it is between
1.0 and 2.2.2’4

If these measurements were made and interpreted 
correctly, solubilization ratios greater than unity 
could be due either to wrong mmw values or to the 
presence of impurities. Considering that one molecule 
of Orange OT can saturate a micelle, it should cause 
little surprise that suitable impurities contained in a 
technical grade detergent, though present only in rela
tively small amounts, could preempt a large fraction 
of the solubilizing capacity of the detergent for Orange 
OT.

In addition to studying the effect of known amounts 
of added impurities on the solubilizing capacity of pure 
detergents for Orange OT, it is necessary to establish 
that the solubilized dye does not change the micellar 
size.

Experimental Section
Materials. Purifications of Orange O T  (1-o-tolyl- 

azo-2-naphthol) and of the nonionic detergent C12- 
(EO)28 have been described.1 Another nonionic de
tergent was prepared in the laboratories of General 
Aniline & Film Corp. by adding an average of 14 EO 
to 1-dodecanol and stripping out unreacted alcohol 
plus the lowest adducts, containing up to 5 EO, in a 
molecular still. The remaining material was freed 
from any glycols and salts it might have contained by 
ultrafiltration. The final product, designated C12- 
(EO)i6, contained 16.1 EO according to the infrared 
method of determining the EO chain length.1 So
dium decane sulfonate was prepared from decyl bro
mide (Humphrey-Wilkinson Inc., taking the middle 
cut during a fractional distillation) and sodium sul
fite. The product was recrystallized three times 
from water and four times from ethanol; it was twice 
dissolved in methanol, precipitated with petroleum 
ether (bp 40-60°), and finally extracted with ethyl 
ether. A sample which was merely recrystallized 
and which exhibited a minimum in the surface tension- 
log concentration curve was used in one experiment. 
Sodium dodecyl sulfate was prepared by sulfating 
lauryl alcohol (Givaudan-Delawanna Inc.) with chloro- 
sulfonic acid, neutralizing, precipitating the inorganic 
salts in hot ethanol, concentrating the filtrate, and 
cooling and filtering off the crystallized detergent. This 
was followed by three recrystallizations from a mix
ture of 50% 2-propanol and 50% ethanol and by wash
ing with acetone. Since this sample had a minimum 
in the surface tension-log concentration curve, addi

tional solubilization experiments were made with 
another sample which was further recrystallized from 
water and from butanol, followed by extraction with 
ethyl ether. This procedure eliminated the minimum. 
Behenyl alcohol was prepared by reduction of behenic 
acid (from the Hormel Institute) with lithium alumi
num hydride, followed by treatment with sodium 
hydroxide in methanol, two recrystallizations from 
acetone, and a fractional distillation under vacuum. 
Adol 18 (Archer-Daniels-Midland Co.) was fraction
ally distilled, and the middle cut was recrystallized 
from hexane to obtain 1-tetradecanol. Monsanto’s
6-phenyldodecane was used as received.

Solubilization Procedure. Excess Orange OT was 
added either to detergent solutions of the correct con
centration or to solutions between three and four times 
too concentrated, which were later diluted with water 
or with sodium chloride solutions. Agreement be
tween solubilization data obtained from the side of 
supersaturation and those obtained by starting with 
the solid dye indicates that both represent equilibrium 
values. Impurities, when added, were measured 
out as solutions in acetone by means of a microburet 
or were added in bulk form and solubilized by warming 
the solutions, prior to the dye addition. The highest 
concentration of acetone tested, 0.6%, did not affect 
the solubilization limit nor the extinction coefficient of 
the dye. The highest acetone level actually employed 
was below 0.4%.

The solutions, protected from light and stored under 
nitrogen, were agitated on a jar-rolling mill for at 
least 4 days, followed by at least 1 week of storage at
25.0 ±  0.1 or 29.8 ±  0.2°. The exception was so
dium dodecyl sulfate, the solutions of which were 
agitated for only 2 days and equilibrated at 25° for
3. In the case of all four detergents, halving or quad
rupling these times did not alter the amount of dye 
solubilized. Agitating the solutions on the jar-rolling 
mill caused agglomeration of suspended dye, including 
even the finely dispersed dye which had been precipi
tated by diluting concentrated detergent-dye mixtures. 
Excess dye was removed by filtration through a tightly 
packed plug of absorbent cotton,4 discarding the initial 
50 cm3. Cotton was shown not to adsorb solubilized 
dye because refiltration of filtered solutions through 
fresh plugs did not lower the absorbancy. Removal 
of suspended dye was complete because raising the 
detergent concentration of filtered samples by adding 
solid detergent did not increase the absorbancy.

(6) J. W . McBain and R. C. Merrill, Jr., Ind. Eng. Chem., 34, 915 
(1942).
(7) J. W . McBain and A. A. Green, J. Am. Chem. Soc., 68, 1731 
(1946).
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Concentrations of filtrates were rechecked by their 
solids contents.

Spectroscopic Measurements. The amount of solu
bilized dye was determined by measuring the maximum 
absorbancy around 500 mg. For dye solubilized in 
Ci5(EO)i6, the absorption maximum was located at 495 
mg, with a weak shoulder at higher wavelengths. 
For dye solubilized by the two anionic detergents, 
there were two overlapping absorption maxima in the 
spectrum, apparently at 499 and 521 mg, respectively. 
The former maximum was not much stronger than the 
latter, and the apparent shift from 495 to 499 mg is 
probably due to overlapping by the 521-mg maximum. 
The plateau at and above 600 mg nearly coincided 
with the base line of the blank and was used as reference 
intensity (70). Every spectrum was taken in duplicate 
with a Perkin-Elmer 202 ultraviolet-visible spectro
photometer and with a Beckman DK-2 recording spec
trophotometer, using quartz cells 0.5, 1.0, 5.0, and 10.0 
cm long. Beer’s law was obeyed at all absorbancies 
tested.

The absorbancy A  = log (70/I) is the product of the 
molar extinction coefficient e, molar concentration 
c o o t , and path length L in centimeters. The molar 
extinction coefficient of Orange OT was determined by 
adding very small volumes of its acetone solutions to 
2.00% solutions of Ci2(EO)i6, 1.50% solutions of sodium 
dodecyl sulfate, and 2.50 and 3.00% solutions of so
dium decane sulfonate. The value of e in Ci2(EO)i6 
was identical with that in Ci2(EO)28, namely, (1.740 ±  
0.007) X 104 l./mole cm.1 Dye solubilized in the two 
anionic detergents had a somewhat higher molar extinc
tion coefficient, probably owing to reinforcement of the 
499-mg maximum by the overlapping 521-mg maximum. 
Eight absorbancy measurements of Orange OT dis
solved in sodium dodecyl sulfate solutions at concen
trations between 1.411 and 13.139 mg/1. gave a mean 
value of 1.994 X 104 l./mole cm for the molar extinc
tion coefficient; the standard deviation of the mean was 
0.011 X 104, and the range of values was ±0.040 X 
104. Eight absorbancy measurements of the dye 
dissolved in sodium decane sulfonate solutions at con
centrations between 1.390 and 37.076 m g/1. gave a 
mean value of 1.987 X 104 l./mole cm for e; the stan
dard deviation of the mean was 0.009 X 104, and the 
range of values was ±0.065 X 104. Four dye solu
tions in each detergent were acidified with gaseous hy
drogen chloride, and in three cases each, the dye in 
acetone was added to acidified detergent solutions; 
this did not affect the absorbancies. The two e values 
determined in the two anionic detergents are identical 
within the accuracy of the measurements, since the dif
ference between the two averages is less than 1 standard

deviation. The present e values are in good agreement 
with those of Kolthoff2 and Rigg,4 both measured in 
aqueous ethanol, but are lower than the « value of 
Williams, Phillips, and Mysels, measured in acidified 
sodium dodecyl sulfate solutions,3 by exactly a factor 
of 10.

Additional Measurements. Sedimentation constants 
were determined in a Spinco Model E ultracentrifuge 
using a synthetic boundary cell, at the temperature 
of 26.3 ±  0.1° and a speed of 59,780 rpm. Pictures 
were taken at 16-min intervals. All schlieren patterns 
contained single, sharp peaks. Densities and viscosi
ties were determined at 26.3 ±  0.1°, the former with a 
20-cm3 pycnometer, the latter with a 2-min Cannon- 
Fenske viscometer, neglecting the kinetic energy 
correction.

Turbidities were measured in a Brice-Phoenix 
photometer at 25.0-26.5°, with blue light at 436 mg 
and a standard 40 X 40 mm semioctagonal cell. The 
photometer was calibrated with an opal-glass diffuser. 
Each solution was made up by weighing the detergent 
into a volumetric flask rather than by dilution. The 
solutions were filtered through an ultrafine sintered- 
glass filter into the cell. The refractive index incre
ment was determined with a Brice-Phoenix differential 
refractometer at the same temperature and wavelength 
used in the light-scattering measurements.

Results and Discussion

Effect of Dye Solubilization on Micellar Molecular 
Weight. In order to ascertain whether solubilized dye 
changes the mmw, sedimentation velocity measure
ments were made on three solutions of Ci2(EO)28 
without dye, three solutions equilibrated with excess 
Orange OT and filtered, and one solution half saturated 
with the dye.

Plots of the logarithm of r, the distance from the 
axis of rotation, vs. time t gave the values for the sedi
mentation constant s shown below, calculated according 
to

àr/àt d In r/dt
s =  ~ = ------ 2—  (!)

where co is the rotational speed (radians/sec).
Solutions of C12(EO)28 with concentrations of 0.498, 

0.339, and 0.200% had sedimentation constants of 
1.346, 1.394, and 1.516 S, respectively. Solutions 
containing 0.500, 0.350, and 0.197% Ci2(EO)28 which 
were saturated with Orange OT had s values of 1.356, 
1.445, and 1.487 S, respectively. A solution of 0.409% 
Ci2(EO)2S which was half saturated with the dye had 
an s value of 1.452 S.
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of the polymer were decomposed by treatment with 2 
N NH4OH, and excess ammonia and acetone were 
removed by flash evaporation. The chlorophyll- 
polymer is soluble in water and in mixtures with up to 
80% ethanol.

The density of chlorin groups on the polymer chain 
could be controlled by varying the ratio of polymer 
anhydride groups to chl/hexanediamine. The samples 
used in the present work were prepared from an anhy- 
dride/chlorin ratio of 100:1. Polymers have been 
prepared with ratios from 1000:1 to 50:1, but polymers 
prepared with lower ratios contained too much gel 
to be useful.

The “ chlorophyll-monomer”  (chl/m) (II) was pre
pared by treating chl/hexanediamine with a 100-fold 
excess of succinic anhydride. The ammonium suc
cinate formed by subsequent treatment of excess anhy
dride with ammonia was not separated from the chi/m, 
so that its effect could be compared with that of the 
succinate groups on the polymer. Chl/p and chl/m 
solutions differ, therefore, only in the connectivity of 
the groups to which the chlorin is attached.

Mg chlorin e6-6-butylamide phytyl methyl ester 
(chl/butylamine) was prepared by reaction of chloro
phyll with n-butylamine.17

The Mg-free derivatives of chl/p and chl/m, ab
breviated pheo/p and pheo/m, were prepared by 
treatment of chl/p and chl/m with dilute HC1. Mag
nesium is slowly lost from the chlorins on storage in a 
refrigerator (about 10% per week), and many of the 
samples used for photochemistry contained a small 
amount of the Mg-free pigment, which appeared not 
to affect their reactivity unduly. Addition of 10% 
(v /v) pyridine to the stock solution helped to retain 
Mg.

Apparatus and Procedure. Absorption spectra were 
recorded on a Cary 14 spectrophotometer. Polari
zation of fluorescence was measured on an Aminco- 
Bowman spectrophotofluorometer. The fluorescence 
intensities were corrected for an instrumental asym
metry favoring perpendicularly polarized light over 
parallel polarized light.

Photoreactions were followed on a Perkin-Elmer 
Model 350 recording spectrophotometer, the sample 
compartment of which had been adapted to permit 
simultaneous irradiation and spectral measurement of 
the sample. With this instrument the transmittance 
scale can be expanded by a factor of 50, making possible 
detection of small light-induced changes in absorptivity. 
Light from a Sylvania Sun-Gun lamp was directed 
through a red sharp-cutoff filter (Corning 2-63) into 
one side of the 1-cm square cross-section reaction cell, 
in a direction perpendicular to the direction of the

measuring beam. The light intensity incident on the 
sample cell was usually 8-9 X 104 ergs cm-2 sec-1, 
as measured by a Yellow Springs Instrument Co.- 
Kettering radiometer. To eliminate scattered actinic 
light during kinetic runs with phenosafranine, in which 
spectral changes were followed at 530 nm, Spectrolab 
interference filters No. 1860 and 1860-1 were placed 
in the measuring and reference beams.

Although chl/p is fully reactive in aqueous solutions, 
e.g., in 0.1 M  tris (hydroxymethyl)methylamine (Tris)- 
HC1 buffer of pH 7.5, most reactions reported here were 
conducted in a medium in which chl/m is also soluble, 
a mixture of equal parts of water, ethanol, and pyridine 
(1:1:1), pH 9.0; no foreign buffer was included, so 
that differences in the ionization properties of polymer 
and monomer might be accentuated. Unless otherwise 
stated, all reactions were carried out in this solvent, at 
chl/p and chl/m concentrations of 1.2 X 10~5 M. 
In sensitized reductions of phenosafranine (D+) 
by hydrazobenzene (AH2), their usual concentrations 
were 1.0 X 10~6and8 X 10_4M, respectively.

For a sensitized photoreaction, stock solutions of the 
chlorophyll derivative and the oxidant were mixed 
with solvent in the reaction tube, which was then 
sealed with a serum cap and flushed 10 min with 
Matheson prepurified grade N2, which had been passed 
through Oxsorbent and KOH solutions. An aliquot 
of stock solution of reductant, preserved under N2, 
was added by syringe, and the contents flushed 5 
min more with N2.

Results
Spectral Properties. In a given solvent, the spectra 

of chl/p, chl/m, chl/butylamine, and chl/hexanedi
amine are almost identical. In the 1:1:1 mixture, 
the main red and Soret bands of both chl/p and chi/m 
are at 644 and 417 nm. In water the bands of chl/p 
are at 642 and 414 nm, and in ethanol the bands of 
chl/m are at 641 and 415 nm. The band widths and 
relative intensities in the spectrum of chl/p in water 
are normal for nonassociated chlorin, and the solution 
is fluorescent. The extinction coefficients of the red 
bands of chl/p and chl/m were taken to be the same as 
that of chl/butylamine, 6.3 X 104 M~l cm-1 in ace
tone, determined by quantitative reaction of n-butyl
amine with chlorophyll a.

If the fluorescence of a molecule is excited with 
polarized light and if the molecule is unable to rotate 
freely during the lifetime of its excited state, the 
emitted fluorescence may be polarized to some extent. 
Attachment of the chlorin to the polymer chain some
what restricts its movement, and it is not surprising 
that the fluorescence of chl/p retains polarization
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sodium dodecyl sulfate in water and in 0.03 and 0.10 
M NaCl solutions.3 All five published cmc values 
are in good agreement with their counterparts of 
Table I. In the case of sodium dodecyl sulfate solu
tions at the four levels of NaCl, there is a linear rela
tion between the logarithm of the cmc and the logarithm 
of the concentration of Na+, as is commonly observed.6 
The sole apparent incongruity is that the cmc of Ci*- 
(EO)28 is half that of Ci2(EO)16, whereas it is well 
known that the cmc increases with increasing EO con
tent. The incongruity probably results from a dif
ference in the distribution of EO chain lengths, espe
cially since the shortest chain components had been 
removed from Ci2(EO)i6- Crook, et al., have shown 
that pure, single-species, nonionic surfactants have 
about twice as large a cmc value as the normal-dis
tribution surfactants of the same EO content and 
have ascribed the difference to the effect of the species 
of shortest EO chains in the latter.10

Micellar Molecular Weights from Amount of Solu
bilized Dye. The mmw can readily be calculated 
from the absorbancy of detergent solutions saturated 
with dye by making the following two assumptions:

Table III: Micellar Molecular Weight of Ci2(EO)i6 from 
Absorbancy of Solutions Saturated with Orange OT at 25°

Detergent Absorbancy
concn, g of for 1.00-cm
Cl2(EO)ls/l. cell Mmw

7.63 2.055 62,269
5.81“ 1.558 62,042
4.51 1.210 61,373
4 .ö l6 1.212 61,286
3.00 0.789 60,965
2.03 0.485 64,643
1.01 0.219 62,205

Mean 62,112 ±  463

0.10 0.0000'
0.0811 0.0000'
0.05e 0.0000'
0.05 0.0000'

4.6F 1.213 62,607
4.51" 1.198 61,949
4.51* 1.163 63,811

“ Prepared by diluting a 19.50 g/i. solution saturated with dye. 
6 Stored 2 months at 25° before filtering. '  Measured in 10.0- 
cm cells with instrumental setting of 90-100% transmittance 
expanded to full scale. d Made up by diluting a 1.01 g/1. solu
tion containing excess dye. * Made up by diluting a 1.01 g/1. 
solution saturated with dye. / Also contained 2.0 g of acetone/1. 
8 Also contained 0.0257 g of behenyl alcohol/1. and 2.1 g of 
acetone/1. h Also contained 0.0153 g of 6-phenyldodecane/l. 
and 0.7 g of acetone/1.

(a) the solubilization ratio is one micelle per dye mole
cule; (b) the concentration of detergent not associated 
into micelles is constant and equal to the cmc. The 
results are shown in Tables II-V . According to eq 
3, the mmw equals bLe. For Ci2(EO)28, this product, 
85,808, is somewhat larger than the mean of Table II 
because the value of b was calculated only for concen
trations below 4 g/1. The high precision of this method 
of determining mmw is shown by the fact that the 
standard deviation of the mean amounts to between 
only 0.3 and 1.8% of the mean. Light-scattering

Table IV : Micellar Molecular Weight of Sodium Decane 
Sulfonate from Absorbancy of Solutions Saturated 
with Orange OT at 30°

Detergent Absorbancy
concn, for 1.0-cm

g/i. cell Mmw

(1) In Water
20.33 2.774 69,269
14.90 1.222 68,943
14.02 0.964 69,250
14.00“ 0.959 69,208
13.13 0.713 68,841
12.06* 0.396 70,246

Mean 69,293 ±  204
Aggregation no. 284

11.16 0.1994
10.34 0.0476
10.08* 0.0042'
9.810* 0.0003'
9.641 0.0006'
6.313* 0.0000'

13.00d 0.853 54,507

(2) In 0.10 M  NaCl
8.445 0.867 70,600
8.000 0.744 70,406
6.960 0.442 71,763
6.494 0.318 70,607
6.490“ 0.316 70,818
6.421* 0.303 69,311

Mean 70,584 ±  321
Aggregation no. 289

4.108 0.0000'

“ Sample had a minimum in the surface tension-concentration 
curve. * Made up by saturating a detergent solution about 2 
or 3 times more concentrated with Orange OT and then diluting. 
'  Measured in 10.0-cm cells, with an instrumental setting of 
90-100% transmittance expanded to full scale. d Also con
tained 0.084 g of 1-tetradecanol/l. * 67

(10) E. H. Crook, D. B. Fordyce, and G. F. Trebbi, J. Phys. Chem.,
67, 1987 (1963).
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WAVELENGTH, nm

Figure 2. Sensitized photoreduction of phenosafranine by 
hydrazobenzene: initial concentrations, 1.2 X 10 ~ b M  chl/p 
or chl/m, 1.25 X 10~6 M  phenosafranine, 8 X 10~4 M  

hydrazobenzene in 1:1:1 water-ethanol-pyridine; initial
spectrum (--------- ); photostationary state with chl/m
(-----------); photostationary state with chl/p (--------- ).
Spectra normalized to Soret band optical density of 2.

states. The dye was not regenerated to any great 
extent in the dark, although there was often some slow 
recovery, apparently due to oxidizing impurities or 
oxygen leakage. Reexposure to light rapidly restored 
the photostationary state.

Although initial rates were somewhat faster in the 
monomeric system than in the polymeric, the extent 
of reduction at the photostationary states represents 
the most significant difference between the two systems. 
We have investigated the effects of various alterations 
in the conditions of the reaction on the initial rate and 
the photostationary state composition, in an attempt 
to locate the cause of this difference.

In the absence of phenosafranine, there was no de
tectable reaction between chl/p or chl/m and hydrazo
benzene. In the absence of hydrazobenzene, however, 
there was a rapid, reversible, small (<1% ) decrease in 
the phenosafranine peak on illumination with red light 
in the presence of chl/p. The sensitized reduction 
of phenosafranine is therefore probably initiated by 
oxidation of the photoexcited chlorin by phenosafranine, 
as was proposed for the ethyl chlorophyllide sensitized 
reduction.18

Although the initial rate of dye reduction was pro
portional to light intensity down to one-third of the 
usual level, the composition of the photostationary 
state was unchanged. This observation and the ab
sence of a fast dark reaction show that the photo- 
stationary state arises from competition between

Figure 3. Dependence of initial rate of sensitized reduction 
on phenosafranine concentration (see eq 2 of text).

forward and reverse photochemical reactions and not 
between a forward photochemical reaction and a re
verse dark reaction.

With either chl/p or chl/m as sensitizer, the initial 
rate of dye reduction varied with its concentration 
according to

d[D+]/d¿ =  (d [D+]/d¿) [D + ] / (/ci +  /c2[D + ]) (2)

in which (d[D + ]/di)co is the limiting rate at large dye 
concentration. Values of fc2//bi, obtained from the 
1/[D +] intercept of Figure 3, were about 7.2 X 105 
M~x for both chl/p and chl/m. The limiting rates 
(d[D + ]/d i)„ varied somewhat from sample to sample 
but were always comparable for chl/p and chl/m. 
The per cent of dye reduced at the photostationary 
state did not vary with initial dye concentration.

Both the initial rate of reduction and the per cent 
dye reduced at the photostationary state depend on the 
concentration of hydrazobenzene (Figure 4). The 
dependence does not follow an equation like (2) but is 
better described by (3), with x =  0.21, 0.29, and 0.36 
for chl/p, chl/m, and chl/butylamine.

d[D + ]/di =  -fc[A H s]* (3)

The presence of the polymer only affects the photo
stationary state when the chlorin is bound to it. Addi
tion of the polymer, decomposed with ammonia but 
without pigment, to the chl/m-sensitized system did 
not increase the amount of dye reduced at the photo
stationary state.

Lowering of the pH by addition of acetic acid con
siderably decreased the initial rate and the per cent dye 
reduced at the photostationary state in the chl/p- 
sensitized system, but left the chl/m-sensitized system 
comparatively unaltered. With chl/p at pH 6.6 and
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photostationary state composition (lower) on initial 
hydrazobenzene concentration: initial concentrations,
1.1 X 10-6 M  chl/p or chl/m and 1.0 X 10-6 M  

phenosafranine in 1:1:1 water-ethanol-pyridine,
1.5 X 10-6 M  chl/butylamine, and 1.2 X 10-6 M  

phenosafranine in 70% ethanol-30% 0.2 M  Tris-HCl 
buffer, pH 7.5. Initial rate expressed as rate of optical 
density change at 530 nm (phenosafranine band).

5.95, the initial rates were 41 and 22% of their usual 
value at pH 9.0, and the dye was only 56 and 39% re
duced at the photostationary state.

Increase of the ionic strength by addition of KC1 also 
decreased the initial rate and the per cent of dye re
duced at the photostationary state in the chl/p- 
sensitized system and had almost no effect in the 
chl/m-sensitized system (Figure 5). Above 10~3 
M  KC1, the polymer began to precipitate, and the initial 
rates in Figure 5 have been adjusted to correct for 
loss of pigment from this cause, assuming that the 
rate is proportional to pigment concentration.

The effect of pH is not clearly separated from that 
of ionic strength, because the amounts of acetic acid 
added to lower the pH (1 and 10% of the pyridine) 
were such as to significantly increase the ionic strength.

A number of runs were made with FeCl3 added to 
the reaction mixture before illumination. Addition of 
FeCl3 has two effects: oxidation of an equivalent 
amount of hydrazobenzene to azobenzene and, thereby,

Figure 5. Effects of addition of KC1 and FeCl3 on rate and 
photostationary state of sensitized reduction of phenosafranine 
by hydrazobenzene: c a . 1.0 X 10_s M  phenosafranine,
1.2 X 10-6 M  chl/p or chl/m, and 8 X 13"4 M  

hydrazobenzene. Initial rates expressed as per cent 
of rate with no added salt (FeCla is reduced to FeCh by 
hydrazobenzene before the photoreaction begins).

introduction of FeCl2 as a reductant. Points for these 
runs are also included in Figure 5. Unlike KC1, 
addition of FeCl3 depresses the initial rate in the chl/m 
system at lower concentrations than in the chl/p 
system; the fall of the rate to ~ 0  may be ascribed to 
displacement of hydrazobenzene as reductant by 
FeCl2. However, the composition of the photo
stationary state is not much altered until the amount 
of FeCl3 exceeds 10% of that of hydrazobenzene.

A few runs were made with hydrazobenzene stock 
solutions that had become yellow owing to partial 
oxidation to azobenzene by air. Although the amount 
of azobenzene in these runs obviously exceeded the 
amount that would be formed during a sensitized re
duction, the initial rates and photostationary states 
were hardly different from those in the absence of 
azobenzene.

In order to clarify the nature of the back-reaction 
leading to the photostationary state, the interaction 
of chl/m and chl/p with leucophenosafranine (DH) 
was examined. The photoreduction of a chlorin by 
leucophenosafranine alone is hard to study, because 
of extreme sensitivity of the reduced dye to 0 2 in
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WAVELENGTH,nm

Figure 6. Photoreduction of chl/m by leucophenosafranine 
(1.25 X 10 ~ 6 M )  preserved by slight excess of sodium 
dithionite, in 1:1:1 water-ethanol-pyridine:
spectrum before illumination (--------- ); after 5-min
illumination ( - • - • ) ,  after 10-min illumination ( - --------- ),
location of bands after exposure to air overnight (- -------).

basic solution and suppression of the reaction by 
phenosafranine. The reaction can be followed if a 
small quantity of sodium dithionite is added to keep 
the dye in its reduced form. Neither chl/p nor chl/m 
react photochemically with dithionite alone rapidly 
enough to interfere.

The photoreduction of chi/m by leucopheno- 
safranine/dithionite is shown in Figure 6. The only 
product which absorbs appreciably in the visible (623 
and 412 nm) probably belongs to the class of hypo- 
chlorins.25 26 The product of its oxidation by air ab
sorbed at 635 nm and was presumably the meso deriva
tive of the original Mg chlorin.

The photoreduction of chl/p was very much slower. 
After 10 min illumination, only 25% of the chl/p had 
been reduced, even with 2 X 10-4 M  leucophenosafra
nine, and the bands of no reduced product were yet 
apparent.

If pheo/p is present with chl/p during sensitized 
reduction of phenosafranine, it is slowly reduced if 
illumination is continued past the time required to 
establish the photostationary state. Pheo/m is rapidly 
reduced by hydrazobenzene alone (Figure 7) to a 
product similar to those reported from other deriva
tives of chlorin e6.14'16

Pheo/p sensitized the photoreduction of pheno
safranine by hydrazobenzene as rapidly as did chl/p, 
and the reaction was quantitative; the ensuing reduc
tion of the chlorin was less than 1% as fast. With 
pheo/m, an initial sensitized reduction of pheno
safranine to about half its original concentration was 
followed by gradual restoration of the phenosafranine 
and reduction of the chlorin. The net result was 
reduction of pheo/m by hydrazobenzene, mediated

Figure 7. Photoreduction of pheo/m by hydrazobenzene 
(8 X 10“ 4 M )  in 1:1:1 water-ethanol-pyridine:
spectrum before photoreduction (--------- ), after 2-min
illumination (--------- ), after 10-min illumination
(--------- ), after exposure to air for 1 hr (--------- ).

by leucophenosafranine. The reduction of pheo/m 
continued after the light was turned off, but was 
probably accelerated by light.

Discussion
Chlorophyll, chemically bound to polymer in the 

way described, has in aqueous solutions the spectral, 
fluorescence, and photochemical properties expected 
of a monomolecularly dispersed pigment. It might 
therefore be used to study photochemical reactions 
in systems in which unbound chlorophyll derivatives 
would aggregate. However, the system has the draw
back that the polymer is very susceptible to cross- 
linking reactions, so that solutions of it generally 
contain a certain amount of microgel.

The photochemistry of chl/p, chl/m, pheo/p, and 
pheo/m is very much like that of other chlorin e6 
derivatives and differs from that of chlorophyll most 
sharply in the ease and manner of photoreduction. 
The greater resistance of chl/p than of chl/m to photo
reduction may have a simple explanation. The re
duction of ethyl chlorophyllide a apparently requires 
the termination step (eq 4).26 The rate of this step

ChlH- +  ChlH- — ► ChlH2 +  Chi (4)

for chl/p would be limited by the rate of diffusion of 
the polymer and therefore would be very slow com
pared with the rate for chl/m. However, the slow 
rate of permanent, two-electron reduction of chl/p 
and pheo/p would not prevent their acting efficiently 
as one-electron transfer agents in photosensitized re
actions.

The reduction of phenosafranine sensitized by chl/p 
or chl/m differs from that sensitized by ethyl chloro-

(25) G. R. Seely, J. Am. Chem. Soc., 88, 3417 (1966).
(26) G. R. Seely and A. Folkmanis, ibid., 86, 2763 (1964).
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phyllide18 in that a photostationary state is attained 
in the former. The ethyl chlorophyllide sensitized 
reduction is greatly retarded by a reaction product, 
probably leucophenosafranine, but there is no evidence 
for approach to a truly stationary state. On the other 
hand, there is no indication that the kind of retarda
tion encountered in the chlorophyllide system is oper
ating here, because with chl/p, and [AIR] >  8 X 
10-4 M, 90% of the dye is reduced within 1 min, and 
the rate depends on the ratio [D +]/[D H ] rather than 
on [DH] alone. Therefore, the photostationary state 
cannot be just an exaggerated form of the retardation 
encountered in the chlorophyllide system. To ex
plain the retardation, a metastable complex between 
hydrazobenzene and oxidized chlorophyllide was postu
lated ; in the present systems, such a complex, if formed 
at all, must not be long-lived.

The mechanism of the forward reaction (reduction 
of dye) is probably the same, basically, as that proposed 
for the ethyl chlorophyllide sensitized reaction, viz.

Chi ¿ i t  Chi* — > Chi' (5)

Chi' - i »  Chi (6)

Chi' +  D+ -¿V  Chl+ +  D- (7)

Chl+ +  AIR — > Chi +  AH- +  H+ (8)

Chi, Chi*, and Chi' represent chl/p or chl/m in its 
ground, singlet-excited, and triplet-excited states. 
Follow-up reactions convert D - and AH- in part to 
the final products, DH and A.

The photochemical back-reaction probably begins 
by reaction of Chi' with one of the products of the 
forward reaction, azobenzene or leucophenosafranine. 
As the presence of azobenzene has little effect on the 
initial rate of photostationary state, primary reaction 
with this substance is most unlikely. It is more 
likely that the initial reaction is with leucophenosa
franine, and that the mechanism is analogous to that 
proposed for the reduction of azobenzene sensitized

by ethyl chlorophyllide (eq 9 and 10).27 As the azo
benzene concentration is not rate controlling, reaction 
10 must be fast enough to compete favorably with re
oxidation of ChlH- by D+. The follow-up reactions

Chi' +  DH — >■ ChlH- +  D- (9)

ChlH • +  A — > Chi +  AH • (10)

that dispose of D • and AH • would be the same as in 
the forward reaction.

One of the questions originally asked was whether 
the anionic polymer might accelerate the reduction of 
phenosafranine by concentrating the cationic dye 
in the vicinity of the photosensitizer. The dependence 
of initial rate on [KC1] and pH would support an af
firmative answer, but the more gradual change in the 
photostationary state with [KC1] and the identity of 
the ratios fe/G  (see Figure 3, eq 2, 6, and 7) for chl/p 
and chl/m do not. It cannot therefore be concluded 
that concentration of dye about the polymer has any 
definite effect on the kinetics of the reaction.

The correlation between the dependences of initial 
rate and photostationary state composition on hydrazo
benzene concentration (Figure 4) suggests that the 
relative rates of step 8 and of reactions competing 
with it (e.g., eq 11) are an important factor in determin-

Chl+ +  D- — >  Chi +  D+ (11)

ing the amount of-dye reduced at the photostationary 
state. The apparent fractional-order dependence on 
[AH*] suggests that the mechanism of the forward 
reaction is rather complex, but the data presently 
available cannot support a more detailed kinetic 
treatment. The difference between the chl/p and 
chl/m sensitized reactions appears not to arise from 
long-range effects of the polymer, but from a dif
ference in the ease of reduction of the pigment, or from 
ionic or other environmental effects in the immediate 
vicinity of the pigment.

(27) G. R. Seely, J. Phys. Chem., 69, 2779 (1965).
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ions. Both conclusions are based on a comparison of 
mobilities of the ethanol derivatives with the tetra- 
alkylammonium ions. We have resolved the dis
crepancy by noting that such comparisons must be 
made with the correct tetraalkylammonium analog.

Wen and Saito7 have measured activity coefficients 
and partial molar volumes of (EtOH)4NBr and 
(EtOH)4NF in aqueous solution at 25° and have 
found that these thermodynamic properties are more 
normal in the case of these salts than was found for 
their tetraalkylammonium analogs. Also, Price8 has 
reported that the introduction of hydroxyl groups into 
the tetraalkylammonium ions reduced the heat of 
transport significantly, a direction in keeping with less 
rather than more order in the solution.

Experimental Section

All electrical equipment, cells, salt-cup dispensing 
device, and general techniques for the conductance 
measurements were the same as previously described.9;10 
The modification required for the 45°2b conductance 
determination and the method employed for weighing 
hygroscopic salts11 have already been reported. The 
cell constant was determined at 25° and calculated for 
45°, the change amounting to less than 0.01%.2b The 
conductance baths were set at 25 ±  0.003° and 45 ±  
0.007° with a calibrated platinum resistance thermom
eter.

The viscosity measurements were carried out using 
a suspended-level Ubbelohde-type viscometer with a 
flow time of 500 sec. No kinetic energy correction 
was found necessary at any temperature. The ex
perimental techniques were the same as those previ
ously described.3

Tetraethanolammonium bromide, (HOC2H4)4NBr, 
was prepared by the method described by Wen and 
Saito7 with a number of modifications; 0.8 mole of 2- 
bromoethanol (Fisher Scientific Co.) was refluxed with
1.6 moles of triethanolamine (Fisher Scientific Co.) in 
300 ml of methanol for 24 hr. This reaction gives ap
proximately equal amounts of (EtOH)4NBr and (Et- 
OH)3NHBr, and it is the separation of these two 
products which presents the greatest difficulty in the 
synthesis of (EtOH)4NBr. The reaction mixture was 
titrated with concentrated aqueous hydrobromic acid 
to pH 3 to convert the remaining free amine to (EtOH)3- 
NHBr. The resulting (EtOH)3NHBr crystals were re
moved by filtration and the filtrate was taken to dry
ness by azeotroping off the last traces of water with 
ethanol under reduced pressure. The amine hydro
bromide is only sparingly soluble in methanol, whereas 
(EtOH)4NBr is exceedingly soluble at temperatures as 
low as —20°. This property permitted further separa

tion of the mixture since only the hydrobromide pre
cipitated on cooling a saturated methanol solution to 
— 20°. The white, nonhygroscopic hydrobromide was 
detected by its sharp melting point of 187°.

