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

t h r e n e  h a v e  b e e n  i n v e s t i g a t e d  i n  d i f f e r e n t  s o l v e n t s , 1 b u t  t h e  w a v e - l e n g t h  

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

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

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

i n  t h e  g a s e o u s  s t a t e .  B a n e r j e a  a n d  M i s h r a , 2  o n  t h e  o t h e r  h a n d ,  c l a i m  

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

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

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

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

f l u o r e s c e n c e  s p e c t r u m  i n  s o l v e n t s  a r i s e  a s  f o l l o w s  3  : t h e  m o l e c u l e s  i n  t h e  

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

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

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

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

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

w i l l  e x h i b i t  v i b r a t i o n a l  f r e q u e n c i e s  o f  t h e  g r o u n d  s t a t e .  O n  t h e  o t h e r  

h a n d ,  m o r e  r e c e n t  i n v e s t i g a t i o n s  4  o f  t h e  s p e c t r a  o f  b e n z e n e  h a v e  s h o w n  

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

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

T h e  o b j e c t  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  w a s  t o  m e a s u r e  a c c u r a t e l y  

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

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

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

E x p e r i m e n t a l .

F lu o r e s c e n c e  w a s  m e a s u r e d  b y  tw o  m e t h o d s  : (1) I n  t h e  u s u a l  a r 
r a n g e m e n t  : f lu o re s c e n c e  t u b e  a n d  H g  l a m p  p a r a l l e l ; t h e  o b s e r v a t io n s  
w e r e  m a d e  e n d - o n .

(2) A  r e d u c e d  im a g e  o f  a  v e r t i c a l  a r c  H g  l a m p  w a s  t h r o w n  i m m e d ia t e ly  
b e h in d  t h e  •w in d o w  o f  t h e  q u a r t z  c e l l  c o n ta in in g  t h e  s o lu t io n .  T h u s  o n ly
.th e  f o r e m o s t  l a y e r  o f  t h e  s o lu t io n  w a s  a l lo w e d  t o  t h r o w  f lu o re s c e n c e  l i g h t  
o n  t h e  s l i t  o f  t h e  s p e c t r o g r a p h .  A  f i l t e r  c o n ta in in g  a p p r o x i m a t e l y  15 %  
_N iC l2 s o lu t io n  w a s  i n s e r t e d  b e tw e e n  l i g h t  s o u r c e  a n d  f lu o re s c e n c e  c e ll .

1 D . R a d u le sc u  a n d  C. D ra g u le sc u , Bull. Soc. Chim. Rumania, 1936, 17, 9  ; 
P .  K . S esh a n , Proc. Ind. Acad., Sc. A , 1936, 3 , 148 ; Trans. Faraday Soc., 1936,

.32 , 689 ; A . A . S h ish lo v sk ij, Compt. Rend. Acad. Sc. U RSS., 1937, ■5 » 2 9  I P . 
P rin g sh e im , Trans. Faraday Soc., 1939, 3 5 , 15. (F o r  e a r l ie r  d a t a  see  S h ish lo v sk ij, 

.loc. cit.)
2 G . B . B a n e r je a  a n d  B . M ish ra , Z . Physik, 1937, 106, 669.
3 E . J .  B o w e n , Trans. Faraday Soc., 1939, 3 5 , 15.
4 S p o n er, N o rd h e im , S k la r  a n d  T e lle r, J . Chem. Physics, 1939, 7 , 207.
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B y  s u i t a b l e  a d j u s t m e n t  o f  t h e  c e l l  n o  g e o m e t r ic a l ly  r e f l e c te d  l i g h t  c o u ld  
r e a c h  t h e  s p e c t r o g r a p h .  T h e  l i g h t  i n t e n s i t y  i n  t h i s  a r r a n g e m e n t  is  s m a l l e r  
t h a n  in  t h e  f o rm e r ,  but there is practically no absorption o f  fluorescence light 
by the solution and  no influence on the position  and  in tensity  o f  the fluorescence  
m axim a extending into the absorption region. T h e  f lu o re s c e n c e  b a n d s  o f  
a n t h r a c e n e  w e r e  p h o t o g r a p h e d  w i t h  a  H i lg e r  s p e c t r o g r a p h  ( /  =  I  m .)  j 
t h e  a b s o r p t io n  b a n d s  o f  a n t h r a c e n e  a n d  t h e  s p e c t r a  o f  p h e n a n t h r e n e  w e r e  
p h o t o g r a p h e d  w i th  a  s in g le - p r is m  q u a r t z  s p e c t r o g r a p h  ( /  =  6 0  c m .) .  A  
s t a n d a r d  t u n g s t e n  b a n d  l a m p  w i th  a  q u a r t z  w in d o w  p r o v id e d  a  s o u r c e  o f  
h e t e r o c h r o m a t i c  d e n s i ty  m a r k s ,  f r o m  w h ic h  w e  c o u ld  c a l c u l a t e  t h e  i n 
t e n s i t i e s  b y  m e a s u r in g  t h e  d e