Final purification of (EtOH)4NBr was effected by 
dissolving the salt in the minimum volume of methanol 
and adding four volumes of absolute ethanol. White 
crystals precipitated on slow cooling with periodic shak
ing. This recrystallizing procedure was repeated 12 
times. Recrystallization from absolute ethanol pro
duced an oil which completely solidified even on slow 
cooling. Owing to its hygroscopic nature, all recrys
tallizations and manipulations of (EtOH)4NBr were 
carried out in a drybox. The powdered salt was dried 
under vacuum at 56° for 15 hr. The purified com
pound melted at approximately 100°, with decomposi
tion. In fact, this salt appeared to undergo decomposi
tion readily at temperatures above 80°, and melting 
points taken on samples in evacuated sealed tubes gave 
the same results. Upon standing for 1 month, this salt 
showed some signs of decomposition, as indicated by 
the insoluble residue found when an old sample was 
dissolved in methanol. Our conductance results also 
confirmed this observation since measurements on 
month-old samples gave limiting conductances that 
were somewhat higher than those obtained using 
freshly prepared salt samples. However, the conduct
ance parameters obtained from freshly recrystallized 
samples were shown to be independent of further re
crystallization.

All attempts to obtain the (EtOH)4NBr by titration 
of (EtOH)4NOH (97.8%, RSA Corp., New York, N. Y.) 
gave a 90% yield of (EtOH)3NHBr, but we could detect 
no (EtOH)4NBr.

(EtOH)4NI was prepared from the purified bromide 
by ion exchange. When all free amine had been re
moved from reagent grade anionic exchange resin in the 
hydroxyl form by repeated washing with water, the 
resin was converted to the iodide form with KI. One 
pass through a tenfold excess of resin converted (Et- 
OH)4NBr to the iodide. The only test performed on 
the final product to test for complete exchange was to 
note that the final product was not hygroscopic, whereas 
the bromide is extremely hygroscopic.

Conductivity grade water2® was prepared by passing

(7) W . Y . Wen and S. Saito, J. Phys. Chem., 69, 3569 (1965).
(8) C. D. Price, Technical Report, Armed Services Technical 
Information Agency, AD 276280 (1961).
(9) J. L. Hawes and R. L. Kay, J. Phys. Chem., 69, 2420 (1965).
(10) D. F. Evans, C. Zawoyski, and R. L. Kay, ibid., 69, 3878 
(1965).
(11) R. L. Kay, C. Zawoyski, and D. F. Evans, ibid., 69, 4208 
(1965).
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Figure 1. Plots of eq 1 for (EtOH)4NBr in aqueous 
solution at various temperatures.

distilled water through a 4-ft mixed-bed ion-exchange 
column.

Results
The density increments for the volume concentra

tions and viscosity measurements were obtained by 
direct measurement on 0.06 M solutions. The d 
value in the density equation, d = d0 +  6th, where m 
is the concentration in moles per kilogram of solution, 
was found to be 0.098 at 25 and 45° for the bromide and 
was assumed to be constant in the temperature range
0-65° used in the viscosity measurement. The value 
of 0 was assumed to be 0.03 higher for the iodide in keep
ing with previous experience.Za

The viscosity data for (EtOH)4NBr are given in 
graphical form in Figure 1 and can be seen to conform 
to the Jones-Dole equation12

i / C 'h  = A +  B C 'h ( 1 )

where \p — (v/vo) — 1- The intercept A =  0.008 is 
identical with the value calculated from the Falken- 
hagen equation13 within the precision of the measure
ments. It can be seen that B  = 0.32 ±  0.02 is in
dependent of temperature within the stated precision. 
The small amount of spread in the points in Figure 1 
can be attributed almost entirely to the temperature 
dependence or the bromide ion that has been shown to ) 
have ionic B  values3 that vary from —0.08 to —0.01 
in the temperature range 0-65°, respectively.

The measured equivalent conductances and corre
sponding concentration in moles per liter are given in 
Table I along with k0, the specific conductances of the 
solvent. Conductance parameters in Table II were 
obtained from the Fuoss-Onsager conductance equa
tion14

A = A0 -  S C lh +  E C  log C  +  (J -  BA0)C  (2)

using a least-square computer analysis.9 The values 
0.8903, 0.5963, 78.38, and 71.51 were used for the vis
cosity in centipoise and dielectric constant of water at 
252a and 45°,2b respectively. The limiting ionic conduc-

Table I : Equivalent Conductances in Aqueous Solution

10<C A 10<C A io*C A

(EtOEANBr, 25° -----------N^(EtO H )4NBr, 45 °^
10% = 1.6 10% = 1.9 10% = ̂ 3.2

11.991 102.31 10.665 102.47 11.358 146.40
24.631 101.02 23.891 101.03 23.570 144.54
35.153 100.17 37.560 99.97 31.423 143.60
44.402 99.54 49.757 99.18 41.746 142.53
54.642 98.92 62.286 98.46 51.758 141.62
65.980 98.28 73.549 97.89 61.643 140.80
75.307 97.83 84.532 97.38 70.911 140.09
87.613 97.25 98.814 96.77 80.652 139.42

/T?.+nTTVWT
10% = 1.3 10% =■ 1.5

7.887 101.52 7.415 101.48
17.570 100.23 17.489 100.20
26.910 99.30 27.366 99.27
36.716 98.49 36.063 98.57
44.803 97.94 44.026 98.01
53.101 97.39 52.889 97.44
61.330 96.90 61.858 96.92
69.680 96.44 71.445 96.41

tances, calculated on the basis of Xo(Br~)25° =  78.22
and X0(I~)25° = 76.98, are X0[(EtOH)4N + V =  27.07
from the bromide and 26.87 from the iodide. Consider-
ing the problems of stability of these salts and the ex
treme hygroscopic nature of the bromide, this agree
ment is entirely acceptable. At the higher tempera
ture, a Xo[(EtOH)4N+]45° =  40.0g is obtained from X0 
(Br-)«o =  110.69.2

The & parameter given in Table II for (EtOH)4NBr 
at 25° is in good agreement with the values 1.6, 1.86, 
and 1.8 reported2 for Pr4NBr at 10, 25, and 45°, re
spectively, and the value at 45° of 2.41 is not too dif
ferent. On the other hand, the average & value for 
(EtOH)4NI of 1.3 reported here is substantially higher 
than the 0.1, 0.3, and 0.4 obtained for Pr4NI at 10, 25, 
and 45°, respectively.2 In the case of Pr4NI, the 
conductance data analyzed for a small amount of as
sociation. The same analyses of the data for (Et- 
OH)4NI detected a small amount of association in the 
first run but none in the second.

Discussion

In the absence of any change in the interaction with 
the solvent, replacement of a terminal methyl by a

(12) G. Jones and M. Dole, J. Am. Chem. Soc., 51, 2950 (1929).
(13) H. S. Harned and B. B. Owen, “ The Physical Chemistry of 
Electrolytic Solutions,” 3rd ed, Reinhold Publishing Corp., New 
York, N. Y ., 1958, p 240.
(14) R. M. Fuoss and F. Accascina, “Electrolytic Conductance,”  
Interscience Publishers, Inc., New York, N . Y ., 1959.
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Figure 3. Dependence of rate constant on the 
length of the air gap.

Figure 4. Dependence of reaction rate on particle size: O, 
reaction between a-naphthol and picric acid; ®, 
reaction between /3-naphthol and picric acid.

molarity of picric acid in chloroform layer in absence of 
naphthol, Z =  molarity of naphthol in chloroform, k = 
solubility depression effect. In the derivation of eq 2 
higher powers of (1 +  kZ) have not been neglected. 
Equilibrium constants were calculated with the help of 
eq 2. These are recorded in Table V.

Determination of Dipole Moment. The dipole mo
ments of naphthols, picric acid, and picrates in dioxane 
were measured with the help of a dekameter (Type

DK 03, Wissenschaftlich-Technische Werkstätten, Weil- ■ 
heim, Germany) at 35° which was maintained by cir
culating water around the cell from a thermostat. The 
instrument was calibrated using liquids of known di
electric constants. The refractive index of solutions 
in dioxane was measured with a Carl Zeiss refractom- 
eter. The dipole moments were estimated by the 
method followed by Richards and Walker.6 The 
results are recorded in Table VI.

Results and Discussion
/

The kinetic data for a-naphthol as well as ß-naph- 
thol at various temperatures and for particles of 
different sizes are best fitted to eq 1. This is supported 
by Figure 1. kt is found to depend on temperature 
as well as on particle size. The values of kt and p for 
particles of a definite size at various temperatures are 
given in Table I. The values of these quantities for 
particles of different sizes at a fixed temperature are 
recorded in Table II.

Table I :  Influence of Temperature on k "

Temp, hi, P,
Reactants °C cm2/hr cm "1

a-Naphthol 25 ±  1 3.9 X 10~s 41.2 ± 2 .6
35 ±  1 1.84 X IO-4 48.6 ± 2 .6
45 ±  1 5.79 X IO’ 4 45.2 ± 2 .6
55 ±  1 1.45 X IO-3 42.0 ± 2 . 6

0-Naphthol 35 ±  1 6.74 X IO"6 74.67 ±  6.5
45 ±  1 9.97 X IO"6 64.07 ±  6.5
55 ±  1 1.87 X IO“ 4 55.98 ±  6.5

“ Particle size, below 150 mesh.

Table II : Influence of Particle Size on k f

Mesh hi, P,
Reactants size cm2/hr cm -1

a-Naphthol 100 7.0 X 10“ 4 19.3 ±  6.1
120 4.15 X 10“ 4 36.5 ±  6.1
170 3.97 X 10“ 4 38.9 ±  6.1
200 1.87 X 10“ 4 45.1 ±  6.1
240 1.15 X 10~4 38.2 ±  6.1

/3-Naphthol 120 2.23 X IO“ 4 73.7 ±  5.4
200 6.56 X 10“6 64.2 ±  5.4
240 5.0 X 10-6 79.5 ±  5.4

“ Temperature 45 ±  1°.

(6) J. H. Richards and S. Walker, Trans. Faraday Soc., 57, 406 
(1961).
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Equation 1 is essentially empirical in nature. The 
derivation usually given is not correct.7 However, it 
can be theoretically justified on the basis of the follow
ing arguments.

/ I N  G

v j y  H

Let us consider two species A and B which are in the 
solid state. Let EF be the surface of separation. We 
suppose that molecules of A alone can migrate. We 
further suppose that migration of A beyond EF takes 
place by jumps or by surface migration as shown in the 
illustration above. The interface reaction is practically 
instantaneous so that any molecule of A striking B 
at G or H is used up in the chemical reaction. £ meas
ures the distance of maximum penetration of A molecule 
in B from plane EF.

Let /(£) be the probability of a free jump terminating 
in the adsorption of molecules of A and subsequent 
chemical reaction. The probability that no molecular 
encounter of A and B takes place between £ and 
£ +  d£ is proportional to d£ and would be equal to 
pd£, where p is independent of £. At this stage we 
need not bother about the factor on which p depends. 
The probability that the encounter occurs between £ 
and £ +  d£ is (1 — pd£). The probability that a col
lision takes place in the distance (£ +  d£) is equal to 
the product of the independent probabilities of adsorp
tion in £ as well as in d£. Hence

m  +  d£) =  K m  -  pd£) (3)

However, since

/(? +  d£) =  /(£) +  ^ d £  (4)

(7) G. Cohn, Chem. Rev., 42, 528 (1948).
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Table III: Limiting Ionic Conductances for Aqueous Solutions at 25°“

ion Ao + Ref

Me4N + 44.42 1
Et4N + 32.22 1
Pr4N + 23.22 1
Bu4N + 19.31 1
n-Am4N + 17.38 16

Me3(EtOH)N + 38.21 5, 6
Me2(EtOH)2N + 33.58 5
(EtOH)4N+ 27.0 This work

Ion Ion Ref
Me3EtN+ 4 0 .8 6 5, 17
Me3PrN + 3 6 .6 4 6
Me3BuN + 3 3 .5 4 17
Me3-hexyl-N + 2 9 .5 2 17
Mes-octyl-N + 2 6 .4 9 17
Me3-decyl-N + 2 4 .3 0 17
Merdodecyl-N + 2 2 .4 0 17, 18
Mertetradecyl-N + 2 0 .9 6 17

“ The cation limiting conductances are based on the following anion limiting conductances:2 X0(C1_ ) = 76.39, X0(Br_) = 78.22, 
Xo(I-) = 76.98, andXo(NOs-) = 71.57.

nary ammonium ion below which water structure en
forcement drops off rapidly but above which such struc
ture is cooperatively formed with relative ease. Thus, 
in these ions, the methyl and ethyl groups are poor 
structure markers, but the propyl group has excellent 
structure-making properties. Further evidence for this 
critical size and cooperative aspect can be seen in the 
ionic conductances for the trimethylalkylammonium 
ions, as shown in Figure 4. On the basis of number of 
carbon atoms, they fall on a separate and higher line 
than do the R4N + ions; that is, they act as ions with 
fewer carbon atoms. Thus, the three methyl groups are 
ineffective as structure markers and may well be re
flecting some structure-breaking properties. This sug
gests, therefore, that the logical comparison for the 
Me3(EtOH)N+ ion is the Me3PrN+ ion and that the 
correct comparison for the Me3(EtOH)2N+ ion is not 
the Et4N + ion but rather the Me2Pr2N+ ion. A calcula
tion shows that the increase in the limiting conductances 
for Me3(EtOH)N+ and (EtOH)4N + over their correct 
alkyl analogs is 4.0 ±  0.2% per ethanol group. On this 
basis, the mobility to be expected for the Me2Pr2N+ ion 
is 31.0 or 8%  lower than that for Me2(EtOH)2N+. This 
point is designated by a solid triangle in Figure 4 and, 
as expected for an ion with water structure enforcement 
about two side chains, it is between the lines for ions 
about which there is water enforcement about one side 
chain and about four side chains.

The obvious conclusion resulting from these data is 
that an ethanol group does not enforce water structure 
when substituted in a quaternary ammonium ion. On 
the other hand, ethanol itself, when added in small 
amounts to pure water, is known to enforce water struc
ture,19’20 presumably by being hydrogen bonded into 
the water cages.21 However, there is no evidence that 
the ethanol groups in the (EtOH)4N+ ion are incor
porated into the “ flickering clusters” 4 of structured

water since a substantial decrease in mobility would re
sult. No such decrease in mobility has been detected 
here on the basis of any realistic comparison. We con
clude that the side chains of the (EtOH)4N+ ion are 
not incorporated into the surrounding water structure.

In a previous investigation1 of the tetraalkylam- 
monium salts in aqueous solution, it was shown that the 
decrease of the conductance with concentration became 
greater the larger the anion and cation, contrary to the 
predictions of theory.14 The possibility of attributing 
the effect to ionic association and to changes in solvent 
structure due to overlap of ionic cospheres has been 
considered in some detail.2 The same effect was ob
served by Skinner and Fuoss22 in their measurements on 
f-Am3BuNBr in aqueous solution, but the effect is 
particularly evident in the iodides. However, the con
ductance of (EtOH)4NI is about 0.5% greater at C = 
0.007 M than that which would be required for the 
same concentration dependence as Pr4NI. This is a 
significant amount considering the agreement in X0+ 
from the bromide and iodide. It indicates that (Et- 
OH)4NI acts more like Me4NI than like Pr4NI and sug
gests that the abnormally large decrease in conductance 
for Pr4NI and BruNI is due to water structure con
siderations. Opposed to this conclusion is the fact 
that sodium tetraphenylboride in aqueous solution has a 
normal concentration dependence22 although recent 
measurements23 indicate that water structure enforce
ment around the aryl groups is about the same as that 
around a butyl group. These results indicate that all

(19) F. Franks, Ann. N. Y. Acad. Sei., 125, 277 (1965).
(20) R. L. Kay and T. Vituccio, to be published.
(21) A. D. Potts and D. W . Davidson, J. Phys. Chem., 69, 996 
(1965).
(22) J. F. Skinner and R. M. Fuoss, ibid., 68, 1882 (1964).
(23) G. P. Cunningham, D. F. Evans, and R. L. Kay, to be pub
lished.
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Figure 8. Ultraviolet spectra: G, a-naphthol; ® , picric acid; ® ,  a-naphthol picrate.

we have
dm

dï -pfŒ ) (5)

Since /(0) would be unity, we have on integration of 
eq 5

/tt) =  (6)
If Co is the concentration of the species A at the inter

face EF, the concentration C of the molecules striking 
at £ would be given by

C =  Coe~p( (7)

Using Fick’s law of diffusion, we have

r  -  ~ a d ¥d t àx (8)
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Figure 9. Absorption spectrum of a-naphthol picrate.

where A is the surface area, D is the diffusion coefficient, 
and àc/àx is the concentration gradient. Because of 
the speed of the reaction, very few molecules are 
actually left within a thin layer of the advancing prod
uct zone and therefore the concentration gradient can 
be taken to be nearly equal to <?/£, where the value of 
C is given by eq 7. Therefore we can write

di -  - A l f * - * (9)At £

Integration of eq 9 gives

f 2 = 2 ADte~pi (10)

comparison. These were calculated from the known 
values of heats of fusion8 and heats of vaporization.9

Table III : Energy of Activation for Diffusion

Heat of 
sublimation,

Energy of 
activation,

Reactants kcal kcal

a-Naphthol 21.7 19.1
/3-Naphthol 19.9 10.1

We shall discuss the following aspects of the reaction 
mechanism which are worth considering: (1) mech
anism of lateral diffusion when bulk quantities of reac
tants are kept side by side; (2) mechanism of diffusion 
of the reactant in picric acid grains; (3) mechanism of 
chemical interaction.

Mechanism of Lateral Diffusion. The lateral dif
fusion can occur by surface migration, grain-boundary 
diffusion, or diffusion through vapor phase. Experi
ments show that diffusion does not occur through the 
vapor phase. From Table III, it is clear that the 
energy of activation is less than heat of sublimation. 
If A0 is the surface area of picric acid grains, An/At, 
the number of molecules of naphthols per unit time 
striking these grains from the vapor, would be given by

An _  ä P  
àt ~ V 2 ttMRT

(12)

where P  is the pressure, R is the gas constant, T is the 
temperature, and M  is the molecular weight. If the 
vapor is assumed to behave ideally, it follows that

dn _  Ppe-ABH/RT
d t ~~ V  2ttMRT

(13)

which is similar to eq 1 with kt =  AD. Since the dif
fusion coefficient depends on temperature, we have

=  4nTr*D0e - E/RT (11)

where D0 is a constant and E is the energy of activation 
involved in diffusion. Surface area A would be given 
by n(4xr2), where n is the number of particles and r is 
the radius of particles. For particles of definite size, 
log k{ would vary directly as the reciprocal of absolute 
temperature.

When values of log kf are plotted against the recip
rocal of absolute temperature, straight lines are ob
tained (Figure 2). From (11) it follows that the slope 
gives the activation energy for diffusion. The energies 
of activation are given in Table III. The values of 
heat of sublimation have also been given for the sake of

where P0 is a certain constant and AgH is the heat of 
sublimation. The rate of reaction in the present case 
is diffusion controlled, and hence, if diffusion occurs 
through vapor phase, the energy of activation should be 
equal to the heat of sublimation as y/T would not 
vary much within a small temperature range. Since 
energy of activation is less than the heat of sublimation, 
it follows that diffusion via vapor phase is not prom
inent.

The rate of reaction when the reactants are kept 
adjacent to each other and when the reactants are 
separated by a distance (air gap) is not the same. In

(8) “ International Critical Tables,” Vol. 5, McGraw-Hill Book Co., 
Inc., New York, N . Y ., 1929, p 134.
(9) O. E. May, J. F. T. Berliner, and D. F. J. Lynch, J. Am. Chem. 
Soc , 49, 1012 (1927).
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Figure 11. Reflectance spectra: ®, 0-naphthol; G, picric acid; • , /3-naphthol picrate.

the former case the kinetic data obey eq 1, while in the 
latter the results are described by the equation

e  =  kt (14)

where k is a certain constant. Values of k for different 
lengths of air gap cl are recorded in Table IV.

In Figure 3, log k has been plotted against d, which 
shows that the following relationship is obeyed

k =  Ae~p'd (15)

where p' and A are constants. The values of p' are 
given in the last column of Table IV. It should be noted 
that eq 15 holds for the case of «-naphthol only. From 
eq 15 it follows that when d =  0, k =  A and further 
when d = k =  0. The analysis shows that the 
vapor phase diffusion is certainly not significant. No 
reaction occurs when the reactants are separated by a 
gap in the case of /3-naphthol. This further confirms 
that the vapor phase diffusion is not prominent.

Since the magnitude of the energy of activation is
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Figure 1. Lanthanum-lanthanum hydride phase diagram.

alloy. The usual heating and cooling rates were 5 ° / 
min, and changes in this rate had little effect on the 
transformation temperatures. The arrests on heating 
and on cooling always agreed within 4°. The low- 
temperature hep to fee transformation was not ob
served by thermal analysis in either the pure lanthanum 
or the lanthanum-hydrogen alloys. This was expected 
since the enthalpy of this transformation has been 
reported to be only 67 cal by Berg.16

The solubility limits of lanthanum hydride in lan
thanum metal were determined by isothermal equil
ibration and the results are tabulated in Table I.

These solubility limits could not be detected by 
thermal analysis and could be checked only partially 
by metallography. The solubility of lanthanum hy
dride in fee lanthanum ranged from 2.8 at. %  hydro
gen at 375° to 21.3 at. %  hydrogen at 733°. The 
solubility of lanthanum hydride in lanthanum metal 
at 259° was found to be 1.1 at. %  hydrogen. This 
value falls on the extension of the solubility curve for 
jhe fee region but it is not certain whether the metal 
was in the cubic or hexagonal modification at this 
temperature. If it was in the hexagonal form, the 
lanthanum hydride solubility was not appreciably

Table I : Isothermal Equilibration Data

----------- At.
Temp,

°C

% hydrogen------------ .
Metal Hydride 
phase phase

✓------------ At.
Temp,

° C

% hydrogen------------ ,
Metal Hydride 
phase phase

259 l . i 740 17.5
340 2.9 795 24.2
345 1.1 826 25.2
375 2.8 840 25.5
450 4.6 859 58.7
595 9.3 912 29.8
652 12.0 922 31.8 49.5
692 63.6 960 39.6 46.3
700 14.5

RECIPROCAL DEGREES KELVIN x I04

Figure 2. The solubility of lanthanum hydride in 
lanthanum as a function of temperature.

changed by the transformation. A plot of the loga
rithm of the solubility of lanthanum hydride in fee 
lanthanum as a function of reciprocal temperature is 
shown in Figure 2. An analytical expression was 
fitted to the data by a least-squares method. This 
equation was that log C =  —1260 ±  30/T +  2.402 ±  
0.507, where C is the at. %  hydrogen. The enthalpy 
of solution calculated from this equation is +5.76 ±  
0.17 keal.

Above 773° the solubility of lanthanum hydride in 
bcc lanthanum increased rapidly, and complete solu
bility occurs at temperatures above 960°. This rapid 
increase in the solubility of hydrogen in lanthanum 
metal along with a rapid decrease in the hydrogen 
concentration of the coexisting lanthanum hydride is

(15) J. R. Berg, Ph.D. Thesis, Iowa State University of Science and 
Technology, Ames, Iowa, 1961.

Volume 70, Number 9 September 1966



2984 D. T. Peterson and J. A. Straatmann

in agreement with the solubility limits found by 
Mulford and Holley.2 This type of relationship has 
been observed in a number of metal-hydrogen systems.

Lanthanum hydride coexisting with lanthanum metal 
at room temperature was found by X-ray diffraction 
to have the fee fluorite structure reported by Holley, 
Mulford, and Ellinger.16 The lattice constant was 
5.669 A which is in satisfactory agreement with the 
value of 5.667 A reported by the above authors. This 
fee hydride would not be expected to be able to form a 
continuous solid solution with the bee lanthanum 
metal. Consequently a phase transition in lanthanum 
hydride has been postulated although no evidence for 
this transition was found in the thermal analyses. If 
the phase transition is at a high temperature, it would 
be very difficult to establish because of the high hy
drogen dissociation pressure.

The crystal structure of pure lanthanum and lan
thanum-hydrogen alloys at room temperature was in
vestigated with an X-ray diffractometer using bulk 
samples. The pure lanthanum metal structure was 
found to be a mixture of fee lanthanum and hep 
lanthanum. The lanthanum-hydrogen alloy also con
tained both crystal forms of lanthanum but the fee 
peaks were slightly stronger than in the pure metal. 
A sample of this alloy was quenched from a region 
where all the hydrogen was in solution and reexamined 
on the X-ray diffractometer. The results showed that 
both crystal forms of lanthanum were still present but 
the ratio of fee lanthanum to hep lanthanum had greatly 
increased. A slight increase of the diffraction angles 
was also found, and this indicated an increase in the 
lattice parameter of lanthanum apparently due to 
the retention of some hydrogen in solution.

The effect of hydrogen on the temperature of the hep 
to fee transformation was studied by dilatometer and 
electrical resistivity measurements. Figure 3 shows 
the expansion of pure lanthanum and a 3 at. %  hy
drogen-lanthanum alloy as a function of temperature. 
The hysteresis in the transformation temperature was 
found by both the dilatometer and electrical resistivity 
measurements. The results indicated that a slight 
excess of hydrogen over the solubility limit in this 
temperature range lowers the temperature of the hep 
to fee transformation. The transformation tempera- 
tures were not changed by variation in the heating and 
cooling rate. The transformation temperatures shown 
in Figure 1 are midpoint values of the transformation 
on heating. The pure lanthanum transformed at 324° 
and the addition of hydrogen apparently results in an 
eutectoid reaction of fee lanthanum to hep plus lan
thanum hydride at 297°.

TEMPERATURE °C

Figure 3. Relative changes in length vs. temperature.

Hydrogen has been found to be extensively soluble 
in lanthanum at elevated temperatures and to stabilize 
the bcc phase by raising the melting temperatures and 
also lowering the transition to fee lanthanum. The 
increase in the melting temperature is similar to the 
effect of hydrogen in the alkaline earth metals. The 
lowering of the transition to the bcc form is analogous 
to the effect of hydrogen in zirconium and titanium 
but differs from the effect of hydrogen in calcium and 
strontium. The fee to hexagonal phase transition in 
lanthanum is lowered slightly by hydrogen but the 
kinetics and completeness of the transformation are not 
affected. The interpretation of the influence of hy
drogen on the phase transitions in the rare earth metals 
will probably not be possible until more of these systems 
have been studied.
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(16) C. E. Holley, Jr., R. N. R. Mulford, and F. H. Ellinger, J. 
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The Vapor Pressure and Enthalpy of Vaporization of Molten Mercuric 

Chloride to the Critical Point1

by J. W . Johnson, W . J. Silva, and D. Cubicciotti

Stanford Research Institute, Menlo Park, California (Received April 11, 1966)

The vapor pressure of molten mercuric chloride has been measured by an inverted capillary 
technique from 573°K and 0.96 atm to 968°K and 111.6 atm. The data are fitted by the 
linear relation log P(atm) = 4.9929 — 2854.8/T°K from 660 to 968°K with an average 
deviation of 0.9% for the 25 experimental points. Below 660°K, the experimental points 
fall below the linear relationship. A critical pressure of 113.7 ±  1.6 atm is predicted by 
the linear equation at a critical temperature of 972 ±  2°K. The enthalpy of vaporization 
of molten mercuric chloride has been calculated from 700 to 970°K.

Introduction

An investigation of some of the properties of molten 
salts above the normal boiling point has been under way 
for some time in this laboratory. A previous paper2 
reported the critical temperature and coexistence curve 
of mercuric chloride. This report describes the meas
urement of the vapor pressure of mercuric chloride 
from the normal boiling point to the critical point.

Experimental Section

The semimicro boiling point method used in this 
study was the same as that employed in the determina
tion of the vapor pressure of bismuth chloride.3 The 
apparatus has been described in detail elsewhere.4

The mercuric chloride was from the same preparation 
used in the determination of the coexistence curve and 
critical temperature. The analysis was 73.89% Hg 
and 26.13% Cl by weight, compared with the theoreti
cal values of 73.88% Hg and 26.12% Cl.

Results and Discussion

The vapor pressure of molten mercuric chloride was 
determined at 35 points over a temperature range of 
573 to 968°K and a pressure range of 0.96 to 111.6 atm. 
The experimental data are presented in Table I. The 
temperatures recorded were corrected for gradients be
tween the position of the thermocouple and the liquid 
surface. These corrections ranged from 2 to 3° de
pending on the temperature. The listed pressures, up 
to 17 atm, were corrected by the addition of 0.02

atm for the static head of molten mercuric chloride. 
Vapor pressures above 17 atm are recorded to the 
nearest 0.1 atm and the correction was negligible.

Three runs were made using different samples of 
mercuric chloride as indicated in Table I. It was 
found that the experimental data could be fitted by the 
relation

log P(atm) = 4.9929 -  2854.8/T°K (1)

from 660 to 968°K with an average deviation of 0.9% 
for the 25 experimental points. From 660 to 573°K 
the experimental points tend to fall below the straight 
line defined by eq 1. In that region the vapor pres
sure curve is in transition between the high-temperature 
linear form and the low-temperature Clausius-Clapey- 
ron equation for low pressures, which includes curvature 
due to a ACp term. Because there is no established 
theoretical form for the equation in the transition re
gion, a smooth curve was drawn through the data on a 
large scale plot. Values taken from the curve are com
pared with the experimental points in the lower part of 
Table I in the temperature range 570 to 660°K. Values

(1) This work was made possible by the support of the Research 
Division of the U. S. Atomic Energy Commission under Contract 
No. AT(04-3)-106.
(2) J. W . Johnson, W. J. Silva, and D. Cubicciotti, Phys. Chem., 
70, 1169 (1966).
(3) J. W . Johnson, W. J. Silva, and D. Cubicciotti, ibid., 69, 3916 
(1965).
(4) W . J. Silva, J. W . Johnson, and D. Cubicciotti, Rev. Sci. Instr., 
36, 1505 (1965).
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of velocity at different temperatures.

2.3 by adding a few drops of alkali. The cell used for 
the measurement of ultrasonic velocity at different 
temperatures is shown in Figure 1. The desired tem
perature of the mixtures was maintained by immersing 
the flasks in the thermostated bath for about 1 hr. 
During the exposure the same water from the thermo
stated bath was circulated in the outer jacket of the 
cell. Densities of the mixtures were measured by a 
specific gravity bottle. Adiabatic compressibility was 
then calculated using the equation

where V is the ultrasonic velocity and p the density 
of the medium.

Results and Discussion
From all the curves we find that the variation of 

ultrasonic velocity is not linear (Figures 2a-c). As the 
metal ions are gradually added in the solution of 
catechol, the curve decreases gradually, reaches a 
minimum value at a certain point, and then increases 
again. When Zr+4 and Cd+2 ions are involved, the 
minima occur at the [M ]/([M ] +  [catechol]) ratio of 
0.5, the corresponding molar ratio being 1:1. This 
indicates the formation of maximum chelate at this 
point. Had there been no interaction between the 
respective metal ions and catechol, the variations would 
have been linear. In the case of a Th+4-catechol sys
tem, however, two minima at the ratios corresponding 
to the molar ratios 1:1 and 1:2 are observed. Thus 
the variation of ultrasonic velocity gives us informa-

Figure 2a. Ultrasonic velocity variation at 25°.

Figure 2b. Ultrasonic velocity variation at 20°.

Figure 2c. Ultrasonic velocity variation at 22°.

tion not only regarding the chelate formation, but the 
positions of minima also indicate the composition at 
which the maximum chelate formation is taking place.
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Table II : Vapor Pressures of HgCl2 from 570 
to 660“K (from Smoothed Curve) ■

T. P, T, P,
°K atm °K atm

660 4 .6 4 600 1 .67
650 3 .9 9 590 1 .37
640 3 .4 0 580 1.11
630 2 .8 8 5 7 5 .0 “ 1 .0 0
620 2 .4 2 570 0 .9 2
610 2 .0 2

“ Boiling point taken from the curve.

higher and melting point lower than those reported in 
ref 2. The work of Yosim and Mayer8 shows that 
Hg2Cl2 is soluble in the liquid and lowers the freezing 
point of HgCl2 and presumably would lower the vapor 
pressure. Also, since the density of Hg2Cl2 is greater, 
we would expect it to increase the density of HgCl2. 
These three types of measurement are all in accord in 
suggesting that there was an impurity of Hg2Cl2 in 
Prideaux’s material.

There was no indication of thermal dissociation of 
HgCl2 at the highest temperature reached in this study. 
The liquid phase remained transparent and colorless 
and no mercury deposit was observed in the parts of 
the apparatus maintained at room temperature. On 
this basis it is presumed that HgCl2 does not dissociate 
at the critical temperature.

A comparison of the vapor pressure of HgCl2 with 
other substances is made in Figure 2. There the log 
of reduced vapor pressure (vapor pressure divided by 
value at the critical temperature) is plotted vs. recipro
cal of reduced temperature. The data for that figure 
were taken from Din’s tables9 except that H20  values 
were from Faxen10 and BiCl3 from ref 3. The figure 
indicates that there is a degree of correlation between 
the relative positions of the vapor pressure curves and 
the polarity of the molecules of the substance. With 
increasing polarity, the pressure curve is lower in the 
figure. The curve for HgCl2 falls intermediate be
tween those for the substances having symmetrical 
nonpolar molecules (Ar, N2, C2H6) and those having 
pclar molecules (H20, BiCb). In fact, the curves for 
C 02 and HgCl2 fall very close together. Since these 
both have linear, quadrupolar molecules, this rough 
correlation of molecular structure with similarity of 
vapor pressure curve is borne out. The fact that NH3 
falls very close to HgCl2 (and C 02) presumably in
dicates that its (di-) polarity has the same net effect as 
the quadrupolarity of HgCl2 and C 02.

The enthalpy of vaporization of HgCl2 may be cal-

Figure 2. Reduced vapor pressure curves for 
several substances: 1, Ar; 2, N2; 3, C2H6;
4, C02; 5, HgCl,; 6, NH3; 7, H20 ; 8, BiCl,.

culated from the present data using the Clapeyron rela
tion, which can be written

=  n v *  -  V i K d p / d T )

vap 41,300

where Fg and V\ are the orthobaric volumes of vapor 
and liquid, respectively, and (dp/dT) is the rate of 
change of vapor pressure with respect to temperature; 
the numerical factor converts the value to kilocalories 
per mole. The orthobaric volumes were calculated 
from the data of ref 2 and (dp/dT) from eq 1. The 
results of these calculations are shown in Table III.

Figure 3 shows the variation of the enthalpy of 
vaporization as a function of temperature. The circles 
represent the enthalpy of vaporization using the modi
fied Guggenheim relation from ref 2 to calculate Fg — 
V\ and (dp/dT) from eq 1. The values of the en
thalpy of vaporization are reasonable above 750°K, but 
below this temperature the values are too high. This is 
probably due to an error in (Fg — V\) since the modified 
Guggenheim relation used in ref 2 fits the experimental

(8) S. J. Yosim and S. W . Mayer, J. Phys. Chem., 64, 909 (1960).
(9) F. Din, Ed., “Thermodynamic Functions of Gases," Yol. 1 -3 , 
Butterworth and Co. (Publishers) Ltd., London, 1962.
(10) O. H. Faxen, “ Thermodynamic Tables in the Metric System for 
Water and Steam," Nordisk Rotogravyr, Stockholm, Sweden, 
1953.
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Table III: Vaporization Data for Mercuric Chloride

A H  vap»
T, P, dp/dt, AVvap, kcal/
° K atm atm/deg cc/mole mole

700 8.21 0.1102 6856 1 2 .80
725 11 .36 0 .1 42 0 4642 11 .57
750 15 .36 0 .1 79 5 3254 10 .61
775 2 0 .4 0 .2231 2393 10.02
800 2 6 .6 0 .2 73 2 1763 9 .3 3
825 3 4 .1 0 .3292 1326 8 .7 2
850 4 3 .1 0 .3922 1004 8.10
860 4 7 .1 0 .4187 8 9 7 .0 7 .8 2
870 5 1 .5 0 .4473 8 0 4 .2 7 .5 8
880 5 6 .1 0 .4 76 3 7 1 7 .9 7 .2 8
890 6 1 .0 0 .5063 6 3 8 .3 6 .9 6
900 66.2 0 .5373 5 6 5 .2 6 .6 2
910 7 1 .7 0 .5692 4 9 6 .9 6.22
920 7 7 .6 0 .6028 4 3 3 .0 5 .8 1
930 8 3 .8 0 .6 37 0 3 7 2 .2 5 .3 4
940 9 0 .3 0 .6 71 9 3 1 2 .7 4 .7 8
950 9 7 .2 0 .7081 2 5 2 .5 4 .1 1
960 104 .5 0 .7 45 5 187 .4 3 .2 5
970 112.2 0 .7840 9 0 .8 4 1 .67
972“ (1 1 3 .7 ) (0 .7 9 1 7 ) (0 ) (0 )

“ Critical point.

densities with an average deviation of ±0.008 g/cc. 
Therefore, the dashed line represents our estimate of the 
enthalpy of vaporization between 750 and 700°K. 
It is interesting to note that at 700 °K the ideal vapor 
density and the vapor density calculated from the 
modified Guggenheim relation of ref 2 are identical, 
i.e., 0.039 g/cc, while the vapor density corresponding 
to the enthalpy of vaporization indicated by the dashed 
line is 0.042 g/cc. With the high sensitivity to the 
vapor density in this region and the scatter of the experi
mental vapor densities,2 it is not surprising that the 
enthalpy of vaporization cannot be calculated with pre
cision below about 750°K.

Partington11 has pointed out that there have been 
many empirical relations evolved between enthalpy of 
vaporization and temperature. Of these the relatively 
simple one of Winter modified by Bowden and Jones12 
was applied to the present case, namely

in which lo and n are constants. A log-log plot of the 
data for HgCl2 is shown in Figure 4. The results fall

Figure 3. Enthalpy of vaporization of mercuric 
chloride: o , calculated from eq 3.

Figure 4. Enthalpy of vaporization v s .  

( T c — T ) / T c on log-log plot.

on a straight line from 2° to about 250° below the 
critical point, then deviate from the line. The values 
of the constants derived from the straight line drawn 
through the data are: k = 18.50, n = 0.394. These 
can be compared with values given by Partington for 
several fluids. For n, his values range from 0.3 to 0.45 
and average about 0.39 for nonassociated liquids. 
Values of l0 for these same liquids depend on the molecu
lar constitution much more than n and range from about 
47 to SnCl4 to about 155 for C 02. The low value for 
HgCl2, of course, reflects its relatively higher enthal
pies of vaporization (or higher boiling point).

(11) J. R. Partington, "A n  Advanced Treatise on Physical Chemis
try,” Vol. II, Longmans, Green and Co., London, 1951, pp 319-324.
(12) W. J. Jones and S. T. Bowden, Phil. Mag., 37, 480 (1946).
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The Saturation Thermodynamic Functions for Mercuric Chloride

from 2 9 8 °K to the Critical Point1

by Daniel Cubicciotti, H . Eding, and J. W . Johnson

S ta n fo rd  R esea rch  In s titu te , M e n lo  P a r k , C a li fo r n ia  94-025 ( R ece iv ed  A p r i l  2 9 , 1 9 6 6 )

The saturation enthalpy increments above room temperature for HgCl2 in its condensed 
phases were determined with a drop calorimeter to within 50° of the critical point. These 
were combined with previously determined enthalpies of vaporization to obtain values 
for the saturated vapor, and the data were extrapolated to the critical point. Saturation 
entropies for vapor and condensed phases were calculated from the enthalpies. The 
internal energy departures of the gas from ideal values were evaluated and compared with 
similar data for molecular fluids.

Introduction

The present report is a part of our study of the ther
modynamic properties of inorganic liquids at elevated 
temperatures. Recent investigations of bismuth chlo
ride2 3̂4 5 are being followed by studies on mercuric chlo
ride. The volume change on vaporization6 and the 
vapor pressure6 of HgCl2 up to its critical point were 
determined previously in this laboratory, and the 
enthalpy and entropy of vaporization have been ob
tained from those results. In the present paper, we 
have determined the enthalpy increments (above the 
solid at 298°K) for the condensed phases under satura- 
i on conditions, and from them and the enthalpies 
of vaporization we have obtained values for the satu
rated vapor. The entropies and free energy functions 
for both the condensed and gas phases were calculated 
from the enthalpy increments and their temperature 
derivatives.

Measured Heat Increments

The same method was used for this work as reported 
in our BiCl3 study:4 samples of IlgClo sealed in evacu
ated quartz glass ampoules were heated to various 
temperatures, some within 50° of the critical tempera
ture, and dropped into a modified Parr calorimeter at 
room temperature. From the heat transferred to the 
calorimeter, the enthalpy of HgCI2 in the condensed 
phases, under saturation conditions, was calculated.

The samples heated to the higher temperatures 
required heavy-walled glass ampoules to withstand

the vapor pressure of the HgCl2. As a result, a sub
stantial fraction of the heat evolved came from the 
glass, and so the accuracy of those determinations was 
limited. To obtain more accurate data in the lower 
temperature range, where the vapor pressure was low 
enough, sealed platinum containers were used. The 
important details of the samples are listed in Table I.

Table I : Deta ils of Samples Used

Internal Symbol
Wt of Wt of voi. of used in

Sample Container HgCU, container, ampoule, Figures
no. material P. cc 1 and 2

A Quartz glass 24.0608 6.8617 6.9181 ®
B Q uartz glass 7.0609 6.4409 2.0891 9
C Q uartz glass 5.3083 6.0779 2.2132 0
D P la tinum 13.4600 7.7860 X

(1) This work was made possible by financial support from the Re
search Division of the U. S. Atomic Energy Commission under 
Contract No. AT (04-3)-100.
(2) J. W . Johnson and D. Cubicciotti, J . P h y s .  C h em ., 68, 2235
(1904) .
(3) J. W . Johnson, W . J. Silva, and D. Cubicciotti, ib id ., 69, 3910
(1905) .
(4) D. Cubicciotti, H. Eding, F. J. Keneshea, and J. W . Johnson, 
ib id ., 70, 2389 (1900).
(5) J. W . Johnson, W. J. Silva, and D. Cubicciotti, ib id ., 70, 1109 
(1900).
(6) J. W . Johnson, W. J. Silva, and D. Cubicciotti, ib id ., 70, 2985 
(1900).
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The Lone-Pair Model and the Vibrational Force Constants of NF,,1

by E. C. Curtis and J. S. Muirhead

R o ck etd y n e , A  D iv is io n  o f  N o rth  A m e r ica n  A v ia tio n , I n c .,  C a n oga  P a r k ,  C a lifo rn ia  9 1 8 0 4  
(.R eceived  J u ly  9 , 1 9 6 5)

The repulsion between an atom and a lone pair of electrons, such as may exist on nitrogen 
atoms, is examined in some detail. The repulsion force constants are estimated using the 
one-electron theory. A new derivation is shown for the method of introducing forces by 
the lone pair and subtracting lone-pair motions from the vibrational secular equation. 
The vibrational force constants for NF3 are examined with this model in mind. This 
model suffices to account for the force constants of NF3, while all other models fail to 
account for the principle non-Urey-Bradley interaction constant. Implications of this 
model using the one-electron theory argue for fluorines much less negatively charged than 
previous estimates.

Introduction
The vibrational force constants have been calculated 

for ammonia to reproduce with reasonable accuracy the 
harmonic vibrational frequencies for two different po
tential functions. Using a hybrid force field, that is, 
postulating rehybridization with molecular motion, 
King2 was able to account for the observed force con
stants while the simple Urey-Bradley force field was not 
satisfactory. The only criticism is the value found for 
the H -H  repulsion force constant which seems large. 
Pariseau, Wu, and Overend3 accounted for the force 
constants of NH3 by including terms for the repulsion 
between the lone pair and the hydrogen atoms. This 
model also gave good fit between-the observed and com
puted frequencies. The values they obtained for the 
force constants agree with our experience although the 
N -H  stretching force constant which they found seems 
to be unusually large. It is probable that for NH3 
truth lies directly between these two models. It was 
hoped application of these models to NF3 might provide 
similar information.

Wilson and Polo4 measured the infrared spectrum of 
NF3 and found several sets of force constants which 
exactly reproduce the observed frequencies. The re
sults cannot be unique since there are six parameters in 
the general harmonic potential function to be deter
mined by only four frequencies. Schatz5 reconsidered 
the force constants and included the rotational distor
tion data to get a further relation between the force 
constants.

The problem is still interesting since the molecule has 
several unusual properties. LaPaglia and Duncan6 
considered the observed dipole moment assuming polar
ized Slater-type orbitals for the bonds and found the 
lone pair had sp hybridization. The N -F  bonds were 
quite poor in s character from the nitrogen atom and a 
charge of about 0.4 electron was carried on each fluorine. 
This is an unusually large charge separation and as 
shown below would require a large Urey-Bradley re
pulsion force constant between the fluorine atoms. 
The hybridization of the bonding orbitals about the 
nitrogen is also in contradiction to the conclusion of 
Bent,7 who decided fluorine is an “ s-seeking” atom on 
consideration of the C-F compounds.

The conspicuous fact about the bonding of NF3 is 
then the number of contradictions. These can only 
partially be rationalized by the approximate nature of 
the theories mentioned. Any new calculation depend
ent on the hybridization of the bonding should be 
valuable and so application of the lone-pair model was 
undertaken. It was also found that a few improve-

(1) This study was sponsored by the Propulsion Division of the Air 
Force Office of Scientific Research of the Office of Aerospace Research 
under Contract AF49(638)-1135.
(2) W . T . King, J . C h em . P h y s . , 36, 165 (1962).
(3) M . Pariseau, E. Wu, and J. Overend, ib id ., 39, 217 (1963).
(4) M . K . Wilson and S. R. Polo, ib id ., 20, 1716 (1952).
(5) P. N . Schatz, ib id ., 29, 481 (1958).
(6) S. R. LaPaglia and A. B. F. Duncan, ib id ., 34, 1003 (1961).
(7) H. A. Bent, C h em . R ev ., 61, 275 (1961).
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ments in the original lone-pair model for force constants 
were needed and these are given below.

The Lone-Pair Model for Vibrational 
Force Constants

Modification of the Urey- Bradley force field to 
include terms for repulsion by a lone pair of electrons 
was reported by the Minnesota group.3 This involves 
introducing fictitious internal coordinates for the lone 
pair and later subtracting them out according to a 
method used by Shimanouchi.8 This consists of writ
ing the potential energy for NF3 as if there were a sym
metrically placed atom attached in place of the lone 
pair. This gives

2V =  K b( AR)2 +  ZKriAuY +  2 /^ (A /L )2 +  
2Ha(Aaty  +  Z feFV A g* +  F*(Afe )2] +

2 [q*Fr'Aqai +  Fr{Aq*tY ] (1)

R refers to the lone pair-nitrogen distance, ¡3 the angle 
between the symmetry axis and the fluorine-nitrogen 
bond, r the N -F  distance, and a the F -N -F  angle. 
qPi gives the distance between the lone pair and the 
fluorines and qai> the distance between the fluorines. 
The redundant coordinates qp< and q,H are eliminated 
by the method of Shimanouchi.9 The results of this 
transformation are shown numerically in Table I for 
r =  1.37 A and a =  102° 9 '.4 These force constants 
correspond to eq 4 in ref 3 with internal tension neg
lected. The problem is reduced to two 3 X 3  matrices 
by transforming to the symmetry coordinates used in ref 
3,10 which are the same as, e.g., for CF3H, except that 
one of the bending coordinates is modified so that it has

Table I : Force Constants for NF3 in Urey-Bradley 
Space Including Lone-Pair Coordinates

Numerical value of force constants
with assumed values of N, and
equivalently Fr, F/, Fr, and Fr'

¡asl » o

N = 17% 
Fr =  1.3,

Fr = 1.3, Fr' =
Fr' -  -0 .1 3 - 0 .2 -----0.13
Fr = -2 .3 , Fr =  2.8,

Force constants Fr ' = 0.4 Fr ’ -  - 1 .9

fm  =  K r +  1 .3 9F * +  1 .6 1 7 V K r —2.55 ( ~ 5 ) i f s  + 0 .7 9 ( ~ 5 )
f „  =  Kr +  1.217V +  0 .7 9 7 7 K r - 0 .6 1 Kr + 3 .8 6

+  0.92  Fr +  0 .0 8 7 V  
faa =  Ha +  0 .74Ft -  1 .1 47 7 Ha + 1 .1 1 Ha + 1 .1 1
fßß =  Hß +  0 .16Fr -  0 .4 8 7 V H,3 - 0 . 5 6 Hß + 1 .3 6
fH, =  0.65Fr -  0.21 Fr ’ - 1 . 5 8 2 . 2 0

f Rß =  0.27  Fr +  0 .96  Fr' - 0 . 2 3 - 1 . 0 8
fTß' =  0.38  Fr +  0.11 Fr' - 0 . 8 3 0.84
frr’ =  0.617V -  0 .3 9 7 7 0.84 0.84
fr* =  0 .67F r +  0 .6 7 7 7 0 .78 0.78

the same form as in NF3 and does not involve motion 
of the lone pair.

The lone-pair coordinates may be removed by strik
ing out the rows and columns of the G matrix that cor
respond to lone-pair coordinates. The F matrix re
quires a congruence transformation

F — F22 — F21F11 4Fi2 (2)

where Fn is the block of the F matrix that corresponds 
to only lone-pair motions, F22 only to atom motions, 
and F12 to mixed motions. This transformation was 
justified by Pariseau, Wu, and Overend, although they 
noted some misgivings about one step. A proof that 
shows the nature of the approximation can be based on 
the partitioning theory described by Lowdin11 where the 
Hamiltonian is contracted. If the Hamiltonian is 
partitioned

H 22 H 2i 
H 12 H u (3)

then the problem can be reduced by solving for the 
energy levels of H22

H22 =  H22 +  H 2i [EIn — H h ]- 1H i2 (4 )

In the problem at hand, H = T +  V = G _1 +  F,12 
where G _1 is the inverse kinetic energy matrix and F 
the force-constant matrix. This gives

H22 =  [G22_1 +  F22] +  [G21- 4 +  F2i ] [EIn —
G n -1 -  F u l-^ G u -1 +  F12] (5)

G2i_ i and Gn-1 refer to motions of the lone pair and 
contain its mass and can be immediately neglected since 
electronic mass is small relative to F, giving

H22 =  [G22-1  +  F22] +  F2l[EIn — F n]_ 1Fi2 (6 )

The inverse quantity can be expanded in a power series

[EIn -  Fn]“ 1 =  Fu- \  + ^ 4 -
111 +  Fu +

(7)

and only the first term need be used since Fn is of the 
order of the depth of the vibrational well while E cor
responds to the energy of the first vibrational level, so

(8) T . Shimanouchi, J. Chem. Phys., 26, 594 (1957).
(9) T. Shimanouchi, ibid., 17, 245 (1949); J. Overend and J. R. 
Scherer, ibid., 32., 1289 (1960).
(10) This transformation as published in ref 3 contains a number of 
typographical errors, but since these quantities are normally found 
by a computer they need not be corrected here.
(11) P. O. Lowdin, J. Mol. Spectry., 14, 112 (1964).
(12) See, e.g., E. B. Wilson, Jr., J. C. Decius, and P. C. Cross, “ Mo
lecular Vibration,” McGraw-Hill Book Co., Inc., New York, N. Y ., 
1955.
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Table II : Thermodynamic Functions for HgCl2 in Standard
State Condensed Phases up to 700°K

IP t -
H ° 298,° -(G°T - Vapor

T, kcal/ S°T, H °m )/ T ,a press.,
°K mole eu eu atm

298 34.93 34.93 1.63 X  IO - 7

320 370 36.12 34.97 1.60  X  10 " 6

340 710 37.16 35.07 2.31  X  10 “ 6

360 1,060 38.15 35.21 5.06  X  10 “ 6

380 1,415 39.12 35.39 2 .12  X  IO - 4

400 1,775 40.04 35.60 7 .75  X  IO " 4

420 2,145 40.94 35.83 2 .47  X IO “ 3

428 2,295 41.30 35.94 3.81 X  IO ' 3

428 2,370 41.48 35.94
440 2,570 41.93 36.09 7 .08  X  IO ' 3

460 2,920 42.70 36.36 1.84 X  10~ 2

480 3,280 43.49 36.64 4 .42  X  10 - 2

500 3,670 44.28 36.93 9 .93  X  10 ~ 2

520 4,080 45.07 37.23 0.206
540 4,510 45.88 37.54 0.406
5 5 3 .7 (s) 4,810 46.44 37.75 0.62
553.7 (1) 9,300 54.55 37.75
560 9,480 54.86 37.94 0.72
580 10,040 55.85 38.54 1 . 1 2

600 10,600 56.80 39.14 1.67
620 11,160 57.72 39.72 2.39
640 11,720 58.62 40.30 3.33
660 12,280 59.48 40.67 4 .55
680 12,850 60.32 41.42 6.08
700 13,410 61.13 41.98 7.87

0 The reference state for these values is the solid in its stand
ard state at 298°K.

and fef represents the free energy function, namely 
('G ° t  — H ° ms) / T .  Values for fef incr for the con
densed phases were calculated from the enthalpy data 
reported above by the methods of ref 12, while those 
for the gas were obtained from the data in the “ JANAF 
Tables” 13 (which had been calculated from molecular 
constant data).

The data given in the following literature references 
(with temperature range and method in parentheses) 
were included in the 2-plot treatment: Prideaux14 15 
(286 to 309°, boiling point method); Johnson, Silva, 
and Cubicciotti6 (300 to 695°, boiling point method); 
Niwa16 (45 to 70°, effusion); Ruf and Treadwell16 
(11 to 59°, effusion); Johnson17 (152 to 302°, spiral 
gauge); Schmidt and Walter18 (100 to 180°, transpira
tion); and Stelzner, Niederschulte, and Wiedemann19 
(GO to 300°, transpiration).

The data of Stock and Zimmermann20 were not in
cluded in the treatment, since their values were so 
discordant with those of the above authors as to indi
cate a systematic error in their work. The 2 plot

Figure 3. 2  plot for HgCl2 vapor pressure data. Data
points were from the following references: S, Johnson,
Silva, and Cubicciotti;6 A, Prideaux; 14 O, Johnson; 14 
X, Stelzner, Niederschulte, and Wiedemann; 19 □, Schmidt and 
Walter; 18 ®, Niwa; 16 and V, Ruf and Treadwell. 18

itself is shown in Figure 3. The data fell quite close 
to a straight line, and more than 90% of the 96 points 
fell between two straight lines defined by the (2 ', 
\/T) coordinates: ( — 3.90, 1.6 X 10-3) and (36.18,
3.6 X 10-3) for one line and ( — 3.58, 1.6 X 10~3) 
and (35.58, 3.6 X 10~3) for the other. The thermody
namic parameters for sublimation of HgCl2 and their 
90% confidence levels calculated from the data were 
Aif°298 =  19.85 ±  0.20 kcal/mole and A<S°29s = 35.5 
±  0.8 eu.

The enthalpy increments for the ideal gas, referred 
to the solid in its standard state at 298°K, were cal
culated from the enthalpy of sublimation at 298 °K  
and the enthalpy increments for the ideal gas were 
calculated from molecular constant data and re
ported in the “ JANAF Tables.”  These are shown as 
the full curve in the upper part of Figure 2 below 600°K 
and a dot-dash curve above 600°K. Below 600°K 
the vapor pressure is low enough so that the enthalpy 
of the ideal gas is essentially equal to that of the real 
gas.

(12) K. S. Pitzer and L. Brewer, “ Thermodynamics,” revision of 
book by G. N. Lewis and M. Randall, McGraw-Hill Book Co., Inc., 
New York, N. Y ., 1961, p 166 ff.
(13) “ JANAF Thermochemical Tables,” The Dow Chemical Co., 
Midland, Mich., revised Dec 31, 1965.
(14) E. B. R. Prideaux, J . C h em . S o c ., 97, 2032 (1910).
(15) K. Niwa, J . C h em . S oc. J a p a n , 57, 1309 (1936).
(16) R. Ruf and W . D. Treadwell, H elv . C h im . A c ta , 37, 1941 (1954),
(17) F. M. G. Johnson, J . A m . C h em . S o c ., 33, 777 (1911).
(18) G. C. Schmidt and R. Walter, A n n . P h y s ik , 72, 565 (1923).
(19) K. Stelzner, G. Niederschulte, and E. Wiedemann, B e r . D eu t .  
P h y s .  G es., 3, 159 (1905).
(20) A. Stock and W . Zimmermann, M o n a ls h ., 53-54, 786 (1929).
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Table III: Repulsion Force Constant between an Atom and a Lone Pair of Electrons on a Nitrogen Atom“

A t o m F u
— L o n g  b o n d -------

F r '/ F r r F r

— S h o r t  b o n d ------
F r '/ F r r F r

---------- P o la r iz e d
F r '

b o n d — — — •—  
r N

H -2 .8 7 -0 .2 7 1 . 1 0 -4 .1 5 -0 .2 8 1 . 0 0 2.74 -2 .2 7 1 . 0 0 0 . 1
C -3 .0 9 - 0 . 2 0 1.51 - 6 . 8 6 -0 .2 3 1.30 - 0 . 0 2 -2 .8 1 1.30 0 . 2
N -2 .4 9 -0 .1 9 1.48 -6 .3 3 - 0 . 2 2 1.27 0.96 -2 .2 9 1.27 0 . 2
O -1 .8 4 -0 .1 9 1.47 -8 .9 3 - 0 . 2 2 1.15 0.63 -2 .8 1 1.15 0 . 2
F - 1 . 1 1 -0 .1 8 1.50 -2 .2 8 - 0 . 2 0 1.37 3.65 -2 .5 5 1.37 0 . 2
F* -2 .8 4 -0 .3 3 1.50 -5 .6 3 -0 .3 4 1.37 7.19 -4 .0 7 1.50 0.4

“ Where r is the distance between the nitrogen and the atom tabulated. All angles are assumed tetrahedral, including F*, where 
hybridization of lone pair is assumed to be sp1. N  is the excess of an electron on the corresponding atom.

fairly good for NF3) does not seem justified considering 
the approximate nature of the one-electron theory. 
Typical bond lengths were used and Table III gives 
values for a short and a long bond. The third column 
gives Fb assuming the bond has been polarized by the 
amount indicated. The polarization decreases the 
repulsion by the amount15

Fr =  (4 e/qf) =  92.27iv( - -■ )  (12)
\Qp / ar

where the right expression gives the polarization in 
terms of fractional excess of an electron on the atom, 
N, in millidynes/angstrom.

This calculation is at best very approximate and 
rather than subtracting the full correction for lone 
pair given by eq 8, in molecules of moderate size it 
would be well to weight it by a “ truth”  factor.

Calculation of Vibrational Force Constants
The force constants for the internal coordinates 

(shown in Table II) were adjusted so the vibrational 
frequencies, calculated by the Wilson FG method,9’12,16 
agreed exactly with the observed frequencies. The 
observed frequencies were taken as 1032, 647, 905, and 
493 cm-1 for vi to v4, respectively, from Wilson and 
Polo’s measurement3 of N F 3 ,  and the equilibrium 
geometry used was r =  1.37 A and a =  102° 9' based 
on microwave and electron-diffraction measurements in 
agreement with the values chosen by other workers.4-6 
The physical constants were taken from the “ Handbook 
of Physics” 17 and the value used for the mass of nitrogen 
was that reported for 14N. The G  matrix was found 
using a computer program reported earlier,16 and the 
transformation from the force constants in eq 1 to the 
symmetry force constants was done in part by the same 
program. The pertinent elements are given in Table 
I.

Since there are four Urey-Bradley force constants and 
four additional non-Urey-Bradley force constants, cri
teria in addition to the four observed vibrational fre

quencies are required. Part of these are from our ex
perience and allow us to set rough limits on the force 
constants which we will accept as reasonable. First, 
Fr was assumed to be between 0 and 3 and F/ was 
varied between —0.1 Fr and —0.5Fr depending on the 
amount of ionic character assumed. Values were 
assumed for F/ and Fr (which are the same as the 
fluorine-fluorine repulsions, F"/ and Fr, in eq 1) and also 
for FTa and Fra', the stretch-bend interaction force 
constants. Values were then found for K r, Frr, Ha, 
and Faa, the force constants shown in Table I with the 
contribution due to Fr and F/ the fluorine-fluorine 
repulsions, subtracted. The results are shown in 
Table IV together with the values found for SA81 and 
SA6, the force constants in symmetry coordinates which 
are needed below.18 The locus of solutions is indicated 
by Table IV, and those solutions with numerical values 
in accord with our experience are shown in sufficient 
detail to indicate interdependence of the force constants 
while the other solutions are shown with no detail. 
Schatz6 used the rotational data to find one relation 
between iu ai and ‘Sn or equivalently between FrJ  
and Fra. The values that agree with his work are indi
cated by an asterisk.

Discussion
Several of the sets of force constants shown in Table 

IV are consistent with the lone-pair model. Our 
prejudice before starting the calculations had Fr ~
1.9,16 that is, the repulsion observed between two neon 
atoms plus the ionic repulsion expected for 20% of an

(15) E. C. Curtis, J. Mol. S pectry., 17, 108 (1965).
(16) E. C. Curtis, ibid., 14, 279 (1964).
(17) E. U. Condon and H. Odishaw, “ Handbook of Physios,” 
McGraw-Hill Book Co., Inc., New York, N. Y ., 1958.
(18) The 3 is the same as F a  used by Schatz5 and 3 a e corre
sponds to his F u  except the sign is opposite, as is the case with ref 4. 
This was done to be consistent with ref 2 and 3. We should also 
note that by F ra‘ or f ra’ we mean a stretch-bend interaction with a 
bond in common as in ref 3 while ref 2, 4, and 5 designate this by
fra  Or F ra ■
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Table IV : Computed Force Constants for NF3“

Fr Fr' Kr F rr Fra' F ra Ha Faa in“! Ï 12*

3.3 -1 .1 3 3.05 -0 .8 0 0 . 0 . -1 .8 1 0.23 2.91 -1 .4 5

2.3 -0 .6 3 3.44 - 0 . 1 2 0 . 0 . -0 .6 2 0.19 2.24 - 1 . 1 2

2.78b -0 .5 9 -0 .4 -0 .4 0.05 0.26 0 .8 8 * -1 .0 4
1.9 -0 .3 5 3.10 -0 .3 0 - 0 .3 -0 .3 - 0 . 0 2 0 . 2 0 1.18 -1 .0 4

3.45' 0.06 - 0 . 1 - 0 . 1 -0 .0 4 0.17 1.78 -1 .0 4

3.006 - 0 . 2 1 -0 .2 5 -0 .2 5 0.82 0.34 0.78* -0 .7 8
3.26 0.05 - 0 . 2 - 0 . 2 0.72 0.24 0.97 -0 .7 8

1.3 -0 .1 3 3.70c 0.49 0 . 0 . 0.65 0.17 1.57 -0 .7 8
2.97 0 . 2 0 - 0 .3 0 . 0.77 0 . 2 1 0.97* -0 .4 8
3.73 0.19 0 . - 0 .3 0 . 6 8 0.19 1.27 -1 .0 8
3.58 0.71 0 . 0.3 0.71 0.15 1.87 -0 .4 8

3.446 0.41 -0 .0 5 -0 .0 5 1 . 2 2 0.23 0.81* -0 .4 8
0 . 8 -0 .0 8 3.55 0.51 0 . 0 . 1 . 2 0 0 . 2 2 0.96 -0 .4 8

3.98c 0.95 0 . 2 0 . 2 1.14 0.14 1.56 -0 .4 8

0 . 0 . 4.36 0.67 0.47 -0 .1 8 1.92 0.31 0.75* -0 .6 5

° The values marked with an asterisk are those which Schatz4 finds agree with rotational data. b Values of Fra and Fra' more nega
tive than this have no real solution. '  Values of Fra and Fra' more positive than this give the unlikely ratio of Tsiz'lSn.

electron in excess of neutrality residing on each fluorine 
atom. Requiring values of FT as near this as possible 
and moderate values of Ha (greater than 0.3, an un
usually small value for a bending force constant) 
gives approximate ranges for the force constants 2.8
<  K t <  4.0, 0.3 <  Ha <  1.2, -0 .6  <  Frr <  1.0, 0.15
<  Faa <  0.35, -0 .5  <  F J  <  0.4, -0 .5  <  FJa <  0.4, 
and 0.8 < Fr <  1.7, hardly a narrow range of values. 
Using the rotational information adds further restric
tion on the range of force constants. These favor the 
ranges of values 2.8 <  K r <  3.4, 0.3 <  Ha <  1.0, —0.4
<  Frr <  0.3, -0 .35  <  F J  <  0, -0 .3 5  <  Fra <  0, 
0.21 <  Faa <  0.35, and 1 <  Fr <  1.7, and it is to be 
noted that these limits cannot be realized independently 
but are correlated as may be seen from Table IV. 
Both extremes seem unlikely since Fr = 1.0 is much 
lower than expected based on our experience with the 
noble gases,15 and, at the other limit, FT =  1.7, the 
bending force constant, Ha, assumes an improbably low 
value. The value Fr = 1.9 cannot be realized since it 
would imply a negative bending force constant.

At this point we may note that these force constants 
cannot be accounted for in terms of simple rehybridiza
tion arguments,19’20 or equivalently the more elegant 
orbital following force field which was developed by 
King2 for NH3. The orbital-following field predicts a 
negative value of moderate size for the bending inter
action force constant, King’s Fa and our Faa, and 
opposite signs on FJa and Fra' and a small value for F„ 
of indeterminate sign. This work shows a positive

value is required for Faa, small negative values of 
about the same size for FTa and FJa', and a small value 
of indeterminate sign for F„. The value required for 
Faa quite convincingly shows that orbital-following 
arguments do not suffice and the values preferred by 
Fra and Fra' give a little additional evidence in the 
same direction. Comparison of these results with the 
NF2 results,21’22 assuming a Urey-Bradley force field, 
shows similar interactions, a positive value for Frr 
and a negative value for Fra' which may be assumed zero 
if one can accept a large positive value for Frr■ An 
orbital-following approach fails here also since orbital- 
following arguments predict a small positive value for 
Fra' and a small value for F„. Going through the 
transformation to subtract the lone-pair motions for 
NF2 would be interesting, but this has not been done 
since there are seven lone-pair coordinates to be re
moved, and with only three bits of data one might expect 
highly indeterminate results.

The force constants in eq 1 cannot be calculated 
uniquely, of course, but estimates at them should be 
very informative. If an assumption is made about N, 
the degree of polarization of the NF bond, we can then 
estimate Fr and F/ using the arguments about atom-

(19) J. "W. Linnett and P. J. Wheatley, Trans. Faraday Soc., 44, 556 
(1948); 4 5 ,3 3 ,4 9  (1949).
(20) N. V. Cohan and C. A. Coulson, ibid., 52, 1163 (1956).
(21) M . D. Harmony and R. J. Myers, J. Chem. Phys., 37, 636 
(1962).
(22) E. C. Curtis, Rocketdyne Report R-6293, Aug 31, 1965.
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Table V : Deduction of Force Constants for Eq 1 from Two Sets of Force Constants That Fit Experiment (Table IV) 
and Two Assumptions on the Degree of Polarization of the N-F Bond and Hence F r, F/, Fr, and F r '

-N =- 0— .----------- N -- 17%-
Soin 1 Soin 2 Soin 1 Soin 2

Force constants re- Fr 1 .3 1 .3
quired by as- F/ - 0 .13 — 0 .2 '-»W■ - 0 .13
sumed degree of Fr - 2 .3 2 . 8
polarization Fr' 0 .4 ■ 1 .9

Force constants fit Hß 2.13 1.58 0.77 0.19 Force eonstants found
to Table IV Ha 0.48 0.56 0.48 0.56 from frequencies and

Kr 5.8 5.9 1 . 8 1.9 rotational data
Soin 1 Soin 2

Force constants cal- Fra 0.3 0.3 -0 .6 3 -0 .6 3 -0 .2 5 - 0 .3
culated from Fra. 0.3 0.3 -0 .6 3 -0 .6 3 -0 .2 5 0 . 0
force constants Frr -0 .3 5 -0 .3 1 - 0 . 8 6 -0 .8 2 - 0 . 2 1 0 . 2
deduced above

atom repulsion discussed above, and using the results 
of the one-electron quantum mechanics we can estimate 
values of FR and FR . Assuming further that K R is 
large, say f RR =  5 (the results are quite insensitive to 
the exact value), allows substitution into the equations 
in Table I and calculation of values for Ha, H0, and 
K r. Using these it is possible to compute values for 
FTa, Fra', and F „  which may be compared with the 
values that were fit to the experimental data.

Using the two solutions called, respectively, 1 and 2 
listed in Table IV that agree with the rotational data 
for Fr =  1.3, the force constants for eq 1 were esti
mated for two arbitrary values of N. This is shown in 
Table V. In the four cases shown, the values found for 
Ha, Hg, and K T are not too different from each other 
and we can only remark that their numerical values 
agree more or less with experience.23 Solution 1 ap
parently is quite well fitted by constants that would be 
deduced from N  between 0 and 17%, probably about 
10%. The exact fit with Fra, Frar, and Frr was not 
sought since it can only be regarded as fortuitous.

The dipole moment can be computed using the one- 
electron theory and this estimate at the bonding. The 
dipole moment is given by

n = 4.82 miZXv (13)

where ¿u is in units of Debyes, qt is the charge in frac
tions of an electron, and <%4)av is the average position 
of the charges in angstroms along the symmetry axis. 
Choosing the origin on the symmetry axis in the plane 
of the fluorines, the position of the lone-pair electron is 
found from

(Zl0M pan) = W 28) +  A*n(2p)|Z^n(28) +
A*n(2p)> +  h (14)

where h is the distance of the nitrogen atom from the 
origin. Treating the bonding electrons on the nitro
gen atom similarly, using the orthogonality relation24 
to find A, and assuming the bonding electrons on the 
fluorines are pure p, gives a dipole moment of 1.15 
assuming 10% of an electron excess charge on each 
fluorine atom and that all of this charge comes from the 
lone pair. The observed dipole moment, 0.234 D .,25 is 
found if one assumes an excess charge of 16.6% of an 
electron on each fluorine. This value is almost the 
same as was used in two cases in Table V (N =  17%) 
to find the force constants. The difference between 10 
and 16.6% is less than several of the approximations 
inherent in this model and this can be regarded as good 
agreement.

Conclusion
The lone-pair model for the vibrational force con

stants for the molecule NF3 was examined including the 
procedure for subtracting the lone-pair motions and 
including the nature of the lone pair-atom and atom- 
atom repulsions. Assuming that the principal valence 
force constants should be approximately the same as 
found in similar cases and that the Urey-Bradley force 
constants should be approximately the sum of the cor
responding noble gas dispersion force and an electro
static force due to ionic character has allowed placing 
rather narrow limits on the force constants.26 In so 
far as the model is to be believed, the fluorine atoms 
carry a charge that corresponds to placing approxi

(23) See, for example, the survey by T . Shimanouchi, Pure Appl. 
Chem., 7, 131 (1963).
(24) C. A. Coulson, “ Valence,” Oxford University Press, London, 
1952, p 194.
(25) P. Kisliuk, J. Chem. Phys., 22, 86 (1954).
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mately 10% of an electron in excess of neutrality on each 
fluorine atom. It is gratifying that it was possible to 
compute the observed dipole moment with a charge 
distribution so close to the one preferred by the force 
constant arguments.

The lone-pair model is the only one that has been 
put forth that correctly accounts for the bend-bend 
interaction force constant found for NF3. Certainly 
other effects, and in particular orbital-following effects, 
contribute to the potential energy. Using Ha «  0.6 
and K r ~  3.0 gives B =  +0.1 in King’s2 eq 9. This 
would imply Fra «  ±0.7 and FrJ  ~  ±0.7. These 
are larger force constants than those preferred by 
the analysis above, but assuming contributions to the 
potential energy of up to a half by orbital-following 
effects permits accounting for the observed force con
stants, in particular, different values for Fra and Fra'. 
Attempting to estimate this quantitatively is unre
warding since it corresponds to fitting ten parameters to 
five pieces of data. We may also note that it seems

possible to account for the force constants assuming a 
bent-bond model.26 27

This work implies that the charge on the fluorine 
atoms is appreciably less than other estimates. Fitting 
the dipole moment using one-electron theory requires 
assuming that a little less than two electrons reside in 
the lone pair or equivalently assuming the lone pair is 
richer in s character than required by the orthogonality 
relation.
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(26) This is much less ■ satisfactory than using a great number of 
similar molecules or isotopic data. However, it must suffice in 
this case since the first do not exist and the isotopic shifts for nitrogen 
are so small as to provide no additional information.
(27) E. C. Curtis, to be published.

NOTES

Estimated Activation Energies for the 
Four-Center Addition Reaction of 
H2, H X, and X 2 to Acetylenes

by Sidney W. Benson and Gilbert R. Haugen
Department of Thermochemistry and Chemical Kinetics, 
Stanford Research Institute, Menlo Park, California 
(.Received March 22, 1966)

In this note, we describe the application of an 
electrostatic model.1 to predict the activation energy 
of the four-center addition reactions of acetylenes,
AA* H------C = C ------ *- — C A=CA*— . The transition
state is considered an intimate semi ion pair with an 
equivalent charge separation of ±V2 formal charge. 
The energy of activation can be equated to the electro
static energy of interaction of point dipoles.1

A act — e2j>2AA* r V
8  (.ff iA A *  « B B *

3 7aa*7bb*̂ €2( (m°AA»)2'|
2 re3 1 2 1 a°AA* / (1)

Table I
Bond

ruptured® »•“a a *6 «AA«*
Bond

formed*1 riAB6

CH=CH 1 . 2 1 5.12 C-H 1.07
CH3C=CH 1 . 2 1 .8 . 0 2 C-I 2.09
c h 8c= c c h 3 1 . 2 1 10.9 C-Br 1.89

C-Cl
C-F

1.72
1.33

“ The triple bonds in the acetylenes are assumed to be five- 
electron bonds in the transition state. We have equated this 
transition-state bond length with the carbon-carbon distance 
of '/«  bond order (1.25 A): L. Pauling, “ Nature of the Chemical 
Bond,”  Cornell University Press, Ithaca, N. Y., 1960. 6 Ground- 
state bond lengths were obtained from L. E. Sutton, “ Table of 
Interatomic Distances,” Special Publication No. 11, The Chemi
cal Society, London, 1958. c oka* represents the ground-state 
longitudinal polarizability of the molecule (see ref 1  for details 
and sources). d Transition-state bond lengths = r° +  1.0 A.

The distances t a a * ,  T b b * ,  and re are the transition state 
bond lengths A-A*, B-B*, and the average of the equi-

(1) S. W . Benson and G. R. Haugen, J. A n . Chem. Soc., 87, 4036 
(1965).
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Table II

Reaction0 
AA* + BB* -4- 

products Uaa*6 Ebb*0 Einth Ee,b
Ætotal0a,0d,6

0°K
■Eact”*1011/ , '

298°K 298°K
A E°,i 

298°K

a-1 HF +  CH ; CH 75.4 12.7 9.64 25.2 53.3 52.1
+  CH3C ; CH" 8.09 48.7 47.5
+  CH3C ; CH' 8.09 48.7 52.5
+  CH3C : CCHs 5.95 46.6 45.4

a-2 HC1 +  CH : CH 37.0 12.7 9.50 2.63 37.6 36.4 — 24.01
+  CH3C : CHe 8.09 33.0 31.8 - 2 0 .22
+  CH3C ; CH' 8.09 33.0 36.8 - 2 0 .23
+  CH3C : CCH3 5.95 30.9 29.7 - 1 7 .92

a-3 HBr +  CH ; CH 32.2 12.7 9.35 1.06 34.5 33.3 - 2 6 .23
+  CH3C : CH' 8.09 29.9 28.7 - 2 4 .22
+  CH3C : CH' 8.09 29.9 33.7 - 2 4 .23
+  CH3C ; CCH3 5.95 27.8 26.6 -2 0 .92

a-4 HI +  CH ; CH 25.5 12.7 9.44 0.16 28.6 27.4
+  CH3C ; CHe 8.09 24.0 22.8
+  CH3C : CH' 8.09 24.0 27.8
+  CH3C ; CCHS 5.95 21.9 20.7

a-5 HH +  C H ; CH 38.5 12.7 10.0 0.00 41.2 40.0 S 2 5  ±  1° - 4 1 .D
+  CH3C : CH 8.09 36.6 35.4 è35 ±  3* - 3 8 .84
+  CH3C ; CCH3 5.95 34.5 33.3 - 3 6 .04

a-6 F2 +  CH : CH 81.5 12.7 11.3 0.00 82.9 81.7
+  CH3C ; CH 8.09 78.3 77.1
+  CH3C ; CCHs 5.95 76.2 75.0

a-7 Cl2 +  CH ; CH 36.0 12.7 9.89 0.00 38.8 37.6 - 4 8 .23
+  CH3C ; CH 8.09 34.2 33.0 - 4 6 .62
+  CH3C ; CCH3 5.95 32.1 30.9 - 4 3 .92

a-8 Br2 +  CH ; CH 31.0 12.7 9.52 0.00 34.2 33.0 - 3 6 .13
+  CH3C i CH 8.09 29.6 28.4 - 3 3 .22
+  CH3C ; CCHs 5.95 27.5 26.4 - 3 0 .42

a-9 I2 +  CH ; CH 22.6 12.7 9.21 0.00 26.1 24.9
+  CHsC ; CH 8.09 21.5 20.3
+  CH3C ; CCH3 5.95 19.4 18.2

0 r„, the distance between the dipole centers (in Angstroms) is a-1, 2.20; a-2, 2.39; a-3, 2.47; a-4, 2.55; a-5, 2.07; a-6 , 2.32; a-7, 
2.66; a-8 , 2.80; 1-9,2.96. (See ref 1 for details.) b See ref 1. c Kthermai is —1.2 keal/inole for all the reactions tabulated in this table. 
d Standard heat of reaction at 298°K. AE° (298°K) was calculated from the following tables of thermodynamic properties: (1) Na
tional Bureau of Standards Circular 500, U. S. Government Printing Office, Washington, D. C., 1950; (2) bond additivity properties, 
S. W. Benson, “The Foundations of Chemical Kinetics,”  McGraw-Hill Book Co., New York, N. Y., 1960; (3) group additivity prop
erties, S. W. Benson and J. H. Buss, J. Chem. Phys., 29, 546 (1958); (4) American Petroleum Institute, Research Project 44 (1953). 
'  “ Markovnikov”  addition; Epomt charge is zero (see ref 1). '  “ Anti-Markovnikov”  addition; 2?p„int charge is +5.0 kcal/mole (see ref 1).
° J. E. Douglas, B. S. Rabinovitch, and F. S. Looney (J. Chem. Phys., 23, 315 (1955)) noted the absence of H2 and D2 in their investiga
tion of the cis-trans isomerization of CHD=CHD at 820°K. This implies that the molecular rate is less than or equal to 10% of the 
observed isomerization rate. This requires a lower limit of 25 kcal/mole for the activation energy of the hydrogenation reaction (the 
molecular rate was assumed to have the form 1013~ E//e). The investigation by K. Kuratani and S. H. Bauer (J. Am. Chem. Soc., 87, 
150 (1965)) of the rate of exchange of C2H2 and D2 (a future publication will describe a possible chain mechanism for this exchange) 
also places a lower limit of 25 kcal/mole on the hydrogenation reaction. h Szwarc (J. Chem. Phys., 17, 284 (1948)) investigated the 
pyrolysis of CH3CH=CH 2 at a mean temperature of 1050°K. The unobserved molecular rate cannot be greater than 10% of the 
observed rate of pyrolysis. A reasonable rate for the molecular dehydrogenation would be 1 0 is.o-Em/e  ̂ 0Onsequently establishing a 
lower limit for Em of 77 kcal/mole and a lower limit for hydrogenation of 35 kcal/mole.
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tent of binding of the bispyridinium ions. The de
pendence of the binding ratio r on the total N a+ con
centration (from the neutralization of the polyacid and 
from the added salt) was found to be of a very simple 
form, with r(Na+) 2 having a nearly constant value for 
any given polyacid, degree of neutralization, and bola- 
form counterion. This generalization is illustrated in 
Table II on the binding of P2 and PX  by the half- 
ionized polymeric acids. It suggests that the number 
of countercharges site-bound near the ionized groups 
of the polyion is independent of whether these charges 
belong to univalent ions or to bolions. The equilibrium 
of this process may, therefore, be represented by

No, of carbon atoms between 
cationic charges

Figure 2. Dependence of the binding ratio r on the 
spacing of the cationic charges of bolions P2, P3, P4, PX, 
and P10. Polymeric acid concentration 0.02 jV; degree 
of ionization a =  0.5; NaBr concentration 0.02 N).

is being extended. The dependence of the site-binding 
efficiency on the stereoisomerism of the chain is difficult 
to interpret. It should be noted, in any case, that the 
bolion PX, in which the spacing of the pyridinium resi
dues is similar to that to be expected from 1,6-hexa- 
methylenebispyridinium, is bound more tightly to all of 
the polyanions than expected on the basis of its charge 
separation. This may be accounted for by the rigidity 
of the PX  structure, which reduces the loss of entropy 
when the two cationic centers are restrained to lie close 
to two ionized groups of the polyanions. The extent 
to which hydrophobic bonding contributes to the bind
ing of PX  may be assessed from results obtained with its 
singly charged analog Q. Under conditions comparable 
to those illustrated in Figure 2, the binding ratio r for 
Q is 0.38 with s-PMA and 0.26 with PAA.

It would be expected that an increase in the concen
tration of added sodium bromide would reduce the ex-

Table I : The Dependence of P2 Binding to Half-Neutralized 
PAA on the Normality of Carboxylate Groups Carried 
by the Polymer Acid (Cpa)

CNaBr Cpa r r/Cpa

0 . 0 2 0 . 0 2 8.03 401
0 . 0 2 0 . 0 1 4.58 458
0 . 0 2 0.005 2.27 454
0.04 0 . 0 2 3.29 164
0.04 0 . 0 1 1.55 155
0.04 0.005 0.80 160
0.06 0 . 0 2 1 . 0 2 51
0.06 0 . 0 1 0.80 80
0.06 0.005 0.40 80

Bolf2+ +  (Nab+)2 ! Bolb2+ +  2NatH (1)

We are representing here the bound sodium ion as 
(Xab+)2 to emphasize that on binding of a bolion two 
Na+ ions are released from site binding to the same 
macromolecule. We should note that in the process 
represented by eq 1 the charge of the polyion with the 
site-bound counterions remains unchanged. This con
clusion is supported experimentally by the observation

Table II : Dependence of the Binding of P2 and PX by 
Half-Ionized 0.02 N  Polymeric Acids on the 
Concentration of Na+ Counterions

Bolion Polymer (Na+), N

P2 PAA 0.03 
0.05 
0.07

P2 i-PMA 0.03
0.05 
0.07

P2 s-PMA 0.03
0.05 
0.07

PX PAA 0.03
0.05 
0.07

PX i-PMA 0.03
0.05 
0.07

PX s-PMA 0.03
0.05 
0.07

r 10*r(Na+)2 10V(Naf+)2

4.58 41,2 28.6
1.55 38.8 31.4
0.80 39.2 33.8
3.02 27.2 18.9
0 . 8 8 2 2 . 0 17.8
0.40 19.6 16.9
4.15 37.4 25.9
1.52 38.0 30.8
0.73 35.8 30.8
3.85 34.7 24.1
1.32 33.0 26.7
0.73 35.8 30.8
3.34 30.1 20.9
1.04 26.0 2 1 . 1
0.53 26.0 22.4
7.45 67.0 46.6
3.03 75.7 61.2
1.46 71.5 61.7

that addition of small amounts of bolion salts to par
tially ionized polycarboxylic acids does not lead to an 
appreciable drop of pH, as would be expected if bolion 
binding reduced the polyion charge and increased, in 
consequence, the acidity of the carboxyl groups. Since 
the number of Na+ counterions bound to a polyanion 
appears to depend little on the concentration of

The Journal of Physical Chemistry



Notes 3339

Q*\b) =  (I — T — 1 In 2) +  In 6 +

1 -  T\b + l) + rT
Ei{b) — In b — r  —

1  7, 2 hheb -  - /  +  2 
o b2 +  2 Ei{—b) — In b — T +

V »  -  V
b b2

Qnel(b) =  2/3 +  T -  2 +  -e ^ l  +  ~ +  I )  -

Ei(b) +  T(b)[2T(b) -  2 ] - 1

T(b) =  ex p (-ò ) Ì +  6 +  .H
= 0.4609; r  = 0.5772; Ei(b) =  T  C V

«7  —  co
di

Qualitatively, our result is in agreement with the con
ductance formula of Fuoss and Onsager.1 In particu
lar, the relaxation field strength is nearly equal in both 
cases. It is given by

iK ~  6(1 t v q )  r f E
In ju +  N  +  eb X

h +0 Ei(b) +  0 (m3)

Only the function N is different. In our result, N is con
stant; N =  —0.0010. Fuoss and Onsager get

1V = N(b) =  3[1.486 -  4.32 exp(-1.176)]

N(b) depends weakly on b. Our formula for the elec
trophoretic force differs from that of Fuoss and Onsager 
by a term ¡x1 2 log n, and there is only qualitative agree
ment in the n2 term. The main difference between the 
conductance formulas is due to the contribution of the 
short-range forces. In the case of high b values (6 »  1) 
we retain only the first term of the asymptotic expan
sion and get

<j/ cro =  1 — K ac

AttLa2 eb 
A =  1000 b

where c is the concentration in moles per liter and KA is 
the association constant. This formula is in agreement 
with B j errum’s theory of ionic association. The asymp
totic result of Fuoss and Onsager is

K a =
ArLa3 b 
3000 e

The difference between the Fuoss-Onsager formula and

ours has its origin in the calculation of the contribution 
of the short-range forces (osmotic term). In our cal
culation, the terms of order eb in the electric and short- 
range forces are equal with opposite sign and only terms 
of order eb/b remain. In an earlier paper, it was shown 
by rigorous statistical considerations that, in the case 
of thermodynamic equilibrium, the properties of ionic 
solutions, which have large values of b, are also de
scribed by Bjerrums’s theory.4

Acknowledgment. The authors wish to thank Pro
fessors H. Falkenhagen and G. Kelbg for many help
ful discussions.

(4) W . Ebeling and G, Kelbg, Z. Physik. Chem. (Leipzig), in press.

C 3 F 7  +  C 2 H 5  and C 2 F 6  +  C 2 H 5  Disproportionation/ 
Combination and Cross-Combination 
Ratios. A Reexamination1

by G. O. Pritchard and R. L. Thommarson

Department of Chemistry, University of California, 
Santa Barbara, California (Received March S3, 1966)

In our experiments on the photolysis of C3F7COC2H52 
and C2F5COC2H5,3 the title disproportionation/com- 
bination ratios were either very scattered, particularly 
for C2F5COC2K5,3 or could be represented by an Ar
rhenius plot where Eiisp — Ecomb — —2 kcal mole-1. 
Taking C3F7COC2H5 as an example, the reactions of 
interest are (C3F7 is normal)

C3F, -|- C2H5 — > C3F7H +  c 2h 4 (1)

C3F7 T  C2H5 —- ►  C3F7C2H5 (2)

c 2h 6 +  c 2h 6 — ?- c 2h 6 +  c 2h 4 (3)

c 2h 6 +  c 2h 6— >  c 4H 10 (4)

C3F7 +  C2H5COC3F7 — >
C 3 F 7 H  +  C 2 I I 4 C O C 3 F 7  ( 5 )

C2H5 +  C2H6COC3F7 — >
C2H6 +  C2H4COC3F7 (6) 

Based on the established value4 for /c3/fc4 =  0.14, the

(1) This work was supported by a grant from the National Science 
Foundation.
(2) G. O. Pritchard and R. L. Thommarson, J. Phys. Chem., 69, 
1001 (1965).
(3) R. L. Thommarson and G. O. Pritchard, ibid., 70, 2307 (1966).
(4) J. A. Kerr and A. F. Trotman-Dickenson, Progr. Reaction 
Kinetics, 1, 107 (1961).
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ethylene formed in reaction 1 was computed, and ki/k2 
was obtained.2’3 By performing a series of experiments 
at constant temperature but varying pressure, an alter
native method of obtaining ki/k2 (and fc3/fc4) is avail
able,5 and we may write 7?c3f7h/I?c«f,c2h5 = k^%- 
[ketonel/fef^OiHu +  h/fa and f2c2H6/ffc1H10 =  h[ke- 
tone]/fc4 /!f? ĈiHio T  kz/ki.

Experimental Details and Results

We have now conducted such experiments, and the 
data are presented in Figure 1 for C3F7COC2H5. A 
least-squares treatment of the runs at 92° gives an inter
cept at zero ketone concentration = ki/kt =  0.17 ±  
0.01; the data at 237° yield a value of ki/k2 =  0.23 
±  0.03. The previous values2 of this ratio varied be
tween 0.38 at 80° and 0.16 at 256°, leading to the con
clusion that Ei — Ei = —2200 cal mole-1 ; the average 
value was 0.27. The present data negate the reported2 
temperature dependence; the experiments at 92° cer
tainly do not lead to an intercept at ~0.4. It would 
seem that ki/k2 is best represented by ^0.2 , independ
ent of temperature. The original data2 were based on 
mass spectrometric analysis, while in the present ex
periments vpc was employed.3 As an internal check, 
the ratio RcinJ Rcjiia was obtained; this is arbitrarily 
extrapolated to kz/kt =  0.14 at zero concentration in 
Figure 1.

Values of the cross-combination ratio, 
were found to be 3.15 ±  0.1 at 237°, and 2.56 (range

C3F7 +  C3F7 — > C6F14 (7)

2.41-2.87) at 92°, which, if significant, leads to E* — 
1/2{E 1 +  E-,) =  0.53 kcal mole-1. This is lower than 
the previous value2 of 1.9 kcal mole-1 based on values 
of fc2/(fc4fc7) 1/2 varying from 1.4 at 80° to 4.5 at 256°; 
the average value was 2.6. A value of 3.2 has also been 
quoted,4 based on some rather scattered data.6

The data derived from C2F6COC2H5 photolysis 
(Figure 2) are much less precise. Several series of ex
periments were carried out at 132°, but the experi
mental scatter (see Figure 2A) could not be eliminated. 
Under the chromatographic conditions employed3 the 
C4FX0, C4H10, C2F6H, and C2F5C2H6 were eluted from the 
column in 1.7, 3.2, 5.7, and 9.9 min, respectively; the 
peaks were distinct and well formed, and mass spec
trometric analysis established that each peak repre
sented a pure compound. A least-squares treatment 
gives kI'/h' (for C2F6 and C2H5) =  -0 .2  ±  0.3 (stand
ard deviation). The data are also presented in Figure 
2B together with two sets of experiments conducted at 
265°. The slopes of the two lines at 265° differ almost 
exactly by a factor of 2. The experiments leading to 
the lesser slope were performed first, followed by several

Figure 1. Plots of ÄC3F7H/ÄC3F7C2H5, O at 237°, • at 92°, 
and ÄC2H6/ß c 4Hi0, 9  at 92°, both vs. [ketone]/RVciHiq.

[Ketone ] / i 2 l/2C4Hio.

Figure 2. A, plot of ,Kc2F6h/.Rc2F5C2H5 vs. [ketone]/¿J‘/ !C4Hio 
at 132°; B, the same plot at 265°, O (two series), 
and 132°, •; also _Rc2H6/iiC4Hio at 156°, 9.

series of experiments at 132°, which were rejected. On 
returning to the original temperature, the line of greater 
slope was obtained. It may be that some undetected 
error or change in a calibration factor was involved. 
The data that we have reported at 132° were then

(5) K . O. Kutschke, M. H . J. Wi.jnen, and E. W . R. Steacie, J. Am. 
Chem. Soc., 74, 714 (1952).
(6) G. O. Pritchard, Y . P. Hsia, and G. H. Miller, ibid., 85, 1568 
(1963).
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Nitrogen Adsorption on Iridium and Rhodium1

by V. J. Mimeault and Robert S. Hansen

Institute for Atomic Research and Department of Chemistry,
Iowa State University, Ames, Iowa (Received February 24, 1966)

According to Bond,2 nitrogen is not chemisorbed on 
group VIII-B metals. We have found this to be the 
case for iridium and rhodium by the absence of a pressure 
incre ase on heating a sample filament (Ir or Rh) dosed 
with nitrogen at 300°K. However, we have found 
some evidence that nitrogen adsorption does occur on 
iridium and rhodium if the nitrogen is thermally ac
tivated. The source of this thermal energy is the hot 
tungsten filaments present in conventional ionization 
gaug es. This note is a summary of our findings.

The vacuum system and experimental procedure are 
described elsewhere.3 Nitrogen gas was leaked into 
the vacuum system until the steady-state pressure was 
4 X 10~7 torr. On flashing the filament, either iridium 
or rhodium, the total pressure increase was measured 
with a Bayard-Alpert ionization gauge containing a 
thoriated tungsten filament operating at 0.4-ma emis
sion, and the partial pressure increase was measured 
wit h a small bakeable mass spectrometer. The resid- 
uaL gases present in the background were less than 
0.5%  of the total nitrogen pressure. It was observed 
that under these conditions, no adsorption of nitrogen 
occurred as indicated by the absence of a pressure in
crease on flashing after dosing the filament for 15 min 
at 300°K. At this pressure (4 X 10-7 torr), enough 
molecules strike the surface to form a monolayer in 
se:c (if the sticking probability is unity). Since the 
flash filament technique is capable of detecting 0.02 
monolayer, the absence of a pressure increase on flash
ing implies that the amount of adsorption was negligi
ble.

Nitrogen adsorption can be made to occur on iridium 
or rhodium if the tungsten filaments in the Nottingham 
ion gauge4 * are operated at a temperature Tt greater 
than 2000°K. Since no direct line of sight exists be
tween the tungsten filaments and the iridium or rho
dium filament, a particle must make many collisions 
with the glass walls of the vacuum system in traveling 
from the tungsten filaments to the sample filament. 
The amount of nitrogen desorbed is proportional to 
the dosing interval for fixed T{, and the proportionality 
constant increases strongly with T{ (Figure 1). The 
adsorbing iridium or rhodium filament was held at

300°K during dosing. A plot of the log of the amount 
of nitrogen desorbed for fixed dosing period (this 
amount is proportional to the adsorption rate constant) 
against 1/Tf is linear as shown in Figure 2. The slope 
of this plot corresponds to an activation energy of 58 
kcal/mole, which is approximately one-fourth the dis
sociation energy of molecular nitrogen (226 kcal/mole).

TIME (min)
Figure 1. Desorption of nitrogen from iridium as a function 
of dosing time and temperature of the ion gauge filament.

During the long adsorption time, there was appreciable 
adsorption of CO from the ambient background im
purities. The low-temperature (short time) mass 28 
peak in Figure 3 is due to carbon monoxide, as is shown 
by the coincident peak in the mass 12 fragment. Figure 
3 also shows that the high-temperature peak consists of 
14N2, 14N 15N, and 15N2 in substantially statistical ratio 
although the dosing mixture contained only 14N2 and 
I5N2. Hence, substantially complete scrambling of iso
topes has occurred in the adsorption-desorption proc
ess. This strongly indicates that the nitrogen has been 
adsorbed as independent atoms mobile on the surface 
at a temperature below the desorption temperature. 
The high desorption temperature (~1000°K) indicates 
strong binding of the nitrogen to the surface which is 
also consistent with atomic adsorption.

The adsorption of nitrogen on iridium and rhodium 
can be explained by a model based on the dissociation

(1) Work was performed at the Ames Laboratory of the U. S. 
Atomic Energy Commission. Contribution No. 1862.
(2) G. C. Bond, “Catalysis by Metals,” Academic Press, New 
York, N. Y „  1962.
(3) V. J. Mimeault and R. S. Hansen, J. Chem. Phys., in press.
(4) W . B. Nottingham, Natl. Symp. Vacuum Technol. Trans., 1,
76 (1954).
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4.0 45 5.0

J24 (.K)-l

Figure 2. Dependence of the rate of adsorption 
of activated nitrogen on iridium on the 
temperature of the activating source.

Figure 3. Desorption of nitrogen isotopes from rhodium 
dosed at 300°K with a mixture of 14Ns and 16N2. The 
curves are translated vertically for clarity. The arrows in 
each case relate the curve to the appropriate scale.

of molecular nitrogen on the hot tungsten filament, with 
the atomic nitrogen produced largely recombined 
catalytically on the glass walls so that a steady-state 
atomic nitrogen concentration is maintained by the 
balance of thermal dissociation and catalytic recom
bination. The rate of adsorption on the rhodium or 
iridium filament is then proportional to the steady- state 
concentration of atomic nitrogen. Let Ne, Nw, and 
Ng be the nitrogen atom concentrations (volume or sur
face as appropriate) in the gas phase and on the tung
sten and glass surfaces, respectively, and let N2(g) be 
the gas phase concentration of molecular nitrogen. The 
model is summarized in eq 1-3

£ , k'
1/2N2(g)  ̂ Nw — *■ Ne (thermal dissociation) (1)

K'
Ng ~ Ng (adsorption) (2)

k"
2Ng — N2(g) (catalytic recombination) (3)

plus the steady-state assumption that Ng is produced 
by reaction 1 and consumed by reactions 2 and 3 at the 
same rate.

The rate of production of atomic nitrogen due to the 
hot filament is

= k'Nw = VKPh *  = kPn/ /! =

Ae-A Bi*/btPn v. (4)

where AH *  is the effective activation energy and A is 
the preexponential term for the over-all reaction 1; 
presuming the transition state for the second reacti on 
is very nearly desorbed atomic nitrogen, as seems likely, 
A Hi* =  113 kcal, i.e., half the dissociation energy of 
nitrogen.

From reactions 2 and 3 we obtain for the rate of re
combination of atomic nitrogen on the glass

~ ( d̂ t)a = k"N°2 = (5)
For steady state, the production of atomic nitrogen act- 
cording to eq 4 must be balanced by its consumption 
according to eq 5, i.e.

fcPN lh =  k"(K'Ngy  (6)

or

N * =  { v )  V o - '-P m 7* (7)

The rate of adsorption is assumed proportional to Ne. 
Of the rate constants on the right side of eq 7, only k 
changes as T{ is varied. The effective activation energy 
for atomic nitrogen adsorption should hence be half
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Table II

System Tc/deg K M e Ve/era3 HE/cal
r0vE/fiE
deg bar“ 1

dT0/dP 
deg bar-1

Carbon disulfide +  acetone 2 2 2 0.34 0.5“ 250“ 0 . 0 1 1 0 .0 R
Triethylamine +  water 292 0.90 -1 .3 0 380 0.024 0 . 0 2 1
n-Perfluoroheptane +  2,2,4- 296 0.62 4.33 480 0.065 0.065

trimethylpentane 
1 -Hydro-ra-perfluoro- 

heptane +  dioxane 308 0.82 1 . 1 0 235 0.035 0.028

“ Extrapolated from room temperature using data from ref 20 and 21. (The a’s from Staveley, et al.,m predict an excess volume 
independent of temperature, which is surely wrong.) b Winnick21 has observed critical solution phenomena at 271 °K and 5000 bars 
(*c about 0.3). If T,. is linear in P up to these pressures, these data combined with those of Clusius and Ringer19 yield dTc/dP = 
0 . 0 1 0  deg bar-1.

while slowly stirring the mixture with a glass-enclosed 
magnetic bar and while cooling the bath at a rate of 
0.1°/min or less. From three to eleven points were 
determined for each system. Within experimental 
error all the curves (ATC vs. P) were linear.

Results
The derivative dTJdP was determined for nine sys

tems. The estimated precision of Tc (at 1 atm) is 
±  0.05°; the standard deviation a- for dTc/dP is given 
in Table I.

Timmermans reported values of T0 and dTJdP of 
315.6°K and 0.032 deg bar-1, respectively, for methanol 
+  n-hexane. Hildebrand’s results16 for n-perfluoro- 
heptane +  2,2,4-trimethylpentane are 295.45°K and 
0.0653 deg bar-1, while Dunlap and Furrow6'16 ob
tained values of 296.57°K and 0.0665 deg bar-1.

There are sufficient dasa available to compare dTc/  
dP with T0Ve/He (eq 3) for four systems: carbon
disulfide +  acetone,17-21 triethylamine +  water,3;22-24 
n-perfluoroheptane +  2,2,4-trimethylpentane,6’16’26’26 
and 1-hydro-n-perfluoroheptane +  dioxane.27,28 Table 
II shows the good agreement for these four systems.

The reasonable agreement (20%) of the fourth sys
tem is especially surprising since VK and /7E clearly do 
not have the same over-all functional form. The heat of 
mixing is a sigmoid curve, negative for small values of x2, 
positive for larger values; the volume change is positive 
for all compositions.28 However, all that is required 
to obtain eq 3 is that VE and /7E have the same func
tional form in the critical region, i.e., for mole fractions 
in the neighborhood of the critical composition.

Further thermodynamic measurements on these and 
other systems near the critical solution point are re
quired before the range of validity of the approximate 
eq 3 can be established.
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Relationships between Electrode Potential and 

Related Functions, and the Hydrogen Content 

of Alloys of 40% Silver and 60% Palladium

by A. W. Carson and F. A. Lewis

Chemistry Department, The Queen’s University of Belfast,
Belfast, Northern Ireland {Received May 81, 1966)

Some preliminary results have been reported earlier1 
of the values of electrode potential, E, corresponding

(1) F. A. Lewis and W . H. Schurter, Naturwiss., 47, 177 (1960).
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Figure 1. Plots of electrode potential (filled symbols) and relative electrical resistance (open symbols) against time during 
absorption of hydrogen by wires of 0.0122-cm diameter (coated electrolytically with palladium black) immersed in 
hydrogen-saturated and stirred 0.02 N  HC1 at 25°.

to arrests or the maximum values of partial arrests, 
in plots of changes of E against time obtained during 
the absorption of hydrogen by both “ bright”  and 
“ palladized”  wire specimens of a series of Pd and Ag 
alloys. These arrests have been described1 as “ po
tential plateaux”  associated with regions of hydrogen 
content over which a- and /3-phase hydrides coexist.

The purpose of the present note is to report that the 
40% Ag alloy has since been found to have been non- 
homogeneous. This is shown here to have given rise 
to apparent plateau potentials unrepresentative of a 
homogeneous alloy and to related errors in the deriva
tion2 3 4 5 of pressure-composition relationships from the E 
against time plots.

Chemical analyses carried out at three independent 
laboratories each confirmed that the original sample 
contained only Pd and Ag (except for trace amounts of 
other metals), that the over-all Ag content was 40 ±  
0.5% Ag, and that this content was virtually constant 
along the whole length of wire samples available. 
Nevertheless, the specific electrical resistance (25°) 
was substantially lower (~23 X 10~6 ohm cm-1) 
than values cited by previous investigators3,4 (^40 X 
10-6 ohm cm-1), and X-ray powder photographs indi
cated the surface layers to have a substantially higher 
content of Ag (~55-58%  Ag). These physical 
measurements suggested the possibility of an in
homogeneity of composition across the diameter of the

0.0122- and 0.0274-cm diameter wires available. This 
was confirmed by an X-ray fluorescent “ microprobe”  
analysis6 of a section across the diameter of a 0.0274- 
cm diameter wire. This not only showed the surface 
to be relatively poor in palladium, but also revealed, 
in the interior, well-marked (though rather unsym- 
metrically distributed) regions which contained >70%  
Pd.

Changes of E and of relative electrical resistance, 
R/R0 (where R0 is the resistance when free of hydrogen), 
with time in hydrogen-saturated 0.02 N HC1 (chosen 
to reduce errors resulting from coconduction of the 
“ measuring current” through the electrolyte6) of a 
“ palladized”  specimen (0.0122-cm diameter) of the 
inhomogeneous 40% Ag alloy available to Schurter1 
are drawn in Figure la and show an apparent potential 
plateau at ~ 4  mv, close to the values of 6 mv reported 
earlier,1 which had been recorded with a specimen from 
the 0.0274-cm diameter sample. Figure lb  shows 
the very different measurements of changes of the same 
parameters under the same experimental conditions

(2) F. A. Lewis, Platinum Metals Rev., 5, 21 (1961).
(3) B. Svensson, Ann. Physik, [5] 14, 699 (1932).
(4) W . R. G. Kemp, P. G. Klemens, A. K. Sreedhar, and G. K. 
White, Proc. Roy. Soc. (London), A233, 480 (1956).
(5) This was carried out by Metals Research Ltd., Cambridge, 
England.
(6) See, e.g., J. C. Barton and F. A. Lewis, Talanta, 10, 237 (1963).
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for a further alloy also with a composition (confirmed by 
chemical analysis) of 40% Ag-60% Pd. Measure
ments of lattice parameter and of specific electrical 
resistance (39.36 X 10-8 ohm cm-1 at 25°) of this 
newer alloy were in keeping with those reported for this 
composition by previous investigators.8’4’7 Further
more, the form of the R/R0 against hydrogen content 
relationship which may be derived from the E against 
time plot (assuming the absorption of hydrogen to be 
governed by transport of hydrogen molecules through 
solution8) is similar in form to relationships obtained 
earlier by Rosenhall9 for a 40% Ag alloy. Finally, the 
form of the initial changes (for times up to ~ 2 0  min) 
of the R/R0 against time curve for the “ original” 
alloy, in Figure la, also seem in keeping with the surface 
being richer in silver than the interior, since here these 
changes reflect relationships between hydrogen con
tent and R/Ro characteristic of homogeneous alloys 
containing 50-55% Ag.9’10

Nevertheless, however, despite the obvious dif
ferences in detailed results between the two specimens, 
the hydrogen content of the more recently prepared 
alloy [H/Me (atomic ratio of hydrogen to total number 
of metal atoms) ~  0.24] in equilibrium at 25° with hy
drogen at 1 atm pressure (E ~  0) was the same, within 
experimental error, as the value quoted earlier1 for the 
inhomogeneous alloy.

In a recent account of a related experimental study, 
Makrides11 has reported that he was unable to find 
evidence to suggest that it was possible for Pd and Ag 
alloys containing >40%  Ag to form /3-phase hydrides 
at 25°. However, the plot of E against time for the 
homogeneous alloy in Figure lb illustrates a fairly 
distinct change of slope followed by a shoulder occurring 
at and after E ~  120 mv. Indeed, in a further experi
ment at 0° the E against time curve exhibited a brief 
minimum, over potentials close to £  ~  120, which 
could perhaps be associated11 with “ supersaturation” 
prior to nucleation of a second /3-phase. Even if not 
indicative of the onset of a region of coexistence of a- 
and /3-phase hydrides, the “ quasi-arrest”  at 25° seems 
still related in general form to the more pronounced 
but still rather imperfectly invariant arrest cited1 
as a potential plateau for a 26% Ag alloy, results for 
which together with a complementary R/R0 against 
time measurements also are illustrated in Figure lb. 
Pressure-composition isotherms at 25° derived from 
E against time curves for these alloys have shapes sug
gestive of isotherms not too far removed in tempera
ture from critical isotherms defined with respect to 
coexistence of a- and (3-phase hydrides.

Acknowledgment. We are indebted to the Inter

national Nickel Co. (Mond) Ltd. for the preparation 
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the award of a research grant to A. W. C.

(7) F. Kruger and G. Gehm, Ann. Physik, [5] 16, 174 (1933).
(8) See, e.g., J. C. Barton, W . F. N. Leitch, and F. A. Lewis, Trans. 
Faraday Soc., 59, 1208 (1963).
(9) G. Rosenhall, Ann. Physik, [5] 24, 4 (1935).
(10) Results to be published.
(11) A. C. Makrides, J. Phys. Chem. 68, 2160 (1964).

The Self-Diffusion Coefficient of Sodium 

Dodecyl Sulfate Micelles

by J. Clifford and B. A. Pethica

Unilever Research Laboratory, Port Sunlight, Cheshire, England 
{Received May 81, 1966)

In a recent paper1 Mazo derived an expression for 
the concentration dependence of the self-diffusion co
efficient of micelles and compared it with experimental 
results obtained by Stigter, Williams, and Mysels2 
for sodium dodecyl sulfate micelles. Agreement is 
good except for solutions containing only surfactant 
and water with no added salt.

The measurements of Stigter, Williams, and Mysels 
have been criticized on the grounds that the extensive 
glass surface of their apparatus catalyzes the hydrolysis 
of the sulfate to the alcohol.3 The presence of dodecyl 
alcohol affects both the critical micelle concentration 
(cmc) and the properties of the micelles. The over-all 
effect would be expected to be greatest at low concen
trations of dodecyl sulfate and in the absence of added 
salt.

As data on micellar self-diffusion were required for 
studies of counterion mobility in these systems,4 
we measured the self-diffusion of sodium dodecyl sul
fate in aqueous solution without added salt by a tech
nique not subject to the above objection.

The Anderson and Saddington5 capillary method was 
employed. The apparatus and the materials used 
have been described.4 Capillaries of 0.1-cm bore and
1.5-cm length were used. Azobenzene was used as a 1 2 3 4 5

(1) R. M. Mazo, J. Chem. Phys., 43, 2873 (1965).
(2) D. Stigter, R. J. Williams, and K . J. Mysels, J. Phys. Chem., 59, 
330 (1955).
(3) K . J. Mysels and L. H. Princen, ibid., 63, 1699 (1959).
(4) J. Clifford and B. A. Pethica, Trans. Faraday Soc., 60, 216 
(1964).
(5) J. S. Anderson and K. Saddington, J. Chem. Soc., S381 (1949).
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suggested that the effect is associated with differences 
in the size of the nickel crystallites on the different 
supports. It is emphasized that such an explanation 
would require an influence of crystallite size over and 
above an effect on the extent of metal surface area, since 
the effect of the latter is accounted for in the determi
nation of specific catalytic activity. Such an effect 
of crystallite size on specific activity may well exist 
and may account, in part, for the observed effect of 
the support. According to this line of reasoning, the 
higher catalytic activity and greater dispersion of nickel 
on silica or alumina as compared to silica-alumina indi
cate that the intrinsic catalytic activity is greater for 
the smaller crystallites. However, the catalytic data 
on the effect of nickel concentration indicate just the 
opposite, since increasing the nickel concentration 
increases crystallite size and activity correspondingly. 
Thus, one does not obtain a completely consistent 
explanation on the basis of crystallite size effects alone. 
The possibility of an optimum crystallite size for 
catalytic activity has been considered, but it would be 
difficult tq establish such an effect from the available 
data.

The results of the present study indicate that the 
influence of the support on the catalytic properties of 
nickel is a more complex effect than one of gross dif
ferences in the reducibility of the metal or of crystallite 
size. The true nature of the effect remains to be seen. 
It is to be noted that the effect is particularly important 
at low metal concentrations.

van der Waals Volumes and Radii of 

Metals in Covalent Compounds

by A. Bondi

Shell Development Company, Emeryville, California 
(.Received April 19, 1966)

In an earlier paper,1 an attempt was made to estimate 
van der Waals radii of metallic atoms. Additional 
consistent data could not be obtained from X-ray dif
fraction patterns of organometallic compounds. Yet, 
the increasing interest in organometallic compounds 
makes it desirable to correlate their properties within 
an existing body of property correlations. Hence, 
those van der Waals volumes of several compounds 
have been calculated which yield the correct number 
of external degrees of freedom (3c) per molecule when

linked with the known density and heat of vaporization 
data.1

With most metal alkyl compounds, such as dimethyl 
cadmium, free rotation of the alkyl group around the 
metal-carbon bond can be assumed, so that, for 
example, for CdMe2 3c «  7, etc. The van der Waals 
volume increments and radii of various metallic ele
ments that are compatible with that requirement are 
listed in Table I. It is noteworthy that these Vw in
crements are of the same order as the electronic polariz
ability [12]co (and as the atomic volume of the element 
in its metallic state), a well-known result of classical 
physics for the case of conducting spheres.

Table I : van der Waals Volumes and Radii of Several 
Metals Derived from Metal Alkyl Data“

E°, VW(X), [Eleo,
kcal/ 0 L , cm8/ rw(X), cm3 */

Compd mole ■K 3c X mole A mole

ZnMe2 7.78 378 6 . 2 Zn 8.93 1.39 8.9
ZnEtî 1 0 . 1 0 445 6.9 Zn 8.93
CdMe2 9.57 443 6.5 Cd 12.46 1.62 12.7
HgMe2 8.91 420 6.4 Hg 13.30 1.70 13.8
PbMe4 9.79 482 6 . 1 Pb 17.8 17.9

T  is the energy of vaporization at that temperati re at
which the ratio of molai volume to van der Waals vt lume
(V /V w) = 1.70. 0 l  is the characteristic temperature of 1 iquid 
= E°/5cR, determined experimentally as 1.535 X (temperature 
(°K) at which V/V,„ = 1.80). rw is the van der Waals radius. 
Vw is the van der Waals volume. [R]» is the molar refracti vity. 
References to the definitions and physical meaning of the first 
four items are given in ref 1 .

The proximity of the Vw increments to [72 ]„ is some
what fortuitous because the increments were cal
culated for connection with carbon and would have 
been somewhat (but not very) different had they been 
calculated for combinations with other elements. The 
primary result of this investigation is the suggestion 
that the readily available Lorentz-Lorenz refractivity 
[R ]. of metals2 can be used as a starting point for the 
estimation of Vw and of rw of metals in metal organic 
compounds.

Should the indicated relation be valid for metal 
atoms generally, it would mean that the electron 
density of metal atoms decreases far more steeply 
with distance outward from the point of maximum 
electron density3 than is the case with the atoms of

(1) A. Bondi, J. Phys. Chem., 68, 441 (1964).
(2) S. S, Batsanov, “Refractometry and Crystal Structure,” Con
sultants Bureau, New York, N. Y ., 1961.
(3) J. C. Slater, "Quantum Theory of Molecules and Solids,” Voi.
II, McGraw-Hill Book Co., Inc., New York, N. Y ., 1965, p 106 ff.
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In this note, the total heat of adsorption has been 
correlated with coverage taking into consideration the 
validity of Aston’s equation, for lateral interaction, 
mentioned above. Consequently, this helps to evaluate 
the heat of adsorption due to the smooth part, that is, 
the part having the minimum adsorbable energy of the 
total surface concerned. The heat of adsorption data 
of Aston, et al.,n on Ne-, Ar-, and Kr-graphitized carbon 
black and -zinc crystal systems and Beebe, et al.,u on 
the N2-Graphon system have been used for calculations.

Results and Discussion

The curves given in the respective papers of the afore
said authors were traced on transparent coordinate 
papers very carefully to calculate the heat of adsorp
tion. In the case of N2 adsorption on Graphon,14 a 
part of the curve was smoothly drawn on the traced 
graph and the values of the heat of adsorption were then 
calculated.

The surface of any solid is not very smooth.15 16 For 
mostly smooth surfaces, viz., graphitized carbon black, 
Aston, et al.,Ua have shown that the differential energy 
of lateral interaction (E) is related to the coverage (0) 
as E = (a/b)9, where a and b are van der Waals con
stants for the gas concerned. According to Aston, 
et al., the deviation at low coverage is due to surface 
heterogeneity. It is a common practice to consider the 
absence of heterogeneity and lateral interaction in cases 
where the heat of adsorption remains constant with 
increasing coverage. However, it is not a poor idea, in 
accordance with Brunauer,16 to assume that the com
pensating contributions of the two effects may yield a 
constant heat of adsorption. Thus the total energy 
of adsorption (say the heat of adsorption) on any surface 
at any coverage per mole is that due to the minimum 
adsorbable energy sites (say the sites at the homogen
eous part of the surface) plus the excess due to hetero
geneity and lateral interaction at that coverage. In 
other words, the heat of adsorption is the resultant of 
these three effects and the nature of its variation with d 
depends upon the ways each of them contribute to it.17 
Mathematically

Et =  FJh +  E s +  E i  (1)

where E  stands for energy, and subscripts t, h, s, and 1 
denote total, heterogeneous surface, smooth surface, 
and lateral interaction parts, respectively. Consider
ing the validity of the equation of Aston, et al.

Et -  {a/b)0 =  E h +  E s (2)

Now for a particular adsorbate-adsorbent system Es is 
constant, so (Eh +  Es) will vary inversely with 6 since 
the heterogeneity does so. Therefore we have eq 3

Et -  (a/b)6 = (Eh +  Es) =  md~n (3)

where m and n are empirical constants.
From eq 2 and 3 we have

log {Et -  (a/b)8} or log (Eh +  E3) =
log m — n log 6 (4)

In Figure 1 (curves 1-4), the validity of eq 4 is shown. 
The deviations indicated by arrowheads are right from 
the coverages beyond which the equation of Aston, 
et al., does not hold. This may be due to complications 
arising from the compressive effectlla in the second and 
higher layers formed. It is seen from the curves that 
in the case of Ar, eq 4 is valid up to coverage 1, both on 
graphitized carbon black and zinc crystal, but for Ne

— Log 0.

Figure 1. Plot of log (Eh +  Ea) vs. —log 6: curve 1, 
Ne-graphitized carbon black system; curve 2, 
Ar-graphitized carbon black system; curve 3,
Ar-Zn crystal system; curve 4,
Kr- graphitized carbon black.

(15) R. M . Barrer, “Solid/Gas Interface,” Proceedings of the Second 
International Congress of Surface Activity, Academic Press Inc., 
New York, N. Y ., 1957, p 205.
(16) S. Brunauer, “Solid Surface and Gas-Solid Interface,”  Advances 
in Chemistry Series, No. 33, American Chemical Society, Washing
ton, D. C., 1961, p 12.
(17) D . Graham, J. Phys. Chem., 57, 665 (1953).
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tally by the usual procedure. The dielectric constants 
were ei5° 200.1, €25» 182.4, e35° 174.3, and 645° 167.1 
at the temperatures indicated and were those reported 
by Leader and Gormley.7 The values of viscosities 
at the different temperatures were 7715° =  0.0199, 
9725° =  0.0165,9?35o = 0.0142, and 97«» =  0.0123 poise.6'8 
The values of the limiting transport numbers, t+°, of 
K +, at various temperatures, obtained from the plot 
of the Longsworth function against concentration, are 
also given in Table I under the concentration heading 
0.00 M.

Results and Discussion

As can be seen from Table I, the variations in the 
transport number, t+, of K  ion in N-methylformamide 
are very much similar to those in formamide3 and in 
N-methylacetamide;4 i.e., t+ decreases with increase 
in concentration and increases with increase in tempera
ture. The limiting transport number of potassium 
ion, i.e., ¿+°(k +); increases from 0.4945 at 15° to 5290 
at 45°. This behavior is opposite to that in aqueous 
solutions in wdiich f+°(K+) decreases slightly with rise 
in temperature. Recently, Gill9 has reported similar 
behavior of the cationic transport number of K N 03 
in liquid ammonia in which f+°(K+) has been found to 
decrease with rise in temperature in the range — 65 to 
— 45°, although f+°(Na+), f+°(Li+)) and ¿+°(nh)+) in
crease with rise in temperature as i+°(K+> (KBr) does 
in N-methylformamide.

It may be noted that f+°(K+) increases beyond 0.5 
with rise in temperature. This is a little unusual al
though such values of the transport number have been 
reported in the literature.10

Ionic Mobilities

The limiting cationic transport numbers at different 
temperatures can be used to calculate the ionic mobili
ties from the available electrolytic conductance data6 
in this solvent and making use of the usual Kohlrausch 
law of the independent migration of ions. The ionic 
conductivities at infinite dilution of some ions thus 
obtained are given in Table II.

Since no ionic conductance data are available in the 
literature, it is not possible to verify the values given 
in Table II. However, they seem to be reasonable if 
they are compared with the corresponding values in 
formamide and in N-methylacetamide. Since the 
tetrahedral structure present in water is missing in 
these solvents, the structure-breaking effect of the larger 
ions like K+ is also missing in these solvents and so 
all the ions behave normally. In view of the lack of 
sufficient and appropriate electrolytic, and hence the 
ionic, conductance data in this solvent, it is not possible

Table II : Mobilities of Some Ions in N-Methylformamide 
at Different Temperatures

-•------------------Ionic mobility at----------------
Ion 15° 25° 35° 45°

Na + 17.59 21.56
K + 18.05 22.13 27.62 32.15
Cs + 19.90 24.39
(C2H5)4N + 21.52 26.20
Picrate" 11.28 13.08
Cl" 16.88 19.70
Br" 18.46 21.56 25.38 28.60
I - 19.38 22.76

to make a reasonable estimate of the solvation of ions 
as was done in NMA.4 This aspect will be examined 
later when the required data are available.
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(NMA, NMF, and NMP) is very much appreciated.
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Photooxidation of Perfluoroethyl Iodide 

and Perfluoro-n-propyl Iodidela

by Dana Marsh and Julian Heicklenlb

Aerospace Corporation, El Segundo, California 
(Received February 15, 1966)

In earlier reports, the oxidation of CF32 and CFC123 
radicals was examined. In the former case, the only 
carbon-containing product was CF20, whereas in the 
latter case only CFCIO was found. In the presence of 
HI, the results were unchanged.

In this work, we extend the oxidation studies to 
C2F5 and n-C3F7 radicals in order to determine the 
products of reaction and the nature of the intermed
iates. In both cases, the major product is CF20.

(1) (a) This work was supported by the U. S. Air Force under Con
tract No. AF 04(695)-669. (b) To whom requests for reprint
should be sent.
(2) J. Heicklen, J. Phys. Chem., 70, 112 (1966).
(3) D. G. Marsh and J. Heicklen, ibid., 69, 4410 (1965).
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metals,5 although the existence of these species has 
been deduced by other means.) An ion current due 
to KOH was also observed, but this species resulted 
both from the formation of KOH on the amalgam 
during the loading process and from the reaction of 
vaporized potassium with residual H20  in the mass 
spectrometer. There was no evidence of K 3+, HgK+, 
HgK2+, HgK3+, or of heavier ion species. At 20 ev, 
the relative ion intensities (in arbitrary units) of the 
three species, 7k+ (isotope 39), 7Kl!+ (isotope 78), 
and /Hg+ (isotope 202) were 400, 0.26, and 40, respec
tively; the ratios of Ins+/hi+ and 7k2+/7k+ are 0.1 and
6.5 X 10-4, respectively. The background ion in
tensities of masses 39 and 78 were nearly at the sensi
tivity limit of the instrument (0.001), while the back
ground ion intensity of Hg202 was 0.0432. (The ob
served ratio of Iki+/Ik~ is directly proportional to 
the ratio Pk,/Pk- From published data6’7 for potas
sium at 200°, PkJP k =  7.7 X 10-4.) In contrast, 
Roeder and Morawietz,3 to best fit their effusion data, 
calculated partial pressures for K, Hg, and HgK3 over 
a 77.5 at. %  potassium amalgam at 200° of 6.00 X 
10-3, 2.60 X 10” 3, and 1.62 X 10-3 torr, respectively; 
the corresponding ratios of PHg/73K and Pm̂ / P k are 
0.43 and 0.27, respectively.

Although HgK3 was not observed, the question arises 
as to whether the molecule exists in the vapor but has 
such a low dissociation energy that it cannot be ob
served with a mass spectrometer. This question can 
be qualitatively answered by considering the gaseous 
K2 and Hg2 molecules. Even though the K2 molecule 
has a low dissociation energy of 0.51 ev,8 it was easily 
observed with the mass spectrometer. If the HgKa 
molecule had a dissociation energy of approximately 
0.5 ev and were present in the vapor to the extent pro
posed by Roeder and Morawietz, it probably would 
have been detected. The Hg2 molecule, with a dis
sociation energy of 0.06 ev,9 was not observed. The 
partial pressure expected for Hg2 under these experi
mental conditions was calculated to be 1.3 X 10-9 atm. 
Even though this pressure is very near the limit of de
tection of the mass spectrometer, it is felt that the Hg2+ 
ion, if present, would have been observed because of 
the very low background in the region of mass 400. 
If the dissociation energy of HgK3 is similarly low, one 
would not expect to observe HgK3 even if it were present 
in the vapor to a considerable extent. However, one 
might reasonably expect to see one or more of the frag
ment species K 3+, HgK+, or HgK2+—none of which 
was observed. Furthermore, these considerations in
dicate that the dissociation energy of an H g-K  bond in 
HgK3 would lie between 0.5 and 0.06 ev. Roeder and 
Morawietz,3 however, calculated an enthalpy of for

mation for gaseous HgK3 of 65 kcal/mole, which would 
correspond to a dissociation energy of 2.8 ev. A 
dissociation energy of this order of magnitude would 
certainly render HgK3 observable with the mass spec
trometer unless, of course, its concentration was below 
the spectrometer’s limit of detection.

The results of this experiment, therefore, indicate 
that the vapor phase over potassium amalgams con
sists of K, K2, and Hg. The species HgK3 apparently 
does not exist or, at most, is a very minor component 
of the vapor.
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Spin Densities in Biphenylaminyl Network 

and Triphenylimidazolyl Network

by Hisashi Ueda
Department of Chemistry, The University of Texas, Austin, Texas 
78712, and Department of Chemistry, Tokyo Institute of 
Technology, Ohokayama, Meguro, Tokyo, Japan 
{Received February 18, 1966)

Spin densities in the biphenylaminium anion,1 bi
phenylaminyl radical,1-4 triphenylimidazoium anion,1 
and triphenylimidazolyl radical1 have been reported. 
In those works calculations were made using the va-

Table I : Spin Densities in Biphenylaminyl 
Radical and Aminium Anion

ortho
-----------Atomic positions-

meta para C N

Radical
Experimental
SCFMO

0.084
0.099

-0 .042
-0 .032

0.084 
0.094 -

0.046
•0 . 0 1 1

0.572
0.587

Anion
Experimental
SCFMO

0.093
0.172

0.254
0.172

-0 .093  -  
-0 .087  -

-0.078
-0.078

-0 .046
-0 .013
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tion rapidly dropped to a smaller constant value as the 
CF20  approached about 1% of the C3F7I. Presum
ably, the initial reaction is similar to that for C2F5 
radicals

C3F7 +  0 2 — ► C3F70 2 (11)

In some manner, the C3F70 2 radical must yield primarily 
CF20. How this occurs is not clear at all.

It is of interest to know whether the R 0 2 radical has 
a measurable lifetime. To that end, we did a number 
of experiments with 5 to 40 mm of HI added. Two 
series of experiments were done, one with 280 mm of 
C2F5I and 300 mm of 0 2, and the other with 100 mm of 
C3F7I and 300 mm of 0 2. Hydrogen iodide had no 
effect at all on CF3 or CFC12 oxidation.1 2’3 However, 
with C2F5 and C3F7, very marked changes occurred 
in the oxidation. The results, the same for both series, 
showed no trend with HI pressure, thus indicating that 
the initially formed perfluoroalkyl radical was com
pletely scavenged by 0 2.

The results can be summarized as follows. First, 
a red deposit was formed. Second, <f>(CF20 ) was re
duced at least 5- to 20-fold. Third, $(CF3CFO) may 
have increased to 0.13 to 0.30 for C2F5 radicals as based 
on the 9.05-¡j. band of CF3CFO. The analysis is dif
ficult because of the HI absorption in this region.

F
Fourth, the characteristic C— C = 0  band at 5.31 g, 
was the most intense band and was formed at the same 
rate in all experiments with HI. The CF3CFO can 
account for only 25 to 50% of the 5.31-m band in the 
C3F7I series, but perhaps all of it in the C2F6I series. 
At least for the C3F7I series, another product probably 
was formed. There can be no doubt that HI inter
feres with the oxidation. Consequently, the R 0 2 
radical must have a lifetime in excess of 10~7 sec.

Acknowledgment. The authors wish to thank Mrs. 
Barbara Peer for assistance with the manuscript.

Heats of Transport of the Rare Gases 

in a Rubber Membrane1

by Mirion Y. Bearman and Richard J. Bearman

Department of Chemistry, University of Kansas,
Lawrence, Kansas (Received February 21, 1966)

Revised values for the heats of transport, Q*, of the 
rare gases He, Ne, Ar, Kr, and Xe in rubber are pre
sented. In the case of helium, it is shown that, within

experimental error, there is no pressure dependence of 
the heat of transport in the pressure range 25-65 cm. 
The apparent Q* varies slightly with temperature dif
ference across the membrane. Nevertheless, de
partures from linearity in the local phenomenological 
equations seem to be negligible even though the 
temperature gradients range up to 900°/in.

Revised Heats of Transport (Q *)

In an earlier article, Bearman2 reported the heats 
of transport (or “ transfer” ), Q*, of the rare gases in a 
rubber membrane. His values were obtained from 
thermoosmosis experiments where, at steady state

In (Pn/Pch = ~(Q*/R)(i/Tc -  1 / T h )  (1)

Here, H and C refer to the hot and cold side, respec
tively, T is absolute temperature, p is pressure, and R 
is the gas constant. His measurements were subject 
to several errors of unknown magnitude arising chiefly 
from uncertainties in the pressure and temperature.

With the use of strain gauge pressure transducers 
and several thermocouple probes, we have constructed 
an improved apparatus, fully described elsewhere,3’4 * 
in which the errors have been greatly lowered. In 
Table I, we present revised values for the heats of 
transport together with a comparison with the earlier 
results. The error estimates take into account the ob
served irreproducibility and also errors arising from 
temperature and pressure measurements. The ir
reproducibility is caused mostly by leakage, degassing, 
and adsorption in the system3 over the long course 
of the runs, which last days or sometimes weeks. 
A pure gum rubber membrane 0.0325 to 0.0350 cm in 
thickness was used for our measurements reported here.

Pressure and Temperature Difference 
Dependence of Q *

Some additional measurements were made with 
helium. In Table II, we show that, within the ex
perimental error, the heat of transport at constant 
mean temperature and temperature difference is inde
pendent of mean gas pressure in the system in the range 
from 25 to 65 cm. From this, we conclude that the 
He-He interactions in the membrane play little role

(1) This research was supported in its early stages by a grant from 
the National Science Foundation. We wish to make acknowledg
ment to the donors of the Petroleum Research Fund, administered 
by the American Chemical Society, for partial support of this research 
in its later phases.
(2) R. J. Bearman, J. Phys. Chem., 61, 708 (1957).
(3) M . Y . Bearman, Dissertation, University of Kansas, 1965. 
Available from University Microfilms, Ann Arbor, Mich.
(4) M. Y . Bearman and R. J. Bearman, J. Appl. Polymer Sci., 10,
773 (1966).
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Table I

/---------------------------------------------- This work---------------------------------------------- » ,------------------------------------ Bearman-
Pmean, ¿mean. Ai, Q*, Pmean, imeani Ai, Q*.

Gas cm °c "C cal/mole cm °c °c cal/mole

He 65-25 31.0 7.9 1375 ±  39 62.5 34.0 4 1130
Ne 65-45 31.4 7.3 1204 ±  37 45 34.5 4 900
Ar 53 30.7 7.7 -5 8  ± 1 1 62 34.5 4 -6 0
Kr 50 30.5 8.2 -275  ±  10 45 34.5 4 -170
Xe 46-26 30.5 8.7 -589  ±  18 40 34.5 4 -320

Figure 1.

in determining Q* at these pressures, and that the gas is 
effectively at infinite dilution in the membrane.

In Figure 1, we plot, at constant mean temperature, 
ThTc log ( p h / p c )=. vs. AT, the temperature difference 
across the membrane. We see that there is a per
ceptible departure from linearity in contradiction with 
eq 1 which predicts that the plot should be a straight 
line with slope proportional to Q*. However, eq 1 is 
not entirely general. It is valid only when Q* is in
dependent of temperature and mole fraction of gas 
in the membrane. This can be seen, for example, 
from eq 13 of ref 2. If we assume that Q* varies linearly 
with temperature and that the gas is at infinite dilu
tion in the membrane, then it is not difficult to show 
that in place of eq 1, we have

ThTc In (pH/pc)»  =

- Â - 'Î Q *  AT +  
\ IT

ÒQ*
ÒT

(AT)2
r 2

(2)

where T is the arithmetic mean temperature. In this 
case, Ts.Tc In (pn/pc)« vs. AT should be a parabola, 
which appears to be the shape of the curve in Figure 
1. A parabolic least-squares fit of our data gives Q* = 
1495 cal/mole and bQ*/dT =  —31.4 cal/mole deg 
at the mean temperature of 31°. The heat is clearly 
of the proper magnitude and the temperature coef
ficient is not unreasonable,5 so that it appears eq 2 
adequately accounts for the experimental results.

If eq 2 does correctly account for the temperature 
difference data, we may conclude that the usual local 
linear phenomenological equation for the flux of matter,
Ji

J1 = -  TLn
bßi/T

dz
Luj ÒT 
T àz ( 3 )

in the notation of ref 2, is valid, provided we use values 
of the phenomenological coefficients, Lu and Lw, 
appropriate to the state at each point of the membrane. 
The nonlinearity of TnTc In (ph/P c)»  in AT is then 
caused solely by the variation of the transport coef
ficients across the membrane. Our experiments pro
vide a fairly severe test of the linear phenomenological 
equation since the temperature gradients range up to 
900°/in.

Evidently, the values for the heats of transport

Table II

Run
Pmean i

em
27 64.8
40 54.5
1 51.8
3 51.6

30 34.9
32 34.9
31 25.2

imean. Ai,
°c "C

31.2 8.0
31.2 7.6
30.6 8.3
30.9 8.2
30.9 8.0
31.1 7.9
31.0 8.0

Q * .
cal/mole

Length 
of run, 

min

1385 4190
1383 3255
1442 2720
1374 4190
1365 3420
1364 3465
1378 3525

(5) C. M . Crowe, Trans. Faraday Soc., 53, 692 (1957).
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Table I : Definitions of Quantities in Equations of State for Liquid Hydrocarbons“

Q Mi M 2
Monomers {i.e., CH4) N a v * / V 1 ze*
Aromatic rings (s +  3)/3 for s =  2 or 4

Benzene, biphenyl, etc. 
Oligomer chains

sN a v * / V (s/2 +  5)/3fors = 4, 6 , . .. qze*

n-Alkanes (CnH2n+2) sN  av*i +  2 N a v * b 

V

(s +  5)/3 5r Z t* r r  +  ÇeZe*ee +  2 xreW

“ JVa =  Avogadro’s number; v*\ =  volume of a unit (of the model) at the minimum of the 6-12 potential; subscript i = e for end 
unit; subscript i =  r for remaining units; V = molar volume of hydrocarbon at P and T; e*u = force constant of the 6-12 potential; 
w =  £*re — (e*ee +  e*rr) / 2 ; z = number of nearest neighbor lattice sites (z =  1 2  for fee lattice); qtz =  s{z — 2 ), q„z = 2(z — 1 ); 
qz = qtz +  qez for oligomers, or qz =  s(z — 2 ) +  2  for aromatics; xTe = q̂ zq̂ z/qz.

1.0110 and 1.2045, respectively. The quantities Mi, 
Mi, and Q are defined in Table I. The volume-de
pendent degrees of freedom equal 3Mi for the models 
being considered here. The evaluation of the various 
molecular parameters hi the equations of state have been 
discussed;4'6’7 this evaluation requires a set of molar 
volumes and a computer program for solving nonlinear 
equations.

From the foregoing description of the models, it is 
clear that no provision is made for holes or double 
occupancy in the lattice. Hence, for present purposes, 
the molecular parameters should be evaluated for con
ditions of maximum liquid density at atmospheric 
pressure, i.e., at or near the freezing point temperature. 
The best available data8 were used and were smoothed 
where needed. The values of the molecular parameters 
obtained are presented in Table II.

Table II : Values of Molecular Parameters 
for Equations of State

Monomer, for methane using densities at 
-184 .5  and -156 .7°

N a v * , ml/mole 35.52
e*/k, °C 111.9

Aromatics, for benzene and biphenyl using 
densities at 75°

N a v * , ml/mole of centers 35.095
**/k, °C 267.81

re-Alkanes, based on n-hexane and heavier alkanes with even 
number of C atoms using densities at freezing points 

N av*i, ml/mole of centers 26.166
NAV*e, ml/mole of centers 19.307
e*tr/k, °C  136.06
e*ee/A;, °C 23.90
w/k, °C 57.97

Using these values of the molecular parameters and 
the definitions of Q and M 2 given in Table I, the specific

volume and cohesive energy density can be estimated 
for 0°K. The calculation of specific volume can be 
symbolized as

Vo = QV/(MW) (2)

where MW  is the molecular weight, and the cohesive 
energy density can be given by

eo/Vo =  RM2/(QV) (3)

In the equations for alkanes, the parameter s may 
have only integer values. However, it is apparently 
permissible to use steps of one-half in s and thereby in
clude the consecutive members of the homologous 
series. This previously was found to be true in an equa
tion of state to calculate excess volumes of blends of 
two alkanes and is used here.

Results calculated for a number of hydrocarbons using 
eq 2 and 3 are given in Table III and are compared with 
values obtained by Miller.1 Values for C2H6 and C3H8 
obtained with eq 2 and 3 are questionable. This 
arises from the fact that the assumption of free rotation 
(assumption D) is not valid for models of these two 
molecules. However, results for the heavier hydro
carbons, which are of main concern here, are satis
factory.

Discussion
Equations of state for three types of hydrocarbon 

series are briefly discussed and used to estimate volume 
and energy properties for the hypothetical liquid state 
at 0°K. The computed results are compared with those 
of Miller.1 Excepting methane and benzene, the specific 
volumes are lower than those of Miller. For alkanes, 
the differences decrease as molecular weight increases

(8) C. S. Matthews and C. O. Hurd, Trans. Am. Inst. Chem. Engrs., 
42, 55 (1946); A. Bellemans and C. Colin-Naar, J. Polymer Sei., 15,
121 (1955); American Petroleum Institute, Research Project 44, 
tables.
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Table III: Values for Specific Volume and Cohesive Energy
Density of Liquid Hydrocarbons at 0°K

,---------This paper------- * ✓-------- Miller1-
VO, €o/vo, wo, co/vo,

ml/g cal/ml ml/g cal/ml

c 6h 6 0 .8 9 9 16 6 .7 0 .8 8 0 163
c h 4 2 .2 1 4 7 5 .1 1 . 8 8

c j l 1 .4 0
c 3h 8 1 .1 72 (8 3 .2 ) 1 .2 7
c 4h i0 1 .1 14 9 3 .9 1 .1 9
c 5h 12 1 .0 82 9 7 .5 1 .1 5 117
C6H14 1 .0 55 9 9 .3 1 . 1 2 117
c , h 16 1 .0 38 10 0 .3 1 . 1 0 117
CgH.8 1 .0 25 10 0 .9 1 .0 8 117
C 20H 42 0 .9 7 0 1 0 2 .7 0 .9 7 6
Limit 0 .9 3 3 103 .3

so that for C2oH42 the difference is less than 1%. This 
convergence of the values seems to confirm Miller’s 
proposed relation between the van der Waals constants 
and the volume-energy parameters for the hypothetical 
liquid state.

Fluorine Bomb Calorimetry. XVII.

The Enthalpy of Formation of 

Tungsten Hexafluoride1

by P. A. G. O’Hare and Ward N. Hubbard

Chemical Engineering Division, Argonne National Laboratory, 
Argonne, Illinois 60489 {Received April 18, 1966)

This paper reports a value for AH/°(WF6, g) calcu
lated from the energy evolved on combustion of tung
sten in fluorine in a bomb calorimeter. Some derived 
thermodynamic data for WFe(l) and WF6(c) are also 
presented.

Experimental Section
Calorimetric System. The calorimeter, laboratory 

designation ANL-R2, has been described in detail 
elsewhere.2 The combustion bomb, laboratory desig
nation Ni-6, is similar to that used for combustion 
of molybdenum in fluorine.3 The energy equivalent of 
the calorimetric system, S(calor), was measured by 
combustion of benzoic acid (National Bureau of Stand
ards Sample 39i) in oxygen. A series of nine calibra
tion experiments (some performed before and some 
after the calorimetric combustions in fluorine) yielded 
a value for S(calor) of 3523.15 cal deg-1, with a stan

dard deviation of the mean of 0.15 cal deg-1 (1 cal =  
4.1840 abs. joules).

Materials. High-purity tungsten sheet (0.13 mm 
thick) and wire (0.15 mm in diameter) were purchased 
from the Fansteel Metallurgical Corp., North Chicago,
111. The following impurities (ppm) were detected in 
the tungsten sheet: Al, 23; Cr, 6; Cu, 1; Fe, 17; 
Mg, 13; Ni, 20; Si, 35; Ti, 13; Ca, 5; Mo, 25; C, 
31; H, 2; O, 37; and N, 2. Because of its small 
effect on the total evolved heat, the tungsten wire was 
not analyzed. Fluorine of 99.99% purity was prepared 
by distillation of a commercial sample in a low-tempera
ture still.4 5

Procedure. The method of sample support was the 
same as that used for combustion of molybdenum in 
fluorine.3 A 1- to 2-g sample of tungsten foil, upon 
electrical ignition, burned satisfactorily in the bomb 
which had been charged with fluorine (~0.1 mole) to 
115 psia pressure. In trial experiments, about 0.5% 
of the sample introduced into the bomb remained as 
small, easily recoverable beads after combustion. 
These trial experiments were also used to precondition 
the bomb. All subsequent operations in which the 
bomb was open, including introduction of sample, 
were performed in a helium-atmosphere glove box (H20  
~  0.1 ppm). Prior to each run, the assembled bomb 
was evacuated for 16 hr and then charged with fluorine 
to 115 psia pressure. When the foregoing precautions 
were taken, the amount of fluorination of the sample, 
before ignition, was negligible. Calorimetric measure
ments were performed in the usual way.6 The in
frared spectrum of the gaseous combustion product, 
after removal of fluorine, was in good agreement with 
that published for WF6.6 No other products were de
tected.

Results
The data for eight acceptable calorimetric experi

ments are presented in Table I. Standard-state cor
rections were made in the usual way.7 For the con-

(1) (a) This work was performed under the auspices of the U. S. 
Atomic Energy Commission, (b) For the previous paper in this 
series, see S. S. Wise, J. L. Margrave, H. M . Feder, and W . N. 
Hubbard, J. Phys. Chem., 70, 7 (1966).
(2) E. Greenberg, J. L. Settle, H. M . Feder, and W . N. Hubbard, 
ibid., 65, 1168 (1961).
(3) J. L. Settle, H. M . Feder, and W . N. Hubbard, ibid., 65, 1337
(1961).
(4) L. Stein, E. Rudzitis, and J. L. Settle, "Purification of Fluorine 
by Distillation," Argonne National Laboratory, ANL-6364, 1961. 
Available from Office of Technical Services, U. S. Department of 
Commerce, Washington, D. C.
(5) W . N. Hubbard, C. Katz, and G. Waddington, J. Phys. Chem., 
58, 142 (1954).
(6) T. G. Burke. D. F. Smith, and A. H. Nielsen, J. Chem. Phys., 20,
447 (1952).
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Table I : Results of Tungsten Combustions“

Exp t m', A A ^ignition. A Econtents“- A Egea. A Ec°/M(sample),
no. g deg cal cal cal cal g -1

1 1.47362 (99.76/ 0.93029 0.72 -8 .2 4 -0 .0 3 -2229.3
2 1.79560 (99.49) 1.13665 0.72 -10 .09 -0 .0 5 -2235.5
3 2.15351 (99.89) 1.36467 0.72 - 1 2 . 1 2 - 0 . 1 0 -2237.9
4 2.18215(99.87) 1.37669 0.96 -12 .23 -0 .0 9 -2227.9
5 2.29480 (99.76) 1.45105 0.84 -12 .90 - 0 . 1 0 -2233.1
6 2.63995 (99.87) 1.67138 0.48 -14 .87 -0 .1 5 -2236 .0
7 2.69455(99.89) 1.70225 0.84 -15 .15 -0 .1 7 -2231.1
8 3.24170(94.95) 2.05048 0.60 -18 .29 -0 .2 4 -2234.0

Mean A£c°/ili(sample) = —2233.1 cal g - 1  
Std dev of mean = 1.2 cal g - 1
Impurity correction = 1.2 ±  0.2 cal g - 1  
AEc°/M(W, c) = -2231.9 ±  1.2 cal g - 1

“ Symbols in this table are from ref 7. b The figures in parentheses indicate the percentage of tungsten reacted in each experiment- 
c The mass of nickel in the bomb was 78.14 g.

Table II : Derived Data at 25°
WFe(g) WFe(l) W Ft(c)

Energy of formation,
AEf° — AEc°, kcal mole- 1 -410 .3  ±  0.4 -415 .9  ±  0.5 -4 1 6 .4  ±  0.5

Enthalpy of formation, 
AHf°, kcal mole- 1 -411 .5  ±  0.4 -417 .7  ±  0.5 -418 .2  ±  0.6

Entropy of formation, 
A<S/°, cal deg- 1  mole- 1 -71 .67 -92 .77 -107.58

Gibbs energy of formation, 
AGf°, kcal mole- 1 -390 .1  ±  0.4 -3 9 0 .0  ±  0.5 -386 .1  ±  0.7

version of the weight of tungsten to true mass, its W(c) +  3F2(g) - -*■ WF6(g) (1)
density was taken as 19.265 g cc-1.7 8 For the calculation 
of &Econtent3, heat capacity values for Ni and F2 were 
taken from ref 7; in addition, the following data were
used: cp(W, c)9 =  0.032 cal deg“ and CT(WF6,
g ) 9 26.46 cal deg-1 mole-1. The gas correction,
AF/gaS, was estimated by analogy with MoF63 and IJFe.10 11 12 
The quantity AEc°/M(sample) is the standard energy 
of combustion of the tungsten sample in fluorine. 
The following assumptions were made in calculating 
the impurity correction: (i) trace metal impurities 
were initially uncombined and were converted during 
combustion to their most stable fluorides; (ii) nitrogen 
and hydrogen impurities were initially present as N2 
and H2, and finally as N2 and HF, respectively; and 
(iii) carbon and oxygen impurities were initially present 
as WC and W 02, respectively, and were converted 
to WF6, CF4, and 0 2. Appropriate enthalpies of forma
tion were taken from ref 11 and 12, or from work per
formed at this laboratory. The net impurity correc
tion for the tungsten was 1.2 ±  0.2 cal g_1. In Table 
I, AEc°/M (W, c) is the standard energy of combustion 
of tungsten in fluorine according to eq 1.

Derived Data. Thermodynamic data for WFe(g), 
WF6(1), and WFe(c) are presented in Table II. The 
atomic weight of tungsten was taken to be 183.85.13 
Barber and Cady14 have reported values of 6.2 and 0.5

(7) W. N. Hubbard in “ Experimental Thermochemistry,”  Vol. II,
H. A. Skinner, Ed., Interscience Publishers Ltd., London, 1962, 
Chapter 6 .
(8 ) H. E. Swanson, R. K. Fuyat, and G. M. Urgrinic, “ Standard 
X-ray Diffraction Powder Patterns,” Vol. Ill, National Bureau of 
Standards Circular 539, U. S. Government Printing Office, Washing
ton, D. C., 1954.
(9) “ JANAF Thermochemical Tables,” The Dow Chemical Co., 
Midland, Mich.
(10) J. L. Settle, H. M. Feder, and W. N. Hubbard, J. Phys. Chem., 
67, 1892 (1963).
(11) F. D. Rossini, D. D. Wagman, W. H. Evans, S. Levine, and
I. Jaffe, “Selected Values of Chemical Thermodynamic Properties,”  
National Bureau of Standards Circular 500, U. S. Government 
Printing Office, Washington, D. C., 1952.
(12) C. E. Wicks and F. E. Block, “Thermodynamic Properties of 
65 Elements—Their Oxides, Halides, Carbides, and Nitrides,” U. S. 
Bureau of Mines Bulletin 605, U. S. Government Printing Office, 
Washington, D. C., 1963.
(13) A. E. Cameron and E. Wichers, J. Am. Chem, Soc., 84, 4175
(1962).
(14) E. J. Barber and G. H. Cady, J. Phys. Chem., 60, 505 (1956).
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kcal mole-1, respectively, for the enthalpies of vaporiza
tion and fusion of tungsten hexafluoride at 25°. These 
data, in conjunction with the present value for AHf°- 
(WF6, g), have been used to calculate AHf° (WFe, 1) 
and A ff/0(WF6, c). Standard entropies, S°, at 25°, 
of W (c), F2(g), WF6(g), and WF6(1) have been taken 
from ref 9; iS°(WF6, c) was estimated to be 45.6 cal 
deg”"1 mole-1. The uncertainties given are uncertainty 
intervals18 equal to twice the combined standard devia
tions arising from all known sources.

Discussion
Myers and Brady15 16 measured the enthalpy of solu

tion of WFr,(g) in aqueous NaOH, and derived a value 
of -4 1 6  ±  4 kcal mole-1 for AH/°(WF6, g). JANAF9 
has revised this value to —421 ±  4 kcal mole-1, but 
both values are in disagreement with the present meas
urements. This discrepancy, of unknown origin, 
parallels that observed3 4 5 6 previously for MoF6. The 
determination reported in this paper is based on direct 
combination of the elements in a well-defined reaction, 
and is regarded as being more reliable.

Acknowledgments. The authors are grateful to
H. M. Feder and M. Ader for helpful discussions. 
They wish to thank Doris Huff for performance of spec- 
trochemical analyses, and Gerald K. Johnson for prepa
ration of the high-purity fluorine used in this work 
and for checking calculations.

(15) F. D . Rossini, Chem. Ret., 18, 233 (1936).
(16) O. E. Myers and A. P. Brady, J. Phys. Chem., 64, 591 (1960).

Interdiffusion and Self-Diffusion 

in Urea Solutions

by P. C. Carman
National Chemical Research Laboratory,
South African Council for Scientific and Industrial Research,
Pretoria, South Africa (.Received April 26, 1966)

In a recent paper, Stokes1 has shown that, by 
taking dimerization into account in aqueous solutions 
of urea, the results of Albright and Mills2 for self
diffusion of urea are consistent with a simple relation
ship between the mobility of monomeric urea and 
viscosity. It is shown here that his model can be ex
tended to the correlation between interdiffusion and 
self-diffusion coefficients.

If subscripts u and w refer to total urea and water, 
respectively, and 7)v represents the interdiffusion co

efficient, the relationship advanced first by Darken and 
by Hartley and Crank,3-6 in absence of dimerization, is

DV =  +  A J V )  (1)o In N u

where au is activity per mole of urea, N i is mole frac
tion of i, and Zb* is its self-diffusion coefficient. When 
concentrations, c; moles/cc, are used, it is convenient 
to transform this to

Dv =  Pw| ^ ( c wD u* +  cuDw*) (2)
o In cu

Equations 1 and 2 are derived by assuming each com
ponent has an independent diffusive flux determined 
by the mobility, q,, i.e.

J  i CjQ'iV̂ ij (3)

where m is the molar chemical potential, i.e.

V/x; =  RT V In cm (4)

and <7i is related to D *  by

D i* =  q,RT (5)

When dimerization occurs, however, eq 5 is no longer 
valid for urea. If a is the fraction of monomeric urea, 
the concentrations of the two forms are

ci =  acn and c2 =  V2(l — a)cu (6)

and, if the mobilities of the two forms are qi and g2, 
Stokes has shown, in effect, that Dn* is given by

D u* =  RT[aqi +  (1 — a)g2J (7)

Furthermore, eq 1 and 2 assume a modified form, as can 
be seen in the following.

The fluxes J \ and ./2 are given by

J i =  —Cî iVjUi

J  2 — —  C ^ V  /X2

whence

Jn =  Jx +  2JS =  — (ci îV/xi +  2oiq^Ijx2)

Owing to equilibrium between monomer and dimer

V/xu =  VMl = y 2V/x2 (9)

(1) R. H. Stokes, J. Phys. Chem., 69, 4012 (1965).
(2) J. G. Albright and R. Mills, ibid., 69, 3120 (1965).
(3) L. S. Darken, Trans. Am. Inst. Mining Met. Engrs., 175, 184 
(1948).
(4) G. S. Hartley and J. Crank, Trans. Faraday Soc., 45, 801 (1949).
(5) P. C. Carman and L. S. Stein, ibid., 52, 619 (1956).
(6) S. Prager, J. Chem. Phys., 21, 1345 (1953).
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Table I

lOOOcu aa f(0=)b

0 .5 0 .969 1.022
1 .0 0 .941 1.044
2 .0 0 .891 1.074
3 .0 0 .848 1.111
4 .0 0 .812 1 .140

° From Stokes Table I. b Using qi/q-i = 0.7.

d ln au 1“
ò ln cu Vr Eu* X 10=

0 .983 0.981 1 .344
0 .971 0 .960 1.305
0 .954 0 .916 1 .234
0 .952 0 .870 1.163
0 .955 0 .822 1 .107

-Dv X 105 (caled)-
Dv X IO® With With

(exptl) Bw* Dw*/Vr

1.340 1 .340 1 .340
1 .308 1.303 1.301
1.244 1 .238 1.231
1.188 1.192 1 .175
1.144 1 .160 1 126

whence

J u =  — Cu[agi +  2(1 — a)g2]Vgu (10) 

Now, in the derivation of (1) and (2), it is assumed
that

J u Cugû Mu (3a)

and D u* is evaluated from

D u* = quRT (5a)

By comparison of (10) and (3a), it follows that a modi
fied form of (1) and (2) is obtained by replacing q u 

with the term in square brackets in (10). Further, as 
D u* is now given by (7), it can be introduced by replac
ing D u* with D u*-f(a), where

. . a q t  +  2(1 -  a ) q 2
f(a) = ------- r 7 i--------\ l11)

a q i  +  (1 — a)q<i

i.e., eq 2 modifies to

Dv =  +  cuDw*) (12)
d In cu

In Albright and Mills’ paper, experimental values of 
D u* are given, as well as expressions for Dv and Vu. 
From the latter, taking Vw as 18.04 cc for the whole 
range of concentrations, cw can be derived, as cwVw =  
1 — cu Vu. Stokes gives values of a, calculated on the 
assumption that activities of monomer and of dimer 
equal their respective mole fractions. With regard to 
the relative mobilities of monomer and dimer, a reason
able choice for g2/ q%, following considerations advanced 
by Stokes, is 0.7, but f(a) is not very sensitive to this 
over the range of concentrations considered and gives 
almost the same values for ratios between 0.6 and 0.8. 
The values for (£> In ou) /5  In cu) in Table I have been 
calculated from a, using Stokes theory that monomer 
and dimer form ideal solutions. They are almost 
identical with the values calculated from In ya, as given 
by Albright and Mills, and tend to be a little lower 
than those calculated from the experimental values of

Yu given by Bower and Robinson,7 but the differences 
are not large enough to affect the calculation in Table I.

The self-diffusion coefficient of water in urea solu
tions has not been measured. The value for water 
itself is about 2.5 X 10~5 cm2/sec, and, as possible 
extremes, either this has been used or the value ob
tained by dividing by the relative viscosity of the solu
tion, rir, using values given by Stokes.

Values of concentrations below 0.5 mole/1. have not 
been included as D u* and Dv are very close in this 
range. It can be seen that the experimental values of 
Dv lie on the whole between the two calculated values, 
up to the highest concentration of 4 moles/1.

(7) V. E. Bower and R. A. Robinson, J. Phys. Chem., 67, 1524
(1963).

Effect of Inert Gas Pressure and Solubility 

on Fused Salt Conductance. II.

Nitrogen with Sodium Nitrate

by James L. Copeland and Steven Radak

Department of Chemistry, Kansas State University, Manhattan,
Kansas 66502 (Received May 2, 1966)

As a continuation of the studies of Copeland and 
Zybko1 2-2 on the manner in which the specific conduc
tance of simple fused salts is affected by “ inert”  gas 
pressure and solubility, we wish to report our rather 
unusual and interesting results for N2 in high-pressure 
equilibrium with molten NaN03.

(1) J. L. Copeland and W . C. Zybko, J. Am. Chem. Soc., 86, 4734
(1964).
(2) J. L. Copeland and W . C. Zybko, J. Phys. Chem., 70, 181 (1966).
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Experimental Section

The general apparatus and method are identical with 
those reported in ref 2. The cell constant was 384.2 
cm-1, as calculated by assigning an interpolated litera
ture value of 1.23o ohm-1 cm-1 to the specific conduc
tance of NaN03 at 369° and atmospheric pressure.2,3

Reagent grade N aN 03 was obtained from the Baker 
and Adamson Co., as in the prior work.2 Nitrogen was 
at least 99.98% pure (Bone Dry grade), and was pro
cured from the National Cylinder Gas Co.

A constant salt temperature of 369° was employed 
to allow comparison with the He and Ar studies in the 
same system at the same temperature.2 The initial 
N2 pressure at this salt temperature was 379 atm. 
After equilibration and the first electrical resistance 
measurement, increments of N2 pressure were released 
at intervals, the system was allowed to equilibrate at 
each new pressure (with frequent agitation), and 
equilibrium resistance measurements were made. The 
“ zero” pressure measurement was made with the sys
tem being agitated and pumped by a mechanical 
vacuum pump. The entire experiment was performed 
over a period of 9 days. The solubilities of N2 in fused 
NaN03 were taken from the work of Copeland and 
Seibles.4 5

Results

Empirically, the joint effect of increasing N2 pressure 
and solubility was to depress linearly the specific con
ductance, «, of the NaNOa at 369° over the range of 
pressures employed. The data are summarized in 
Table I. The empirical least-squares relationship re
sulted as

kn„ =  (1.231 ±  0.001) -  (7.59 ±  0.18) X
10“ 6 P n2 ohm-1 cm-1 (1)

where P n2 is the saturating pressure of N2 in atmos
pheres. The errors are the least-squares probable 
errors.

Table I : Summary of Specific Conductance of
NaNC>3 at 369° under N2 Pressure

Saturating pres- 379 309 236 162 69 0
sure, Pf,-2, atm

Specific conduc- 1.201 1.208 1.213 1.218 1.226 1.230
tance, «n2> 
ohm- 1  cm“ 1

The Henry’s law constant for N2 solubility in fused 
NaNOa at 369° is4

KNl = (19.7 ±  0.4) X 10 7 mole of N2 cm-3 atm-1

(2)
where the .error is the probable error for a single solu
bility-pressure point.

Relationships 1 and 2 are to be compared to those for 
Ar and He in the same system, as summarized below.2,6

«Ar = (1.228 ±  0.002) -  (1.94 ±  0.06) X
10“ 4 P Ai ohm-1 cm-1 (3)

Kar =  (17.2 ±  1.7) X
10“ 7 mole of Ar cm“ 3 atm“ 1 (4) 

«He = (1.230 ±  0.001) -  (9.19 ± 0 .2 5 )  X
10“ 6 PHe ohm“ 1 cm“ 1 (5)

Ase = (22.7 ±  0.7) X
10“ 7 mole of He cm“ 3 atm“ 1 (6)

The striking features to be noted are that whereas the 
solubility of N2 lies between those of Ar and He (c f . eq 
2, 4, and 6), the effect of N2 in diminishing « is less than 
those of the other two gases (c f. slopes of eq 1, 3, and 5).

Discussion
The dilution mechanism, hypothesized earlier to 

account for the different extents of the depression of « by 
the solubilities of different nonreactive gases,2 may still 
play a dominant role in the system under study here, but 
may not be the entire story. With an assumption of 
ideal dilution effects alone, as a consequence of the 
effect on « we would have to conclude that N2 dilutes the 
melt to a lesser extent than does either Ar or He, even 
though the N2 solubility is intermediate between those 
of the other two gases. This implies, of course, a 
smaller partial molal volume for N2 than for Ar or He in 
this system. This is not unrealistic in view of the nega
tive enthalpy of solution of —2.73 ±  0.09 kcal mole“ 1 
for N2 in N aN 03 observed by Copeland and Seibles.4 
On the other hand, the large negative standard en
tropy of solution of —16.6 ±  0.1 eu4 may imply some 
subtle ion-molecule interactions which contribute to the 
effect on « in an undetermined manner. Detailed de
terminations of the densities of such gas-salt solutions, 
for calculations of equivalent conductance, should cast 
more light on the question of the presence or absence of 
such influences of solute molecules on the ions.

A ck n ow led g m en ts . The authors gratefully acknowl
edge support of this work by the National Science

(3) A. Klemm, “ M olten Salt Chemistry,”  M . Blander, Ed., In te r
science Publishers, New York, N . Y ., 1964, p 566.
(4) J. L. Copeland and L . Seibles, J . Phys. Chem., 70, 1811 (1966).
(5) J. L . Copeland and W . C. Zybko, ibid., 69, 3631 (1965).
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Foundation, Grant GP-4274. This work will consti
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to the Graduate School of Kansas State University in 
partial fulfillment of the requirements for the degree of 
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Pulse Radiolysis of Anhydrous Amines

by Larry R. Dalton, James L. Dye,

Department of Chemistry, Michigan State University,
East Lansing, Michigan

E. M. Fielden, and Edwin J. Hart

Chemistry Division, Argonne National Laboratory,
Argonne, Illinois (Received May 2, 1966)

In their original studies, Hart and Boag1 demon
strated that the hydrated electron absorption band is 
altered considerably in 12.2 M  aqueous ammonia and in
12.5 M methylamine solutions. In each case the tran
sient absorption peak formed during pulse radiolysis lies 
beyond 9000 A, the limit of sensitivity of their photo
graphic plates. From the time of these first spectro- 
photographic observations of the hydrated electron,1 it 
has been assumed that solvated electrons produced by 
the radiolysis of water and other solvents are analogous 
to those formed when alkali metals are dissolved in 
liquid ammonia and amines. Comparison of the 
spectra of metal solutions with those of the transients 
formed during pulse radiolysis of the same solvent 
should form a good test of this assumption. Compton 
and co-workers2 have shown the spectrum obtained by 
pulse radiolysis of anhydrous ammonia to be similar to 
that of metal-ammonia solutions. On the other hand, 
Anbar and Hart3 reported an absorption maximum at 
9200 A for the transient produced by pulse radiolysis of 
anhydrous ethylenediamine. They attributed this 
band to the solvated electron in disagreement with the 
assignment of Dewald and Dye4 5 based upon the spectra 
of alkali metals in ethylenediamine. The latter investi
gators found no peak common to the various alkali 
metals in this region and assigned an absorption maxi
mum at 12,800 A to the solvated electron and loosely 
bound aggregates of the electron with cations.

This disagreement, and the observation of an 
anomaly in the hydrated electron absorption spectrum 
in the region of solvent (water) absorption bands6 
(7500 A), prompted us to reexamine the spectra of the 
transients produced by pulse radiolysis of anhydrous

amines. In the case of the hydrated electron in water, 
the anomaly had been shown to be an artifact essentially 
produced by the effect of scattered radiation on the 
particular photomultiplier used, complicated by effects 
due to different illumination intensities.

Although an apparent decrease in the radiation-in
duced absorbance occurs near the ethylenediamine sol
vent absorption band (10,500 A), by minimizing stray 
radiation and operating the photomultiplier under con
stant illumination conditions in a range of proven 
linearity, the previous results3 were shown to be incor
rect. For each of the amines tested, the absorbance 
continued to increase up to the cutoff wavelength of 
the photomultiplier used (11,200 A). The band shape 
is similar to that attributed to the solvated electron in 
metal solutions in ethylenediamine,4 although the com
parison suffers from our inability to search far enough 
into the infrared to locate the absorption maxima in the 
radiolysis studies.

Experimental Section
Anhydrous ethylenediamine (Matheson Coleman 

and Bell) was first purified by fractional freezing and 
distillation as described by Feldman, et a/.6 This was 
followed by two distillations in vacuo into a quartz bulb 
attached to the quartz irradiation cell. The first of 
these final distillations was from a sodium mirror and 
the second was from an intermediate vessel containing 
no metal. In this way, the carry-over of ions by the 
spray can be avoided. A second sample of ethylene
diamine was prepared using a potassium mirror in place 
of the mirror of sodium. A similar purification pro
cedure was used to prepare the sample of 1,3-propane- 
diamine (Matheson Coleman and Bell). Ethylamine 
(Eastman Organic Chemicals) and n-propylamine 
(Matheson Coleman and Bell) were purified by two dis
tillations in a nitrogen stream followed by two distilla
tions in vacuo as described above.

The absorption spectrum of the solvated electron in 
these amine solvents was determined by examining the 
decay of absorbance of the transients produced by a 
0.4-/jsec pulse of 15-Mev electrons. The pulse intensity 
was estimated by determining the absorbance (at 7000

(1) E. J. Hart and J. W . Boag, J. Am. Chem. Soc., 84, 4090 (1962).
(2) D . M . J. Compton, J. F. Bryant, R. A. Cesena, and B. L. Gehman 
in “ Pulse Radiolysis,” M . Ebert, J. P. Keene, A. J. Swallow, and
J. H. Baxendale, Ed., Academic Press, London and New York, 
N. Y ., 1965, p 43.
(3) M . Anbar and E. J, Hart, J. Phys. Chem., 69, 1244 (1965).
(4) R. R. Dewald and J. L. Dye, ibid., 68, 121 (1964).
(5) E. M . Fielden and E. J. Hart, unpublished results.
(6) L. H. Feldman, R. R. Dewald, and J. L. Dye, Advances in 
Chemistry Series, No. 50, American Chemical Society, Washington, 
D. C., 1965, p 163.
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Figure 1. Ultrasonic absorption as a function of frequency
in 0.156 M  (moles of monomer/liter) poly-L-lysine
solutions in 0.6 M NaCl at 35.8° and various values of
the pH. Solid lines are least-square fits to the single
relaxation equation. The classical value of a / / 2 is
13.95 X 10- 1 6  db sec2 cm-1, in good agreement with the value
for water interpolated from the data of Herzfeld (see ref 3, p 358).

tion equilibrium. There is no absolute assurance that 
similar phenomena are not involved in our results; 
indeed the volume change calculated is rather close 
to that estimated by Cohn and Edsall5 for the solvation 
of a singly ionized group. However, the dependence of 
C on the pH, much more pronounced than that ob
served by Burke, Hammes, and Lewis, and in particular 
the virtually negligible excess absorption at low pH 
would argue against such an interpretation. The ob
served variation of C with / h is consistent with the 
notion that absorption due to perturbation of the 
helix-coil equilibrium is being observed.

Our data do not show a significant increase in the 
relaxation time when / h is increased as predicted by 
Schwarz.6 However, we are restricted to rather low 
values o f /H by solubility limitations and such behavior 
cannot be ruled out. When attempts were made to 
analyze our data in terms of a Davidson-Cole7 distribu
tion of relaxation times, somewhat surprisingly, values 
of d close to 1 resulted indicating a satisfactory fit in 
terms of a single relaxation. In summary, the excess 
acoustic absorption in polylysine solution may be

adequately described by a single process with a relaxa
tion time 3-6 X 10-8 sec and an associated volume 
change of 6-8 cm3/mole of monomer. The dependence 
of the absorption on pH is consistent with the notion 
that the process is the helix-coil transition.

(5) E. J. Cohn and J. T. Edsall, “ Proteins, Amino Acids and Peptides 
as Ions and Dipolar Ions,“  Reinhold Publishing Corp., New York, 
N. Y ., 1943.
(6) G. Schwarz, J. Mol. Biol., I I , 64 (1965).
(7) D. W. Davidson and R. H. Cole, J. Chem. Phys., 19, 1484 (1951).

Department of Chemistry R. C. Parker
University of Washington K. Applegate
Seattle, Washington 98105 L. J. Slutsky

Received June 16, 1966

Geminate Recombination in Photochemistry:

A First-Order Process1

Sir: The dependence of G values and quantum yields 
on solute concentration in radiation chemistry2’ 3 and 
photochemistry4-6 has been theoretically interpreted 
by the use of diffusion kinetics. A recent critical review 
of the pertinent literature in radiation chemistry led 
the author7 to induce an alternative model: “ excited 
water,”  either an electronically excited state or the 
H3O-OH radical pair which undergoes geminate 
recombination by a first-order process, is precursor of 
intraspur hydrogen in the radiolysis of water.

Woods8 recently published very important results in 
the photochemistry of iron(II) in 1 M  sulfuric acid. 
The dependence of $(Fem ) and $(Asm ) on arsenic 
acid concentration is identical both with the dependence 
of intraspur hydrogen G values on solute concentration7 
and with the dependence of geminate recombination 
on solute concentration deduced by Noyes5 in that 
solute concentrations must exceed 0.01 M  for significant 
effects. However, Woods8 concluded that the effect of 
arsenic acid was not due to inhibition of geminate 1 2 3 4 5 6 7 8

(1) Research sponsored by the U. S. Atomic Energy Commission 
under contract with Union Carbide Corp.
(2) A. Samuel and J. L. Magee, J. Chem. Phys., 21, 1080 (1953).
(3) A. Kuppermann in “ The Chemical and Biological Actions of 
Radiations,” Vol. 5, M. Haissinsky, Ed., Academic Press Inc., New 
York, N. Y ., 1961.
(4) J. C. Roy, R. R. Williams, and W . H. Hamill, J. Am. Chem. Soc., 
76, 3274 (1954).
(5) R. M. Noyes, ibid., 77, 2042 (1955).
(6) L. J. Monchik, J. Chem. Phys., 24, 381 (1956).
(7) T. J. Sworski, J. Am. Chem. Soc., 86, 5034 (1964); Advances in 
Chemistry Series, No. 50, American Chemical Society, Washington, 
D. C., 1965, p 263.
(8) R. Woods, J. Phys. Chem., 70, 1446 (1966).
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recombination since $(Fem ) and $(Asm ) are not 
linearly related to the square root of arsenic acid con
centration.

The dependence of A$(Fem ) and $(Asm ) on arsenic 
acid concentration is quantitatively given by

l/A $ (F eni) =  (0.645 ±  0.068) +  0.297/ [Asv ] (I)

l /$ (A s in) =  (1.007 ±  0.083) +  0.493/ [Asv ] (II)

with constants and standard deviations determined by 
the method of least squares. A4>(Fem ) is the increase 
in $(Fem ) induced by arsenic acid.

Equations I and II are consistent with a reaction 
mechanism based on the following assumptions: (1)
light absorption yields “ excited ferrous ion”  which 
disappears by a first-order process with rate constant 
of 1/ t ; (2) arsenic acid reacts only with Fe11* with 
rate constant of k to yield arsenic(IV) which oxidizes 
iron(II); and (3) the quantum yield for the process 
which yields iron(III) in the absence of arsenic acid is 
reduced by a factor equal to the fraction of Fe11* 
which reacts with arsenic acid. This reaction mecha
nism yields eq I ' and II '

l/A $ (F em ) = (1 +  lM [A s v ])/1.777$(Fen *) (F)

l/A $ (A sm ) = (1 +  l/rfc[Asv ])/$ (F en *) (IF)

Equations I ' and I "  become identical with the equa
tions of Woods8 with the following substitutions: 
rk =  f2K/(l and $(Fen *) = =  (A, -  A ,) /1.777.
Thus, the two alternative models give the same de
pendence of $(Fem ) and 4>(Asm ) on arsenic acid 
concentration.

Equations I and II yield values for ^(Fe11*) of 
0.87 and 0.99, respectively, equal within standard 
deviations and consistent with $(Fen *) = 1. They also 
yield values of 2.04 and 2.17, respectively, for rk. 
Assuming reaction of arsenic acid with Fe11* is 
diffusion controlled, r is 10~9 to 10~10 sec. There is, 
therefore, similarity between H20* and Fe11*. Fe11*
may be an electronically excited state or may be either 
the FeIII-eaq~, Fem -H, or Fem -H 30  radical pair 
which undergoes geminate recombination by a first- 
order process.

Other recent studies9̂ 12 in the photochemistry of 
aqueous solutions indicate that inhibition of geminate 
recombination is sensibly complete with solute con
centrations about 0.01 M. From this apparent con
tradiction, we may conclude that secondary recombina
tion is inhibited by 0.01 M  solute while reaction of 
solute with Fe11* inhibits primary recombination. 
If this be true, it is of great significance in the radiation 
chemistry of water since decrease of interspur hydrogen

could be attributed to inhibition of secondary re
combination while decrease of intraspur hydrogen 
could be attributed to inhibition of primary recom
bination.

(9) J. Jortner, M . Ottolenghi, and G. Stein, J. Phys. Chem., 68, 247 
(1964).
(10) F. S. Dainton and S. R. Logan, Proc. Roy. Soc. (London), A287, 
281 (1965).
(11) F. S. Dainton and P. Fowles, ibid., A287, 312 (1965).
(12) P. L. Airy and F. S. Dainton, ibid., A292, 340 (1966).

Chemistry D ivision T. J. Sworski
Oak Ridge N ational Laboratory 
Oak Ridge, T ennessee 37831

Received June 28, 1966

Reactivity of Electron-Donor-Acceptor 

Complexes. III. Hydrogen Exchange 

between Acetylene and Organic 

Electron-Donor-Acceptor Complexes

Sir: In previous papers1,2 we have studied the reac
tivity of electron-donor-acceptor (EDA) complexes. 
It was found that the reactivity of such compounds as 
phthalocyanines and aromatic hydrocarbons increased 
remarkably when they were brought into contact with 
sodium, an electron donor, by forming EDA complexes. 
Accordingly, the exchange reaction of hydrogen be
tween acetylene (or molecular hydrogen) and the com
plexes takes place at room temperatures, while it does 
not proceed in the absence of electron donor even at 
200°. In this report phenothiazine is employed as an 
organic electron donor, and the reactivity of the EDA 
complexes formed with various organic electron ac
ceptors is studied.

Phenothiazine was purified by repeated recrystal
lization and sublimation. A film was evaporated on 
the surface of a glass vessel under vacuum, to which 
various electron acceptors such as 2,3-dicyanoquinone, 
tetracyanoquinodimethane (TCNQ), pyroinelhlic di- 
anhydride, 1,3,5-trinitrobenzene, p-chloranil, and 2,3- 
dicyano-5,6-dichloroquinone were sublimed, which re
sulted in deep green, red-violet, green-black, gray-green, 
dark green, and deep green complexes, respectively.

The hydrogen exchange reaction between the com
plexes and acetylene was studied in the temperature 
range between 25 and 140° under an acetylene pressure 1 2

(1) M. Ichikawa, M . Soma, T. Onishi, and K. Tamaru, ./. Phys. 
Chem., 70, 2069 (1966).
(2) M . Ichikawa, M . Soma, T. Onishi, and K. Tamaru, J. Catalysis, 
accepted for publication.
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Figure 2. Proposed isothermal-isobaric (15,000 psi) 
sections for the ternary system KiO-MgO-CCb. Solid 
rather than dotted lines are used to avoid confusion.
The diagrams are nevertheless schematic.

quenched to a clear transparent glass. Compositions 
somewhat removed from the 1:1 ratio formed a brown 
glass on quenching, and compositions still further re
moved from the 1:1 ratio formed an intergrowth with 
crystalline phases on quenching.

The temperature-composition projection of the 
system in equilibrium with C 02 at a pressure of 15,000 
psi shows a simple eutectic relationship (Figure 1) 
without solid solution. The eutectic is located at 
43 ±  3 mole %  M gC03 and 460°.4 The decomposition 
temperature of M gC03 was placed at 755°, in good 
agreement with previous work of Harker and Tuttle.5

Proposed phase relations in the ternary system, 
based on Figure l ,6 are shown in Figure 2 by means of 
isothermal-isobaric reactions at five different tempera
tures. Melting in the system probably begins with 
increasing temperature at an isobaric invariant point 
involving M gC03, K2C 03, and C 02 or M gC03, K2C 03, 
and MgO. In all probability, the two points fall 
close together in pressure and temperature and it is 
not improbable that at low pressures they will merge

and give rise to an invariant point involving the five 
phases: M gC03, MgO, K2C 03, liquid, and vapor.

At temperatures above 755°, the system is definitely 
ternary and the probable phase relations are shown in 
Figure 2e. At 755°, there is an isobaric invariant 
point involving M gC03, MgO, vapor, and liquid (Figure 
2d). This represents one point on a univariant pres
sure-temperature curve for the dissociation of M gC03 
by the reaction M gC03 MgO +  vapor, and as this 
temperature falls near the value for the dissociation 
curve determined by Harker and Tuttle,6 it is as- 
assumed that there is very little, if any, solid solution 
of K2C 03 in the M gC03.

Acknowledgment. This research was performed as 
part of an investigation of the preparation, properties, 
and structure of carbonate glasses, under AEC Grant 
No. AT(30-l)-2887.

(4) R. K . Datta and O. F. Tuttle, Progress Report for 1961-1962, 
“The Preparation, Properties, and Structure of Carbonate Glasses,”  
Contract No. AT(30-l)-2887 (1962).
(5) R. I. Harker and O. F. Tuttle, Am. J. Sci., 253, 209 (1955).
(6) W . Eitel and W . Skaliks, Z. Anorg. Allgem. Chem., 183, 263 
(1929).

Relative Determ inations o f  Soret 

Coefficients o f  Electrolytes. I l l 1

by Toshio Ikeda and Hideo Miyoshi

Department of Chemistry, Shizuoka University,
Shizuoka, Japan (Received March SI, 1966)

The Soret coefficients of a series of symmetric 
tetraalkylammonium chlorides were determined by 
using a combined thermocell of the system

Hg-HgCl, LiCl(w), HgCl-Hg-HgCl,
T T +  AT

MCl(m), HgCl-Hg (1) 
T

where MCI represents a univalent chloride of the same 
concentration as that of lithium chloride, which was 
chosen as a reference substance because it shows a 
very slight Soret effect. Denoting by (cLE'/d71)0 
the initial thermoelectric power of the cell system (1), 1

(1) Part II: T. Ikeda and M. Matsumoto, J. Phys. Chem., 69, 3755 
(1965).

Volume 70, Number 10 October 1966



3362 N otes

Table I : Soret Coefficients of Chlorides in Water at 25s and 0.01 M  (the Values in Parentheses Are Adopted 
as Standards for the Relative Determination of <r)

(de/dDo, This
f+ B iiv/deg work Ref 1 Ref 3

HCl 0.8251° 0.958* 363.3 ±  2.4 8.95 9.12 9.01
LiCl 0.3289“ 0.969<i (-0 .0 1 ) -0 .1 9 -0 .0 1
KCl 0.4902“ 0.956* 38.2 ±  0.9 1.58 (1.43) 1.43
Me4NCl 0.3699s 0.941' 92.5 ±  3.3 5.17
Et4NCl 0 .2996s 0.943" 125.0 ±  3.6 8.61 8.38
n-Pr4NCl 0 .2350s 0.945" 124.6 ±  1.2 10.91
n-BiuNCl 0 .2004s 0.947" 129,5 ±  5.2 13.27
MesBzNCl 
(Bz = benzyl)

0.216' 101.0 ±  3.7

“ B. E. Conway, “Electrochemical Data,”  Elsevier Publishing Co., Amsterdam, 1952. b Calculated from the data on ionic mobilities 
at 25°, Landolt-Börnstein, “ Zahlenwerte und Funktionen aus Physik, Chemie, Astronomie, Geophysik und Technik,”  II Band, 7 Teil, 
Elektrische Eigenschaften II, Springer-Verlag, Berlin, 1960. '  Measured by the present writers. * Graphical determination from 
“ Physikalische Chemische Tabellen,”  Landolt-Börnstein, Erg. Bd. II (1931) and III (1936). '  Graphical determination from S. 
Lindenbaum and G. E. Boyd, J. Phys. Chem., 68, 911 (1964). Values for the concentrations below 0.1 M  were estimated by extra
polation.

the Soret coefficient of the unknown MCI can be cal
culated by the equation2 

, LiC lnLiCl
MCI _  tl-i+ D  LiCl _

a — M O g M C l a

F(dE/dT)0 Sci-MCl ~  Sci-LiCI
n n r n , M ClzjM Cl MCIr MCI W¿ti 1 tit+ 45 ¿K i t  si + tS

where o-’s are the Soret coefficients, t’s are the ionic 
transport numbers for ions indicated by the subscripts 
corresponding to the solution phases indicated by the 
superscripts, F is the Faraday constant, T is the ab
solute temperature, and B’s are defined by

BLlC1 =  (1 +  d In y±LlC1/d  In m)T,P

Bmc1 =  (1 +  d In 7±MC1/d  In m)r .P

where y±’s are the mean activity coefficients on the 
molality scale in an to molai solution. Sci-’s represent 
the transported entropies of the chloride ion in the 
solution phase indicated by the superscripts. In the 
present work, the third term on the right-hand side 
of (2) was omitted in the practical calculation because 
this contribution is negligible in the present experi
mental condition.1'2

Experimental Results

All solutions were prepared by using Koso Guar
anteed reagent grade chemicals (99.8% purity) to a 
concentration of 0.01 M  within 0.3%.

The process of preparing cells, experimental condi
tions, and measuring methods are nearly the same as 
those reported in the previous paper,1’2 except for taking

here the lithium chloride thermocell as a reference of 
the combined thermocell. In the present work, the 
measurements were begun after allowing the cells 
to stand at a medium temperature near 25° for more 
than 2 or 3 weeks, and even for a month in the case of 
tctra-n-propylarnmonium chloride, and a satisfactory 
result could be obtained.

Measurements were repeated on every possible com
bination of four or five well-conditioned MCI thermo
cells with four or five well-conditioned reference Li
Cl thermocells. Some of the typical results are repre
sented in Figure 1. The values of (dE/dT)0, the initial 
thermoelectric power of the combined thermocell, 
were determined by the method of the least squares, 
and are listed in Table I. The data are reproducible 
in most cases within a fluctuation of 1 to 3%.

The Soret coefficient of LiCI, which was used as a 
reference in the present work, was assigned to be 
— 0.01 X 10-3 deg-1, which was obtained by adjusting 
Snowdon and Turner’s value3 of —0.02 X 10-3 deg-1 
at 25.3° and 0.01 M  to the 25° value. Using this value 
and our data on (dE/dT)0, the relative value of the 
Soret coefficients, crMC1, at 25° and 0.01 M  were de
termined by the aid of (2) taking $ci-MCI =  Sci-L1C1. 
The results are compared with previous values2 and 
with those obtained by the direct method by Snowdon 
and Turner3 in Table I. They are found roughly in 
good agreement with each other. The Soret coefficients

(2) T. Ikeda and H. Kimura, J. Phys. Chem. 69, 41 (1965).
(3) P. N . Snowdon and J. C. R. Turner, Tram. Faraday Soc., 56, 
1409 (1960).
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Figure 1 was obtained showing peaks of 670, 640, and 
600 mu, clearly very similar to the gas phase spectrum 
of N 03.4 The possibility of this transient being N 032~ 
may be discounted as the spectrum is practically un
changed in 6 ¥ H N O s (Figure 1) and agrees with that 
obtained by flash photolysis of cerium(IV) in the same 
medium.5

This transient absorption, which decays by a first- 
order process (6/, =  40 /xsec) is not found in 10~2 M  
NaN03 but is produced in increasing amounts as the 
concentration of N 03~ is increased from 0.5 M  up to 
the practical limit of 8 M. Over this range a con
siderable amount of energy is deposited in the nitrate, 
and in order to determine the origin of the N 03, the 
absorbance per pulse, A, has been treated according to 
the equation

A
/ h20

Amo +
/ N° l - ,
/m o

NOa-

which has been set up by arbitrarily assuming that 
N 03 may originate as a result of energy deposited 
either in the water or in the nitrate ( /H,o and / N0,- are 
the fractions of energy absorbed in water and nitrate, 
respectively, and the A ’s are the respective coefficients). 
Reference to Figure 2 shows that in fact An,o =  0; 
i.e., all of the N 03 is a transient characteristic of the 
reactions involved in “ direct action.”  This result 
clearly makes unnecessary any discussion of excitation 
effects6 and energy transfer7 from solvent (water) to 
solute (N 03~).

However, N 03 is not the primary species formed by 
“ direct action.”  This is shown by: (1) under cer
tain conditions the kinetic curves give indications of a 
rise time, though this could not be clearly resolved; 
(2) formation of N 03 can be completely eliminated by 
the prior addition of N 02~ and methanol in concentra
tions not greatly affecting the decay of N 03.

It may be concluded then that N 03 has a radical 
precursor and thus is not formed as a result of the 
ionization process

N 0 3-  — > N 03 +  e (1)

As alternative primary processes the dissociation reac
tions

N 03-  — >  N 02 +  O - (2)

N 03-  — ► N 02-  +  O (3)

in which O " and O are the N 03 precursors, may be con
sidered. Although the previous finding that A H,o = 0  in
dicates thatOH radicals readily available from the radiol
ysis of water are ineffective in leading to N 03 formation 
and hence are not the precursors of N 03, additional dif-

Figure 1. Absorption spectra of transient 
produced in 4 M NaN03 and 6 M HN03.

/(NO,-).
/(H,0)

Figure 2. Dependence of N 03 formation 
on fractional energy deposition.

(4) E. J. Jones and O. R. Wulf, J. Chem. Phys., 5, 873 (1937); G. 
Schott and N. Davidson, / .  Am. Chem. Soc., 80, 1841 (1958); D. A. 
Ramsey, Proc. Colloq. Spectros. Intern., 10th, Univ. Maryland, 1962, 
583 (1963).
(5) T. W . Martin, A. Henshall, and R. C. Gross, J. Am,. Chem. Soc., 
85, 113 (1963).
(6) M. A. Proskurnin and V. A. Sharpatyi, Russ. J. Phys. Chem., 34, 
1009 (1960).
(7) J. Bednar and S. Lukac, Coll. Czech. Chem. Commun., 29, 341 
(1964).

Volume 70, Number 9 September 1966



3364 Notes

expected to be significant as reported in other studies.4’6 
Since measurements of complex stability are really 
a measure of the competition of solvent and ligand for 
ligancy sites, a decrease in the polarity of the solvent, 
as reflected by a decreased dielectric constant, should 
favor increased complex stability.

Experimental Section

Reagents. The amines used were reagent grade 
and were freshly distilled before use except for the di
n-propyl-, diisobutyl-, and tributylamines. These 
latter were used as obtained. The isopropyl alcohol 
used was dried over activated synthetic zeolite before 
use. The silver perchlorate and lithium perchlorate 
were dried under vacuum and stored over desiccant 
until used. All additions and transfers of reagents 
were made in a drybox and solutions were stirred with 
dry nitrogen during potential measurements.

Procedure. Silver ion activities were determined by 
a modification of the method of Bodlander10 and Koch.11 
The reference half-cell consisted of silver-plated 
platinum electrodes12 in anhydrous isopropyl alcohol 
solutions 0.025 M  in AgC104 and 0.5 M  in LiC104. 
The variable half-cell consisted of a silver-plated 
platinum electrode in 0.5 M  LiC104 solution in anhy
drous isopropyl alcohol containing varying, but always 
large excess, amounts of amine and varying amounts 
of AgC104. For each complex studied, measurements 
were made on three sets of solutions each having a 
different amine concentration. In each set there were 
four solutions in which the amine concentration was 
kept constant while silver ion concentrations were 
varied. The two cells were electrolytically connected 
by an aqueous agar bridge containing K N 03. The 
time of contact of the bridges with the alcoholic solu
tions was kept as small as possible to minimize diffusion 
effects. K N 03 solutions in isopropyl alcohol were 
tried as bridge solutions but were found to be unsatis
factory.3 In two different sets of measurements the 
K N 03 concentration of the bridge solution was varied 
from 2 to 3 m. No significant change in the cell emf 
was noted, suggesting that junction potentials were 
small or at least independent of the concentration of 
the bridge solution and also of the concentration of 
the silver ion in the test and reference solutions.

In one set of measurements, the concentration of the 
LiC104 background electrolyte was varied to determine 
the effects of ionic strength on instability constant, 
Ki (Table I). pAi values increased in a somewhat 
regular way with decreasing electrolyte concentration, 
but no simple relationship between Ki and concentra
tion or ionic strength could be observed.

Measurements were made using an L and N student

Table I : Effect of Background Electrolyte Concentration on 
pf?i Values for ri-Butylamine-Silver(I) Complex

Concn of LiC104, M 0.8 0.5 0.2 0.0
pKi 9.1 9.2 9.4 10.4

potentiometer and extended range galvanometer. 
Two pairs of essentially identical electrodes were com
pared for each emf determination in each solution to 
eliminate spurious electrode effects.

Coordination numbers and instability constants 
were calculated from observed potentials by the 
method of Jonassen, et a l . ,2 except that concentrations 
were used rather than activities in the absence of 
reliable data for activity coefficients. The relationship 
derived by these investigators is given by

pK' ■ dk -log Ag»+ -
n(log At -  nAgT+) +  log AgT+ (1)

where pKi is the negative log of the instability con
stant, AgR+ is the silver ion concentration in the refer
ence half-cell, E is the observed potential, n is the co
ordination number of the silver ion, LT is the total 
added ligand concentration, and AgT+ is the total 
silver ion concentration in the variable half-cell. A 
plot of —E/0.05916 vs. —n(log Lx — nAgx+) +  log 
nAgi+ should give a straight line with a slope of 1.0 
for n =  2 if the silver ion shows its normal coordination 
number and if the system is reversible.

Results

Average values of the slopes obtained on the basis 
of eq 1 are shown in Table II. Values represent the 
average of three sets of experiments. For each run, 
silver ion concentrations varied from 0.0007 to 0.02 M. 
All results are the average of values for two inde
pendent pairs of electrodes.

As can be seen, the slopes do not vary appreciably 
from 1 except perhaps for the diisobutyl, tri-n-propyl, 
and tri-n-butylamine complexes. It is possible that 
in these complexes the silver ion may have a coordina
tion number other than 2. One might predict, on 
the basis of steric effects, that the coordination number 
of the silver ion might be decreased for these amines 
and the lower value for the diisobutyl complex would be

(10) G. Bodlander as cited in S. Glasstone, 1 Textbook of Physical 
Chemistry,” 2nd ed, D. Van Nostrand Co., Inc., New York, N . Y ., 
1946, pp 972-974.
(11) F. K . V. Koch, J. Chem. Soc., 2053 (1930).
(12) A. S. Brown, J. Am. Chem. Soc., 56, 646 (1934).
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Table II: Slope of Plot of — 2?/0.0591 vs. — n Log (L t  — ?iAgT+) +  Log (AgT+) for Different Amine Complexes“

-Run A-

Amine

Amine
concn,

M Slope

n-Propyl 1 . 9 4 1.0 ± 0 .1
n-Butyl (0.2 M 1.62 1.0 ± 0 .1

LiC104)
n-Butyl 1.62 1.0 ± 0 .1
n-Butyl (0.8 M 1.62 0.95 ±  0.3

LÌCIO4)
Isobutyl 1.60 1.0 ± 0 .1
i-Butyl 1.52 1.0 ± 0 .1
Di-n-propyl 1.17 0.89 ±  0.6
Di-n-butyl 1.78 0.98 ±  0.1
Diisobutyl 1.73 0.92 ±  0.3
Triethyl 1.58 1.08 ±  0.1
Tri-n-propyl 1.59 1.48 ±  0.4
Tri-n-butyl

“ Background electrolyte is 0.5 M LiClOi, except as noted.

-Run B---------------------- ,---------------------Run C-
Amine Amine
concn, concn,

M M M Slope

2.43 0.98 ± 0 .1 2.92 0.96 =fc 0.1
2.02 0.98 ±  0.1 2.42 0 . 9 9  ±  0 . 1

2.02 1.0 ± 0 .1 2.42 0 . 9 9  ±  0 . 1
2.02 1.0 ± 0 .1 2.42 1 . 0  ± 0 . 1

2.00 0.98 ±  0.2 2.40, 0 . 9 7  ±  0 . 1
1.90 1.0 ± 0 .1 2.28 0 . 9 7  ±  0 . 2
1.46 0.91 ±  0.3 1.75 0.92 ±  0.3
2.02 0.99 ±  0.3 2.26 0.96 ±  0.3
1.96 0.86 ±  0.5 2.19 0.76 ±  0.3
1.87 0.98 ±  0.3 2.16 0.96 ±  0.2
1.80 1.46 ±  0.3
1.85 1.22 ±  0.5

consistent with this. It does not seem reasonable, 
however, to postulate an increase in coordination 
number of the silver ion with the tri-n-butyl- and tri- 
n-propylamines in concentration ranges where less 
hindered amines show no such increase. It is thus 
concluded that the deviations noted for these three 
complexes represent failure of the equations to represent 
adequately the system rather than any real change 
in the coordination number of the silver ion.

The independence of the slope upon the concentra
tion of the background electrolyte, observed for the n- 
butylamine complex suggests that the background 
electrolyte does not compete successfully with the 
amine for ligancy sites of the silver ion, and also that 
the ligancy of the silver ion is not significantly affected 
by the electrolyte concentration.

Various workers have reported a general relationship

between pA ; and pAs, the negative log of the base 
ionization constant of the amine.5’13’14 15 16 Experimental 
values of pAi obtained in this investigation, plotted 
against pAs values for the various amines in water, 
are shown in Figure 1. p A b 15,16 values in water were
used in the absence of such data in isopropyl alcohol 
and on the assumption that the relative values for the 
various amines would not be greatly changed in going 
from water to isopropyl alcohol.

The amines fall clearly into three groups, primary, 
secondary, and tertiary. In each of these groups a 
reasonably linear proportionality exists between pA; 
and pA b. The silver complexes formed from primary 
amines are about one to two orders of magnitude more 
stable than those with secondary amines, which are 
in turn two to three orders of magnitude more stable 
than complexes with tertiary amines. This is the 
order found by Brown17 for the basic strength of ethyl-, 
diethyl-, and triethylamines with the highly hindered 
reference acid, tri-f-butylboron rather than the order 
when HC1 is used as the reference acid. This suggests 
that for the silver-amine complexes, steric effects are 
more significant than inductive effects in determining 
changes in stability with substitution. This does not

(13) R. J. Bruehlman and F. H. Verhoek, J. Am. Chem. Soc., 70, 
1401 (1948).
(14) J. Bjerrum, Chem. Rev., 46, 381 (1950).
(15) H. K. Hall, Jr., J. Am. Chem. Soc., 79, 5441 (1957).
(16) N . A. Lange, Ed., “ Handbook of Chemistry,” 9th ed, Handbook 
Publishers, Inc., Sandusky, Ohio, 1956.
(17) A. R. Day, “ Electronic Mechanisms of Organic Reactions,” 
American Book Co., New York, N. Y ., 1950, pp 220-221.
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appear to be unique to the isopropyl alcohol solvent 
system since the same order is observed in water and 
acetone as shown in Table III.

Table III: pAt of Silver-Amine Complexes 
in Different Solvents

Di- ,•------- piTi of silver-amine complex— —-
electric n- Iso- Di-n- Diiso- Tri-ra- 

Solvent system constant Butyl butyl butyl butyl butyl

Isopropyl alcohol, 18.3 9.17 8.75 8.13 6.84 5.70
0.5 M  LiClOi

Acetone, 0.5 M 20.7 10.29 9.68 10.05 8.83 . . .
LiC104

Water 78.54 7.48 7.24 4.10 . . .  3.82

Jonassen4 and others have suggested that the pKi 
of amine complexes should increase as the dielectric 
constant of the solvent decreases and in the case of 
ethylamine in the solvents water, ethanol, and isopropyl 
alcohol such a correlation appears to exist, perhaps 
because of the very similar nature of the solvents. 
That this is not the only factor involved can be seen 
by comparing the values of pAi in isopropyl alcohol, 
acetone, and water as shown in Table III. Although 
it is often difficult to compare results of different in
vestigations, the comparison shown in Table III would 
suggest that specific solvent effects must play a sig
nificant factor in complex stabilities although dielectric 
constant effects almost certainly are of importance. 
Further studies involving different solvent systems 
may be useful in determining the relative importance 
of these factors.

Conclusions

Complexes of silver with amines fall into three groups, 
those with primary, secondary, and tertiary amines. 
Within these groups, the stability of the complexes 
correlates with the base strength of the amine. It does 
not, however, correspond to the order of the base 
strength of the amines in going from primary to 
secondary to tertiary, suggesting that steric hindrance 
is a significant factor. The relative stabilities of the 
amine complexes do not appear to change with changes 
in solvent although the solvent does affect the absolute 
values of instability constants. The dielectric con
stant may have a significant bearing on solvent changes 
on stability of complexes but specific solvent effects 
are also significant and may, in the case of solvents of 
quite different nature, be more important than the 
effects of dielectric constant.
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Kinetics o f  the Gas Phase Pyrolysis 

o f  Tetranitrom ethane1

by J. M. Sullivan and A. E. Axworthy

Rocketdyne, A Division of North American Aviation, 
Canoga Park, California {Received May 10, 1966)

Reported herein are the results o: our study of the 
pyrolysis of tetranitromethane (TNM).

Experimental Section
The 90.6-ml monel electrically heated, stirred flow 

reactor was identical with that described by Sullivan 
and Houser.2 TNM vapor of 99% purity was mixed 
with helium and passed through the reactor at 1 atm 
total pressure and a TNM initial partial pressure of
1.09 mm (runs 1-23). The storage tank was repres
surized with helium prior to run 24 giving an initial 
TNM partial pressure of 0.48 mm in the final eight 
experiments. The reactor was by-passed to permit 
analysis of the unreacted TNM. A sample of the gas 
stream from the reactor (or the by-pass) was periodi
cally analyzed for TNM by introducing it into the helium 
carrier gas stream of a gas chromatograph by means 
of an unlubricated Beckman gas sampling valve. The 
reduction in TNM concentration with residence time 
in the reactor was followed chromatographically using 
a 3-ft column of 5% S.E.-30 silicone oil on Celite, 
60-100 mesh, at room temperature and a thermal 
conductivity detector. The flow rates through the 
reactor were measured with a soap bubble flow meter 
connected to the exit stream. The measured flow rates 
and reactor volume were corrected to reactor tempera
ture.

Mass spectrometric analysis of the decomposition 
products showed the presence of the species N 0 2, 
NO, N20, and C 02. The presence of N 02 and C 0 2

(1) This work was supported by the TL S. Air Force and the Ad
vanced Research Projects Agency under Contract No. AF04(611)- 
9380 and ARPA Order No. 24.
(2) J. M . Sullivan and T. J. Houser, Chem. Ind. (London), 1057 
(1965).
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was further substantiated by infrared spectrometry. 
However, attempts to establish a mass balance for 
these species proved unsuccessful.

Results
The results obtained for the thermal decomposition 

of TNM over the temperature range 170-223° are 
presented in Table I. The rate equation for a simple 
order, single-reactant reaction in a stirred flow reactor 
is

kn =  (.P° -  P)/(Pnr) (1)

where P° and P are the partial pressures, respectively, 
of the reactant in the gas streams entering and leaving 
the reactor, t is the average residence time in the 
reactor, and n is the order of the reaction.3'4 It is of 
interest to note that for a first-order reaction in a 
stirred flow reactor a plot of 1 /P vs. t will yield a 
straight line, whereas such a plot will be linear only for 
a second-order reaction in a plug flow or static reactor.

Table I : Experimental Kinetic Data for the Pyrolysis 
of Gaseous Tetranitromethane

Fraction
Run Temp, T, reacted, In, hA,
no. °C sec a sec-1 sec-1

17 170.0 99.2 0.171 0.00208 0.00222
18 169.5 0.249 0.00196
19 172.9 0.307 0.00256
20 174.0 0.283 0.00227
21 181.2 123.5 0.452 0.00668 0.00680
22 126.1 0.455 0.00662
23 128.0 0.479 0.00719

1 186.9 14.3 0.154 0.0127 0.0130
2 27.0 0.265 0.0134
3 41.5 0.355 0.0133
4 43.7 0.340 0.0118
5 54.7 0.416 0.0130
6 63.0 0.468 0.0140

10 192.2 13.4 0.229 0.0221 0.0232
11 16.9 0.274 0.0224
12 23.4 0.310 0.0192
13 24.3 0.376 0.0248
14 36.8 0.477 0.0248
27 198.0 9.69 0.266 0.0375 0.0382
28 9.78 0.276 0.0390
15 206.7 13.7 0.541 0.0856 0.0856
16 14.1 0.546 0.0855
7 213.0 5.98 0.474 0.151 0.144
8 6.70 0.475 0.135
9 7.07 0.510 0.147

24 215.0 4.74 0.414 0.149 0.150
25 4.89 0.442 0.162
26 5.02 0.410 0.144
29 223.2 2.43 0.438 0.320 0.328
30 2.50 0.455 0.334
31 2.71 0.417 0.264

Figure 1. Arrhenius plot for the gas phase 
pyrolysis of tetranitromethane.

The first-order nature of the decomposition of TNM 
is illustrated in Table I, particularly with the data ob
tained at 186.9°. It can be shown from eq 1 that a plot 
of a/ (1 — a) vs. t , where a is the fraction reacted, 
should be linear for a first-order reaction. The rate 
constant, h, from each experiment is listed in Table 
I. The best first-order rate constant, fciA, at each tem
perature, obtained from the slope of the best line 
from an a /( l  — a) vs. t  plot, is given in the last column 
of Table I. The Arrhenius plot (Figure 1) of these 
rate constants yields the rate expression

h  =  1017-63 exp(—40,875/RT) sec“ 1 (2)

The uncertainty in activation energy is about 1.2 kcal/ 
mole.

The possibility of a heterogeneous contribution to 
the rates obtained in this study has not been completely 
eliminated. It appears, however, from the high pre
exponential factor and the magnitude of the activation 
energy, that the reaction is homogeneous.

Discussion

We believe that the kinetic parameters obtained 
indicate that the rate-determining step is the rupture of 
a single C -N  bond

(N 02)3C -N 02 — *- (N 02)3C- +  N 02 (3)

(3) W . C. Herndon, J. Chem. Educ., 41, 425 (1964).
(4) A. A. Frost and R. G. Pearson, “Kinetics and Mechanism,”  
John Wiley and Sons, Inc., New York, N. Y ., 1956, p 185.
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This is in agreement with Benson5’6 who has suggested 
that for bond rupture within a molecule a “ high”  
preexponential factor of 1016 to 1018 sec-1 is to be ex
pected. Reaction 3 is then followed by further bond 
rupture or, more likely, by an isomerization process 
in which an oxygen atom is transferred to the un
saturated carbon atom.

Since the reverse of reaction 3 should have nearly a 
zero activation energy, the measured activation energy 
for the pyrolysis of TNM is approximately equal 
to the dissociation energy of the first C -N  bond in 
TNM  if reaction 3 is rate determining. Reaction 3 
will be rate determining if the radical formed reacts 
much more rapidly by another path than by recombi
nation with N 02. The only other apparent mecha
nism which could give first-order kinetics independent 
of the buildup of product N 02 would be one in which 
reaction 3 was rapidly reversible and the rate-determin
ing step involved the reaction

N 02 +  (N 02)3C- — > products (4)

In this case, the measured activation energy would be 
equal to the dissociation energy of the C -N  bond plus 
the activation energy of reaction 4.

Marshall, Borgardt, and Noble7 have reported kinetic 
parameters for the condensed-phase pyrolysis of hexa- 
nitroethane (HNE). In the case of solid HNE, the 
preexponential factor was 1018-6 and the activation 
energy 38.9 kcal/mole. Within experimental error, 
this activation energy is the same as that for gaseous 
TNM.

It was postulated for solid HNE that the rate
determining step is the simultaneous cleavage of two 
C-N  bonds to give a diradicai intermediate.7 This 
was based partly on the high preexponential factor 
of IO18-6 which was attributed to the unfreezing in 
the activated complex of the carbon-nitro system 
(however, the uncertainty in this preexponential 
factor is a factor of 103 to 104 since the stated average 
deviation in the activation energy is 10%). Our 
results with TNM  (one carbon atom) indicate that un
freezing of the carbon-nitro system is not required to 
obtain a high preexponential factor. The mounting 
evidence that bond rupture yielding two polyatomic 
radicals is associated with a “ high”  Arrhenius factor,6,6 
supported by unpublished work from this laboratory, 
makes it apparent that the kinetic results reported

(5) S. W . Benson, Ind. Eng. Chem., 56, 18 (1964).
(6) S. W . Benson and W . B. DeMore, Ann. Rev. Phys. Chem,, 16, 
426 (1965).
(7) H. P. Marshall, F. G. Borgardt, and P. Noble, Jr., J. Phys. 
Chem., 69, 25 (1965).

for solid HNE7 fit equally well a simpler mechanism 
in which the rate-determining step is the rupture of 
the initial C -N  bond.

The Dissociation o f  Tetra-n-hexylam m onium  

Iodide in D ichlorom ethane

by R. A. Matheson

Chemistry Department, Victoria University of Wellington,
Wellington, New Zealand (Received July IS, 1966)

A recent spectrophotometric investigation1 led to 
the conclusion that solutions of tetra-n-hexylammonium 
iodide in dichloromethane contain ion pairs (n-hexyl)4- 
N+I~ as well as free ions. Assuming the activity co
efficients of both free ions and ion pairs to be unity, 
an equation2 was derived which related the optical 
density of a solution of this salt to its concentration. 
As this equation contained three unknown parameters 
[the dissociation constant of the ion pair ( K d ) and the 
extinction coefficients of free iodide ions (cf) and ion 
pairs (ep) ], it was asserted that measurement of the 
optical densities of three solutions having different 
concentrations (C¡) suffices for the evaluation of K d. 
A value of 10~3 M  for this quantity was obtained from 
the optical densities of solutions of concentrations 
3.86 X 10-3, 9.64 X 1()-4, and 4.82 X 10-6M.

In order to test this assertion, we have examined the 
consistency of these optical densities with a variety of 
values Kt> and activity coefficient assumptions identical 
with those used in the original work.1 For the values 
of Kn shown in Table I, extinction coefficients ep and 
ip can be found such that the optical densities cal
culated from Kt>, ep, €f, and C, agree with the experi
mental optical densities of the three solutions in ques
tion. The maximum discrepancy between calculated 
and experimental optical densities was 1%, which is 
less than the maximum uncertainty consistent with the 
manufacturer’s specifications for the instrument used 
in the measurements. Since none of the extinction 
coefficients is physically unreasonable, it may be con
cluded that the measurements reported by Blandamer, 
Gough, and Symons1 are not sufficient for the evalua
tion of Kd, and that their estimate of this quantity 
is uncertain by several powers of ten.

(1) M . J. Blandamer, T. E. Gough, and M , C. R. Symons, Trans» 
Faraday Soc., 62, 286 (1966).
(2) See eq 3 in ref 1.
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Table I

K d , •o X 0 eF X IO”*,
M c m - 1  M~l c m - 1  M~l

10 - 1 3 .80 0 1.479
10 -2 1 .857 1.472
10 -3 1.616 1.453
10 -4 1 .568 1.425
io-B 1 .550 1.320
10-6 1 .546 1 .000

Because of the low dielectric constant of dichloro- 
methane (9.08 at 20°),3 activity coefficients of ions in 
this solvent may be expected to deviate significantly 
from unity at quite low ionic strengths. For this 
reason we modified the foregoing analysis by calcu
lating the mean activity coefficient of the free ions from 
the equation

, Ay/I
"  T + B d V i

with A =  13.29 =  0.9746 X 108M _1/l cm“ 1,

and d — distance of closest approach of free ions. 
Assuming d =  10 A, values of Ko between 10-2 and 
10 ~6 M  were found to be consistent with the experi
mental results. Further, the range of acceptable 
values of Ko did not depend greatly on the choice of
d. Thus the conclusions of the last paragraph remain 
valid.

Blandamer, Gough, and Symons1 remarked on the 
large difference between their result for the dissocia
tion constant of tetra-n-hexylammonium iodide in 
dichloromethane (10~3 M) and the figure (7.21 X 10-6 
M) obtained for tri (ethyl) méthylammonium iodide 
from conductance measurements in the same solvent. 
Our analysis of the experimental data for tetra-n- 
hexylammonium iodide shows that the difference may 
be due to the large uncertainty in the result for this 
salt rather than to “ the difficulties involved in com
paring dissociation constants derived from analysis 
of absorption spectra and conductivity data.”

(3) “Handbook of Chemistry and Physics,” 45th ed, Chemical 
Rubber Co., Cleveland, Ohio, 1964, p E31.

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

An Activation Energy for the Transport o f  

Carbon Dioxide through a M onolayer o f  

Hexadecanol at the Air-W ater Interface

Sir: The influence of monolayers, at the air-water 
interface, on the loss of C02 from its aqueous solution 
is being studied in these laboratories. This communicar 
tion deals with the effect of temperature on the per
meability of a hexadecanol monolayer to CO2.1

The initial concentration of the UC02 solution was 
determined by the method of Harlan.2 The hexadec
anol, supplied by Applied Science Laboratories Inc., 
State College, Pa., was 99.8+%  pure. The mono- 
layers were spread from a 1 mg/ml ethereal solution 
and the spreading pressures obtained are shown in 
Table I. Since all pressures are above 15 dynes cm-1, 
all monolayers investigated were in the “ solid”  state. 
The radiotracer technique described by Hawke3’4 was 
used to measure the amount of gas appearing above

the surface. The apparatus used was similar to that 
described by Hawke and Crawshaw.6 

The recorder traces obtained were analyzed by the

Table I : Transmission Coefficients and Equilibrium 
Spreading Pressures for a Monolayer of Hexadecanol
at Various Temperatures 

Temperature, °C 0.1 5.1 1 0 . 0 15.0
Spreading pressure (He) 

dynes cm- 1 17.4 23.2 29.2 33.6
Transmission coefficient ( Ta), 

X 104 cm sec- 1 3.7 5.9 7.0 13.6

(1) 1. White, M.Sc. Thesis, University of Sydney, 1966.
(2) J. W . Harlan, Atom Light, 19, 8 (1961).
(3) J. G. Hawke, Australian Atomic Energy Symposium, 1958, p 
634.
(4) J. G. Hawke, Ph.D. Thesis, University of Sydney, 1959.
(5) J. G. Hawke and S. J. Crawshaw, to be published.
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method described by Hawke and Parts,6 allowing a 
transmission coefficient to be assigned to the mono- 
layer. Transmission coefficients were calculated for 
the monolayer at the temperatures of 0.1, 5.1, 10.0, and 
15.0° and these are shown in Table I.

Barnes and La Mer,7 by considering that the mono- 
layer acts as an energy barrier to gas transport, have 
applied the transition state theory of Eyring to the 
permeability (or transmission coefficient) of a mono- 
layer by

Ta =  c' exp[»S*/R -  UsNoA*/RT -  E*/RT] (1)

where Ts is the monolayer’s transmission coefficient, c' 
is a constant, S *  and E *  are the entropy and energy of 
activation, and No A *  is the increase in area per mole of 
activated state caused by the formation of “ holes”  in 
the monolayer “ lattice.”

For measurements made at constant surface pressure, 
eq 1 becomes

Ta = c "  exp [AS */R -  UsNoA */RT -  E*/RT] (2)

where E* is the experimental activation energy and 
c"  is a constant.

By plotting In Ts against 1 /T  (Figure 1), values for 
c"  exp AS*/R and (IlsNoA* +  E*) were obtained 
for CO2 transport through hexadecanol monolayers. 
These values were, respectively, 107 cm sec-1 and 12 
±  2 kcal mole-1. In order to obtain an approximate 
value of the activation energy, E*, a mean value of IIS

(27.6 dynes cm-1) was assumed and a value for A *  
(25 A2) was calculated from the C 02 transport results 
of Hawke.4 These approximations give E* a value of 
11 ±  2 kcal mole-1 which is in good agreement with 
the activation energy for water transport through 
hexadecanol monolayers found by Barnes and La Mer.7 
Thus, the activation energy for gaseous transport 
through monolayers appears to be the energy required 
to form a hole in the two-dimensional monolayer “ lat
tice”  as predicted by the energy barrier theory.7

The value of the activation energy found here is in 
marked contrast to that of 2.0 kcal mole-1 found by 
Blank8 for the absorption of C 02 into alkaline buffered 
solutions through a hexadecanol monolayer. This may 
be due to the presence of water molecules in the mono- 
layer.

Further studies are being carried out on the effect of 
chain length and the composition of the polar head 
group on the permeability of monolayers to C 02. A 
detailed account will be published elsewhere.9

Acknowledgment. We wish to thank the U. S. 
Public Health Service for financial assistance under the 
terms of Grant WP00877-01.

(6) J. G. Hawke and A. G. Parts, J. Colloid. Sci., 19, 448 (1964).
(7) G. T. Barnes and V. K. La Mer in “ Retardation of Evaporation 
by Monolayers,” V. K. La Mer, Ed., Academic Press, New York, 
N. Y ., 1962.
(8) M. Blank, ref 7, p 75.
(9) J. G. Hawke and I. White, to be published.

P h y s i c a l  C h e m i s t r y  L a b o r a t o r i e s  J. G .  H a w k e

D e p a r t m e n t  o f  P h a r m a c y  I. W h i t e

U n i v e r s i t y  o f  S y d n e y  

S y d n e y , A u s t r a l i a

R e c e i v e d  J u l y  18, 1966

Com m ents on  the Effects o f  the Nonbonded 

Electrons on  Barriers to Internal Rotation

Sir: Over the past several years, there has been con
siderable interest in barriers to internal rotation. 
Perhaps most of this interest stems from the lack of 
any adequate theory describing the origin of such 
barriers. One very recent theory worked out by Parr 
and co-workers using the integral Hellmann-Feynman 
theorem1 2 has had considerable success.2 These workers 
describe a very simple, semiempirical electrostatic 
model for calculating barrier heights in molecules.

(1) H. Kim and R. G. Parr, J. Chem. Phys., 41, 2892 (1964).
(2) J. Lowe and R. G. Parr, ibid,, 44, 3001 (1966).
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Table I : F3(m-h) Contribution to Barrier Heights in C H 3M H 3, C H 3M H 2, and C H 3M H  Molecules

M o le c u le Z C - M - H M o le c u le Vs(M -H ) Z C - M - H M o le c u le F 3( m -H ) Z C - M - H

CH3C H / 338 109° 37' CH3SiH3‘i 194 108° 15' GHsGeH/ 145 109° 35'
CH3NI-F 343 112° 3' CH3PHV 430 97° 30' CH3AsH / ~340 (~94°)
CHsOH' 375 108° 52' CHsSH7 444 96° 30' CH3SeH* 350 95° 15'

0 W. Lafferty and E. Plyler, J . Chem. Phys., 37, 2688 (1962). 4 D. R. Lide, Jr., ibid., 27, 343 (1957). c P. Venkateswarlu and W. 
Gordy, ibid., 23, 1200 (1955). d Kilb and L. Pierce, ibid., 27, 108 (1957). '  See ref 4. 1 T. Kojima, J. Phys. Soc. Japan, 15, 1284 
(1960). 1 V. Laurie, J. Chem. Phys., 30, 1210 (1959). 4 A. B. Harvey and M. K. Wilson, ibid., 44, 3535 (1966). ’ A. B. Harvey and 
M. K. Wilson, ibid., 45, 678 (1966); C. Thomas and E. B. Wilson, Jr., private communication. ' Barrier in cm-1.

Their model is based on the experimental data now 
available for several types of molecules and on more 
elaborate calculations on ethane.3

The conclusion reached by these workers was that 
barriers in molecules like ethane may be regarded 
as arising primarily from nuclear-nuclear repulsion 
modified by electron density near the hydrogen nucleus. 
It is stated2 that s-p hybrids on one end of the mole
cule, e.g., on the oxygen atom in CH3OH, do not con
tribute to the threefold electron density and hence do 
not affect the barrier. The threefold component ap
parently arises from the Is orbitals of the hydrogen 
atoms and the overlap of the Is orbital with the s-p 
hybrid. If this is so, then nonbonded electrons should 
not significantly contribute to the magnitude of the 
barrier in molecules such as CH3MH„, where M is a 
group IV (n = 3), V (n =  2), or VI (n =  1) atom which 
uses only s-p hybrids. Reported here are some con
clusions which support this theory.

It is possible to estimate the nonbonded electron 
contribution to the barriers in some of these molecules 
in the following way. If the total barrier height in a 
CH3MH2 molecule is assumed to be a sum of two 
M -H  barriers, then it is possible to compute an in
dividual barrier height contribution for each M -H  
group, F3(M—h) , by the relation

T7- —  V  3 (C H »M H ,)
’ 3 (M —H )  =  —  — ,—2 cos 3z/2

where F 3(CHaMH2) is the total barrier height in the 
molecule and x is the projected H -M -H  angle. This 
was first carried out for CH3PH2 by Kojima, et al* 
In Table I are listed the F3(m- h> contributions in 
CH3MH2 and CH3M H3 molecules. In the latter, 
V3(m- h) was taken to be F3(chsmh!)/3 since Z H -M -H  
is almost tetrahedral in every case. These F 3(m- h> 
may now be compared with the total barrier heights 
in the CH3M II compounds. Note that when M is in 
the same periodic series and Z C -M -H  angles are alike, 
the F3(m- h) are remarkably similar. Since the mole
cules of the same periodic series have different numbers

of nonbonded electrons, it can be concluded that non
bonded electrons contribute little to the barrier heights. 
This idea is consistent with Parr’s model and was rec
ognized some years ago by Pauling,6 who made the 
comparison in the first row of Table I.

Based on the barriers known for CH3GeH3 and CHr  
SnH3, Lowe and Parr2 conclude that the heavy M atom 
will have considerably more d and f orbital participa
tion. These orbitals will contribute a threefold com
ponent to the electron density and hence the non
bonded electrons will affect the barrier height. How
ever, no significant nonbonded contribution is found 
from the information available for CH3ASH2 and 
CH3SeH (see Table I), although it is admitted that the 
uncertainty in the barrier of CH3AsH2 is large and the 
structure has not yet been determined. The agree
ment here may therefore be somewhat fortuitous.

(3) R. E. Wyatt and R. G. Parr, J. Chem. Phys., 44, 1529 (1966).
(4) T. Kojima, E. L. Breig, and C. C. Lin, ibid., 35, 2139 (1961).
(5) L. Pauling, Proc. Natl. Acad. Sci. U. S., 44, 211 (1958).
(6) Address correspondence to U. S. Naval Research Laboratory, 
Washington, D. C.

D e p a r t m e n t  o f  C h e m i s t r y  A l b e r t  B. H a r v e y 8

T u f t s  U n i v e r s i t y  

M e d f o r d , M a s s a c h u s e t t s

R e c e i v e d  J u l y  21, 1966

A 2:1 Pyrene-PMDA M olecular Complex

Sir: Molecular complexes of aromatic hydrocarbons 
with pyromellitic dianhydride (PMDA) have been 
extensively studied recently.1-4 The stoichiometry 
of these complexes has been reported to be 1:1 except 
for o-xylene which forms a 2:1 complex, and perylene

(1) J. C. A. Boeyens and F. H. Herbstein, J. Phys. Chem., 69, 2153 
(1965).
(2) J. C. A. Boeyens and F. H. Herbstein, ibid., 69, 2160 (1965),
(3) Y . Nakayama, Y . Ichikawa, and T. Matsuo, Bull. Chem. Soc. 
Japan, 38, 1674 (1965).
(4) T . Matsuo, ibid., 38, 2110 (1965).
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Wavelength, m¿t.
Figure 1. Charge-transfer spectra of (a) 2:1 complex 
of pyrene with PMDA; (b) 1:1 complex; (c) complex in 
solution of acetic anhydride.

for which there is evidence1 for a 2:1 complex in addi
tion to the 1:1 complex actually isolated. We wish to 
report the isolation of a 2; 1 complex of pyrene with 
PMDA in addition to the previously known 1:1 
complex. There seem to be only rare references in the 
literature on the isolation of hydrocarbon complexes 
of the same donor and acceptor but of differing stoi
chiometry, and apparently in no case have their spectra 
been compared.

PMDA complexes of 1:1 stoichiometry have been 
found in general to crystallize in parallel stacks with 
the donor and acceptor molecules alternating within 
the stacks. From the similarities of the charge-transfer 
spectra of the two complexes of pyrene, shown in 
Figure 1, it would seem reasonable to assume that the 
main structural characteristics of the 1:1 complex are 
retained in the 2:1 complex. A structure where 
stacks of the 1:1 complex alternate with stacks of 
pure pyrene, with the pyrene-pyrene distance com
parable to the same distance in the complex stack 
rather than that in pyrene itself, would account for the 
similarities in the charge-transfer spectra as well as 
the observed stoichiometry. An arrangement of alter
nating stacks of different composition has been found 
for the 1:1 complex between hexabromobenzene and
1,2,4,5-tetrabromobenzene.5 A slight interpenetra

tion of the different stacks would serve to maintain the 
pyrene-pyrene separation as well as to allow for a rather 
close approach, especially if the molecular planes were 
tilted to the stack axis, between the molecules in the 
pyrene stack and the acceptor molecules in the com
plex stack. Cross-stack charge transfer could then 
account for the long-wavelength shoulder in the spec
trum of the 2:1 complex. The slight blue shift of the 
absorption band of the 2:1 complex with respect to the 
1:1 complex would also be accounted for by the above 
model. The conditions under which the 2:1 complex 
is precipitated and the ease with which it is decomposed 
into the 1:1 complex, and the fact that the spectra of 
even the most concentrated solutions show no evidence 
of species other than the 1:1 complex, tend to support 
the hypothesis of a weak lattice complex between the 
1:1 complex and pyrene as opposed to a true 2:1 com
plex.

We were able to precipitate the 2:1 complex only 
from highly concentrated (6.1 g of pyrene and 1.4 g of 
PMDA in 60 ml of nearly boiling solvent) solutions in 
acetic anhydride. For best results, the initial con
centrations should be adjusted until the hot solvent 
evaporating from the tip of a stirring rod leaves a pur
plish film, rather than an orange or a red one. Further 
prerequisites are cooling without agitation, and rapid 
filtration and drying before room temperature is 
reached. Even under the most favorable condition, 
some contamination from the 1:1 complex is to be ex
pected and manual separation under a microscope is 
suggested for final purification. Vacuum sublimation 
yields a residue of the 1:1 complex and a sublimate of 
pyrene. Anal. Calcd: C, 81.03; H, 3.56. Found: 
C, 80.92; H, 3.58 (based upon a 2:1 ratio of pyrene to 
PMDA). The spectra were recorded on a Cary 14 
spectrophotometer on Nujol mulls of the complexes 
held beween glass plates, most of the scattering being 
compensated by neutral density screens.

(5) G. Gainer and F. H. Herbstein, J. Chem. Soc., 5290 (1964).
(6) National Science Foundation Undergraduate Research Participa
tion Program Fellow for summer, 1965.

D epartment op C hemistry I vor I lmet
U niversity op C onnecticut L awrence K opp6
Storrs, C onnecticut 06268

R eceived A ugust 11, 1966

Electron Spin Resonance o f Thioketyls.
A Large Metal Ion Splitting

Sir: We wish to report the preparation and first 
electron spin resonance study of thioketyls. It is well

The Journal of Physical Chemistry
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Table I : Ketyl Esr Data“
Ketone Color g Value5 Splitting constants®

Xanthene-9-one Blue 2.00355 3.80 (4-H), 0.94 (2-H), 0.95 (Na),8 
<0.2 (K)8

Xanthene-O-thione1* Reddish brown 2.00571 3.35 (4-H), 0.77 (2-H), 0.32 (2-H), 
4.0 (Na), 0.77 (K)

Thioxanthene-9-one Blue 2.00348 3.5 (4-H),6 line width =  17.3'
Thioxanthene-9-thione‘i Reddish brown 2.00577 2.99 (4-H), 0.91 (2-H), 0.79 (2-H), 

3.78 (Na)
p-CHaOC6H4COC,H4OCH3-:p/ Blue 2.00359 Complex spectrum 

Line width = 26 (Na)
p-CH3OC6H4CSC6H4OCH3-p Red 2.00617 3.7 ±  0.3 (4-H), 0.75 ±  0.1 (4-H), 

0.28 (6-H), 3.7 ±  0.2 (Na)
Line width = 15.5 (K)

p-(C H 3),N C 6H 4C O C 6H 4N (C H 3)2-)9 Blue 2.00361 Complex spectrum 
Line width = 28 (K)

p-(CH3)2N C 6H 4CSC6H 4N(CH3)2-p Reddish brown 2.00575 Complex spectrum
Line width = 32 (Na), 27 (K)

“ Sodium or potassium ketyls in tetrahydrofuran. b ±0.00005. '  Splitting constants in gauss; total line width in gauss calculated
from first maximum to last minimum of the first derivative spectrum. d Synthesized by treating the ketone with P2S5 in benzene; 
xanthene-9-thione, mp 154-156°; thioxanthene-9-thione, mp 164-168° (ref 4). 6 E. T. Kaiser and D. H. Eargle, Jr., J. Am. Chem. 
Soc., 85, 1821 (1963), potassium ketyl in 1,2-dimethoxyethane. ’  Synthesized by treating p,p'-dihydroxybenzophenone with methyl 
iodide in basic ethanol, mp 141-144° (K. Auwers, Ber., 36, 3893 (1903)).

known that aryl ketones react with alkali metals to 
form colored solutions containing stable anion- radicals 
known as ketyls. Solutions of ketyls give well-re
solved esr spectra.1 Certain ketyls in some solvents 
may be in equilibrium with diamagnetic dimers, the 
pinacolates.2 3 Paramagnetic dimers are also present in 
some cases.8 Electronic and esr spectra have provided 
evidence for ion pairs.1' 2

No detailed studies of thioketone reactions with 
alkali metals have been made.4 5 6 We have found that 
thioketones react with alkali metals to produce colored 
solutions which contain free radicals stable for at 
least several weeks. Table I lists the observed colors 
and esr data obtained from thioketones and their 
oxygen analogs.5

The hyperfine spectra obtained from the substituted 
thiobenzophenones are very complex due to the large 
number of interacting nuclei in the anion radical. 
Simplified spectra are obtained from xanthene-9-thione 
(Figure 1) and thioxanthene-9-thione. The hyper- 
fine splitting is due to four approximately equivalent 
hydrogens, two pairs of hydrogens and one metal ion. 
Splitting constants obtained for the oxygen analogs are 
similar although somewhat larger for the same hy
drogens. These observations are in good agreement 
with the thioketyl structure for the anion radicals, e.g.

S ~

The higher g values found for the thioketyls as com
pared to the oxygen analogs are also in accord with 
this structure since an increase in g value is usually 
observed for free radicals containing atoms of higher 
atomic number.6’7 The smaller hydrogen hyperfine

(1) F. C. Adam and S. I. Weissman, J. Am. Chem. Soc., 80, 1518 
(1958); P. B. Ayscough and R. Wilson, Proc. Chem. Soc., 229 (1962) ; 
N. Hirota, J. Chem. Phys., 37, 1884 (1962).
(2) H. E. Bent and A. J. Harrison, J. Am. Chem. Soc., 66, 969 
(1944), and references therein; H. V. Carter, B. J. McClelleand, and
E. Warhurst, Trans. Faraday Soc., 56, 455 (1960); J. F. Garst, D. 
Walmsley, C. Hewitt, W . R. Richards, and E. R. Zabolotny, J. Am. 
Chem. Soc., 86, 412 (1964).
(3) N. Hirota and S. I. Weissman, ibid., 82, 4424 (1960); N . Hirota 
and S. I. Weissman, Mol. Phys., 5, 537 (1962); N. Hirota and S. I. 
Weissman, J. Am. Chem. Soc., 86, 2538 (1964).
(4) E. Campaigne, Chem. Rev., 39, 1 (1946). A  red solution at
tributed to the thioketyl has been observed in the reaction of p,p,- 
dimethoxythiobenzophenone with potassium (A. Schonberg, Ber., 
58, 1793 (1925); E. Bergmann, M. Magat, and D. Wagenberg, 
ibid., 63, 2576 (1930), see footnote p 2579). A  similar product of 
xanthene-9-thione was found to be weakly paramagnetic (E. Muller 
and W . Wiesemann, Ann., 537, 86 (1939)).
(5) A  Varian 4502 epr spectrometer with 12-in. magnet and Fieldial 
regulation was used for the esr measurements, g Values were calcu
lated from the resonance equation. The magnetic field was moni
tored with a proton probe utilizing a Magnion G502 gaussmeter and 
a Hewlett-Packard 5245L frequency counter. The klystron fre
quency was measured by means of a Hewlett-Packard 540B transfer 
oscillator and 5253B frequency converter.

Samples were prepared using standard high-vacuum techniques. 
Since thioketones are readily oxygenated to ketones,4 it was thought 
advisable to compare all results obtained from thioketones with 
those found for their oxygen analogs. Chemicals not mentioned in 
footnotes, Table I, are commercially available.
(6) M . S. Blois, Jr., H. W . Brown, and J. E. Maling in M . S. Blois, 
“ Free Radicals in Biological Systems,” Academic Press, New York, 
N. Y ., 1961, p 117; B. G. Segal, M . Kaplan, and G. K. Fraenkel, 
J. Chem. Phys., 43, 4191 (1965).
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i ii I n I iii ii ijI. Il II Il l L ll li l I I : I I. I l i t *
Figure 1. Electron spin resonance spectra of sodium (top) and potassium (bottom) xanthene-9-thione ketyl. The splitting 
constants given in Table I produce the synthetic line spectrum. The spacing between the largest peaks of the top spectrum 
due to sodium splitting is 5 gauss.

splitting in thioketyls reflects a decrease in spin density 
at carbons bearing hydrogens and presumably an 
increase in spin density on the thiocarbonyl function.

The most remarkable feature of the esr spectrum of 
thioketyls is the large metal ion splitting. Whereas 
in the case of xanthone ketyl, sodium splitting is 0.95 
gauss and potassium splitting probably ~0.1  gauss,7 8 
the sodium splitting for xanthone thioketyl is 4.0 
gauss and potassium 0.77 gauss. A large metal ion 
splitting is also undoubtedly part of the spectrum of 
the other thioketyls since a much larger total line 
width is observed for sodium than for potassium (Table 
I). The larger metal ion splitting in the thioketyls 
may be attributed to a higher spin density on the thio
carbonyl function and/or more efficient spin transfer 
from sulfur to metal ion. These effects may involve 
sulfur d-orbital participation. Molecular orbital cal

(7) Free radicals with the unpaired electron entirely localized on 
sulfur have g value of 2.027: J. J. Windle, A. K . Wiersema, and A. L. 
Tappel, J . Chem. Phys., 41, 1996 (1964).
(8) N. Hirota and S. 1. Weissman, J. Am. Chem. Soc., 86, 2537 
(1964).
(8a) N o t e  A d d e d  in  P r o o f . The coupling constants for the cesium 
ketyl of thioxanthene-9-thione in tetrahydrofuran are (4rH S= 
Cs), 0.86 (2-H), and 0.50 (2-H) gauss.
(9) National Aeronautics and Space Administration Traineeship, 
1965-1966.

culations are in progress. Peliminary results have 
been obtained for other thioketones, e.g., thiobenzo- 
phenone and thiofluorenone.8a
D e p a r t m e n t  o f  C h e m i s t r y  E d w a r d  G .  J a n z e n

T h e  U n i v e r s i t y  o f  G e o r g i a  C o ï t  M. D u B o s e , J r . 9

A t h e n s ,  G e o r g i a

R e c e i v e d  A u g u s t  15, 1966

Intram olecular Energy Transfer in

7-Irradiated Alkylbenzenes

Sir: Voevodskii,1’2 using epr and Bagdasaryan,3 
using iodine scavenger techniques, have shown that in 
phenyl substituted saturated hydrocarbons besides 
intermolecular energy transfer, intramolecular energy 
transfer also takes place. Recently, Jones, et al.,4

(1) Yu. N. Molin, I. I. Chkeidze, N. Ya. Buben, and V. V. Voevod
skii, Kinetika i Kataliz, 2, 192 (1961).
(2) Yu. N. Molin, I. I. Chkeidze, A. A. Petrov, N . Ya. Buben, and
V. V. Voevodskii, Dokl. Akad. Nauk SSSR, 131, 125 (1960).
(3) Kh. S. Bagdasaryan, N. S. Izrailevich, and V. A. Krongauz, 
ibid., 141, 887 (1961).
(4) K. H. Jones, W . van Dusen, Jr., and L. M . Theard, Radiation 
Res., 23, 128 (1964).
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studied hydrogen formation in a series of n-alkylbenzenes 
in an effort to determine the effect of side-chain length 
on intramolecular energy transfer. They conclude 
from their experimental results that the extent of alkyl 
group protection is unaffected by the size of the alkyl 
side chain. In this communication, we wish to present 
further information on this subject because our experi
mental results are not in agreement with the state-

Table 1“
n-Alkylbenzene -------G(H0------ •--- -ffalkyl(Hs)------

(or alkane-benzene Jones, This Jones, This
mixture) et al. work et al. work

Toluene 0.12 0.49
Ethylbenzene 0.16 0.18 0.45 0.51
Propylbenzene 0.20 0.23 0.46 0.55
Butylbenzene 0.25 0.27 0.51 0.56
Amylbenzene 0.25 0.34 0.46 0.64
Amylbenzene + 0.35

0.5% I2
Hexylbenzene 0.29 0.40 0.50 0.70
(Hexane-benzene) (0.53) (0.94)
(Hexane-benzene + (0.53)

0.5% I2)
Heptylbenzene 0.31 0.42 0.50 0.69
Octylbenzene 0.33 0.48 0.51 0.75
Nonylbenzene 0.59 0.89
Nonylbenzene + 0.58

0.5% I2
(Nonane-benzene) 0.78 (1.19)
(Nonane-benzene + (0.83)

0.5% I2)
Dodecylbenzene 0.67 0.94
Tridecylbenzene 0.75 1.03
Tridecylbenzene + 0.73

0.5% I2
(Tridecane-benzene) 0.93 (1.28)
(Tridecane-benzene + 0.94

0.5% I2)
Heptadecylbenzene 0.95 . . . 1.23
(Heptadecane-benzene) (1.21) . . . (1.56)

“ Compounds were synthesized using known methods and puri
fied by preparative gas chromatography. Samples (1 ml) were 
outgassed by freeze-pump-thaw cycles and sealed at 10-4 torr. 
H2 determination was by gas chromatography (see E. J. Weber 
and H. Heusinger, Radiochim. Acta, 4, 92 (1965)); accuracy 
better than ± 5 % ; irradiation temperature 35 ±  5°; total 
dose 6.85 X 10“  ev/g; dose rate 0.95 X 1019 ev/g hr.

ment of Jones, et al.* We investigated the hydrogen 
formation of n-alkylbenzenes and several equimolar 
mixtures of alkane and benzene. Addition of iodine 
up to 0.5% had no effect on (?(H2). It is reasonable to 
assume that the unscavengable hydrogen in alkyl- 
benzenes is produced via

C6H5C J W i CeHsCJW  +  H -kin (la)

C6HsC„H2n+1 +  H ■ kin — > CsHsC„H2n • )
— > C6H4CraI W  /  +

C6H5CreH2B+i *  — >  C e H s C Ä ^  +  H2

C6H5C „H 2„+1 ^ T  C6H5C„H2„+i — >

(lb)

(2)

Cl2+2reiixo-|-4rc +  H2 (3)

The reactive species (TO may be an ion or an excited 
state. Reaction 3 is assumed to contribute the bulk 
of hydrogen since n-alkylbenzenes show a sharp drop of 
(7(H2) in the solid phase.6,6 Table I shows the ex
perimental values of Cr(H2). Furthermore, it contains 
(hukyiifR) values calculated from the equation

traIkylbenzene(H2) — CphenylffphcayI(U2) T  Calkyl<7alkyl(H2)

(For <7Phenyi(H2) the value of 0.038 was used; gfaikyi (H2) 
refers to the hydrogen produced per 100 ev absorbed in 
the alkyl part; epheny i and eaikyi are the electron frac
tions of the phenyl and alkyl part, respectively.

The observed differences in G(H2) between the n- 
alkylbenzenes and the equimolar mixtures of alkane 
and benzene should be due to intramolecular energy 
transfer, because no scavengable hydrogen could be 
detected in both systems.

Electron fraction alkane.

Figure 1. gaikyi(H2) as a function of side-chain length: •, this 
work (ra-alkylbenzenes); + , this work (1:1 alkane-benzene 
mixtures); ▼, Jones, et al

(5) D. Verdin, J. Phys. Chem., 67, 1263 (1963).
(6) G. K. Wassiljew and I. 1. Chkeidze, Kinetika i Kataliz, 5, 802 
(1964).
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Contrary to the results of Jones, et al.,4 we find 
(see Figure 1) that the extent of alkyl group protection 
by the phenyl group is affected by the length of the 
alkyl side chain. The protection decreases with in
creasing distance of the primarily affected portion of 
the -C H 2— chain from the phenyl group. Additional 
evidence for this statement follows from the hydrogen 
production of various phenyl-n-nonanes (Table II). 
The protection is a maximum when the phenyl group 
is in the center of the alkane chain, in agreement with 
earlier results on cross linking of 1- and 6-naphthyl- 
dodecane by Alexander and Charlesby.7 We feel that 
the experimental discrepancies may be due to impurities 
(possibly branched alkylbenzenes) in the commercially 
available compounds used by Jones, et al. In order to 
evaluate in more detail the mechanism of hydrogen 
formation and the nature of the protection in n-alkyl- 
benzenes, we are carrying out epr studies and work on 
deuterated compounds.

Table II

Phenylalkane G(H0 ffalkyl(Hï)

l-Phenylnonane 0.59 0.89
3-Phenylnonane 0.50 0.75
5-Phenylnonane 0.42 0.62

(7) P. Alexander and A. Charlesby, Nature, 173, 578 (1954).
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R ec e iv ed  A ugust  15, 1966

A M ethod for Predicting the Effect o f  

Solvation on  H ydrogen-Bonding 

Association Equilibria

Sir: A perplexing problem that frequently arises in 
hydrogen-bonding studies is the prediction of variai 
tions occurring in the thermodynamic parameters for 
association reactions as the medium is changed. In 
previous investigations of the hydration of polar solutes 
we have noted that the solubility of water in various 
solvents is a good index to relative solvation ability.1 
However, reliable method's for calculating solvent effects 
are not presently available. This communication 
describes a simple technique for predicting the effects 
of solvation on the thermodynamic parameters char
acteristic of hydrogen-bonding reactions.

Suppose that an association reaction A +  B =  AB 
occurs in a series of solvents, including the vapor phase. 
For any two of the solvents, the association constants 
may be written A ab1 =  cabi/ caicbi and A ab11 =  cab11/  
caiicb11, where the superscripts refer to solvents I and 
II and the species concentrations, cA, cb, and cAb, 
are expressed in units of moles per liter. It is assumed 
that solute concentrations are sufficiently small so 
that each species individually obeys Henry’s law (in 
condensed phases) or the ideal gas law (in the vapor 
phase). The distribution constants A d,a =  ca11/  
ca1, A d,b =  cbii/ cbi, and A d.ab =  cabii/ cabi are de
fined in terms of the same concentrations. The as
sociation and distribution constants are related by the 
equality

K ab11 / K ab1 =  A d,ab/A 3 ,aA d,b (1)

By making one simple assumption, it is possible to 
correlate variations in the equilibrium constant and 
enthalpy of the association reaction occurring in dif
ferent media. Assume that

AF°ab — a(AF°A +  AF°b) (2)
i—»-ii i - » - i i  i—»-n

where A F ° a b  represents the change in standard free 
i —»-i i

energy of the complex upon transfer from phase I to 
phase II (using standard states of 1 mole/1. in each
phase), AF°a and AF°b are the corresponding free 

i —>-i i  i -> - i i

energy changes for transfer of A and B, respectively, 
and a is a parameter, presumably less than unity and 
not strongly dependent on either temperature or choice 
of solvents, a is related to the fraction of the free 
energy of solvation of the monomers that is retained 
by the molecular pair after the complex is formed. 
In general, the complex will not solvate so extensively 
as the two separated monomers, since the reactive 
parts of the monomers are brought closely together in 
forming the complex, thus “ squeezing out”  some sol
vent molecules. The bulkier and more complicated 
the monomers, the more nearly should a approach 
unity. Furthermore, if a cyclic complex forms, a 
should be smaller than if only linear aggregates are 
present, because a larger percentage of the total 
molecular surface is involved in cyclic as opposed to 
chain complexes.

If eq 2 is valid, with a nearly constant and tempera
ture independent for a range of solvents, several 
interesting conclusions can be drawn.

(1) The relation which is shown in eq. 3

(1) J. R. Johnson, Ph.D. Dissertation, The University of Okla
homa, 1966; D. D. Mueller, Ph.D. Dissertation, The University of 
Oklahoma, 1966.

The Journal of Physical Chemistry



Communications to the Editor 3377

K0, AB =  (A d,aA d,b)“ (3)

follows immediately from eq 2 since the standard 
free energy changes are logarithmically related to
equilibrium concentrations of the reacting species.
Therefore, eq 1 reduces to

K a^ / K ab1 = (4)

(2) Upon differentiating eq 2 with respect to tem
perature, one obtains

A H ° a b  =  a ( A H \  +  A H ° b ) ( 5 )
1^ -11 I-*-II I->-II

Similarly, differentiation of (4) yields

A #°n  -  Atf°i =  (a  -  l )(A ff°A +  A F °b) (6)
i - » ii  i -> ii

where A //°i and AH°u are the standard enthalpy 
changes for the association reaction in solvents I and 
II, respectively. Related equalities can be derived 
for the standard entropy changes.

In order to test and apply these relations, it is con
venient to examine eq 4. This relation predicts that 
a plot of log K ab vs. log (Kd.aKd.b) for a series of sol
vents will be linear with slope equal to a — 1. For 
convenience, the distribution constants are calculated 
with reference to the particular solvent for which K ab 
is largest. By definition, K d,a and K d,b are equal 
to unity for the reference solvent; the product, Kt>,a - 
A d .b , is expected to be greater than unity for each of 
the other solvents. A plot of this type is shown in 
Figure 1 for the reaction: water (A) +  pyridine (B) = 
pyridine monohydrate (AB), which has been studied 
in detail in this laboratory.2 The points corresponding 
to the various solvents lie nearly on a single straight 
line having a slope of 0.29; hence, a =  1.00 — 0.29 =

Figure 1. Correlation of association and distribution constants 
for the reaction: water +  pyridine = water-pyridine at 
25°: I, cyclohexane; II, carbon tetrachloride; III, toluene; 
IV, benzene; V, 1,2-dichloroethane. Indicated uncertainties 
in K ab are standard errors.

0.71. The linearity of the plot indicates that a single 
value of a suffices to correlate the effects of solvents 
having a wide range of properties. As the solvent 
is varied from cyclohexane to 1,2-dichloroethane, the 
product Kd.aKd.b increases by a factor greater than 
300.
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Chem ilum inescent Gas-Phase Reactions 

Involving Electronically Excited Oxygen 

Molecules. Trim ethylalum inum  and 

Diborane near 3 m torr1

Sir: It is known2 that some 10% 0 2(r'A) and 0.1% 
0 2(b1S) are present together with O atoms in the 
products of a microwave discharge through 0 2. Chemi
luminescent reactions involving these excited mole
cules have been observed at ~ 1  torr.3 Because of the 
presence2’4 of these 0 2 species in the upper atmosphere, 
it is of interest to establish whether they can produce 
a detectable chemiluminescence at pressures in the 
millitorr range encountered in that medium. We 
wish to report such reactions involving (1) trimethyl
aluminum (TMA) and (2) B2H6. The former does not 
require the participation of O atoms, and the latter 
does.

The products of a 2450-MHz discharge at 0.8 torr 
in an 1.1-cm i.d. Vycor tube through (1) 95% Ar-5%  
0 2 and (2) 100% 0 2 were expanded, 40 cm downstream 
from the discharge, through a sonic orifice into a 15-cm 
i.d., 130 cm long Pyrex pipe where they were mixed 
with TMA, B2H6, or NO.6 A Teflon baffle plate located

(1) This work was supported by the NASA Langley Research Center 
under Contract NAS1-5035.
(2) L. W . Bader and E. A. Ogryzlo, Discussion Faraday Soc., 37, 46 
(1964); R. E. March, S. G. Furnival, and H. I. Schiff, Photochem. 
Photobiol., 4, 971 (1965).
(3) S. J. Arnold, N . Finlayson, and E. A. Ogryzlo, J. Chem. Phys., 
44, 2529 (1966).
(4) H. P. Gush and H. L. Buijs, Can. J. Phys., 42, 1037 (1964).
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immediately downstream from the orifice prevented 
flow and cooling effects of the expansion from in
fluencing the observations. Light intensities were 
measured with a 1P28 phototube which viewed the 
Pyrex pipe directly and could be moved along its length. 
The wavelength region detected was about 3000 to 
6500 A. In some experiments an HgO mirror was de
posited in the discharge arm which removed O atoms 
but not 0 2(a1A, bx2 ).2 Typical results are shown in 
Table I for the reaction conditions given in its footnotes.

Table I : Observed Intensities“ '6

✓--------------------------- Discharge type-

Reagent Ar +  Oi

Ar + 0 2 
with

02 addedc 02
O2 with 

HgO mirror

TMA 0 .4 1 20 3 -3 0 “
b 2h 6 9 80 300 < 0 .0 1 8
NO 6 6 6 < o .o r

“ Intensities are expressed in arbitrary units (aiu) propor
tional to phototube current and were measured 10 cm down
stream from the baffle plate. 6 Initial concentrations in molecule 
per cubic centimeter were [Ar] +  [02] or [02] = 8 X 1013; 
[TMA], [B2H„], or [NO] «  1 X 1013; P = 3 mtorr; T »  
300°K; average gas velocity is 1 m sec-1. ° Additional 0 2 
introduced directly into reaction tube at 1.7 X 1014 molecules 
cc~*; P — 8 mtorr. Addition of the same amount of Ar instead 
of 0 2 had no effect on the intensities of column 2. d Value varied 
within this range depending upon the “ history”  of the mirror. 
e No detectable intensity.

The NO data indicate that [O] from both discharges 
was approximately the same (since I  cc [O] [NO])6’6 
and that no detectable amount of O atoms was present 
once the HgO mirror was deposited. Column 5 shows 
that TM A produces a relatively intense chemilumines
cence with excited 0 2. Addition of water vapor 
between the discharge and the sonic orifice in concentra
tions exceeding [02] did not influence I, indicating 
the active species to be 0 2(axA), which contrary to 
0 2(bx2) is not deexcited by H20 .2 This I  is at least 
some 104 times that obtained with ground-state 
(X s2) Q2 (no luminescence could be detected when the 
discharge was off). The results of column 2 are 
probably representative of those obtained with O 
atoms without 0 2(a1A, bx2), since no luminescence 
could be observed using the A r-0 2 discharge with the 
HgO mirror. Column 3 indicates a slight enhance
ment of initial I  of the A r -0 -0 2-T M A  system upon 0 2

addition; this increase was accompanied by a faster 
decrease in 7, which had the value 0.3 aiu at the 
downstream end of the reaction tube for the flow con
ditions of both columns 2 and 3. Chemiluminescence 
has been observed upon release of TM A in the upper 
atmosphere.7 The present results suggest that this 
glow, at least in part, can be caused by 0 2(axA) mole
cules.

B2H6 needed O atoms for the chemiluminescent re
actions to be initiated since no emission was observed 
in the presence of the HgO mirror. Addition of in
creasing amounts of 0 2(X 32) strongly and continuously 
enhanced the initial I  without causing a noticeable 
decrease downstream. Comparison of columns 3 
and 4 of Table I shows that the excited 0 2 molecules 
are more efficient than ground-state 0 2 in producing 
this enhancement. Based upon [02(axA )]/[0 2(X 32)] 
~  0.1, 0 2(axA) can be shown6 to be about a factor of 
10 more efficient (assuming the contribution of 0 2~ 
(bx2) to be negligible). Crude spectral measurements 
indicated the BO~a bands (A2II-X 22) to be the domi
nant emission. A plausible mechanism for BO(A2n) 
formation is that O - f  B2H6 produces BH2 either via8 
BH3 followed by H-atom stripping or directly— in 
accord with recent findings on diborane dissociation;9 
BH2 can then react with both O and 0 2(X S2) to pro
duce BO in the sufficiently exothermic reactions, BH2 +  
O —► BO +  H2 and BH2 +  0 2 -*■ BO +  H20  for which 
AH = —4.7 and —4.6 ev, respectively. It is thus 
likely that, in the reaction with BH2, 0 2(axA) is a 
more efficient BO(A2n) producer than 0 2(X 32). 
Similar schemes involving BH3 or BH (X!2) as the 
direct light emitter precursors are less likely since they 
involve either endothermic or spin-forbidden reactions. 
In view of their high relative intensity, it would be 
interesting to extend the study of the B2H6 reactions 
to the upper atmosphere.

(5) F o r details, see A . F o n tijn , H . S. Pergament, P. H . Vree, and 
G. D . B le ich, “ Studies S upporting A n  U pper-A tm ospheric  Chem ical 
Release P rog ram ,”  AeroChem  TP-137, 1966.
(6) G. D o h e rty  and N . Jonathan, D iscussions F araday Soc., 37, 73 
(1964).

(7) N . W . Rosenberg, D . G olom b, and E . F . A llen , J. Geophys. R es., 
68, 5895 (1963); 69, 145 (1964).

(8) F . P . Fehlner and R . L . S trong, J. P h ys. Chem., 64, 1522 (1960).
(9) T . P. Fehlner, J. A m . Chem. Soc., 87, 4200 (1965).
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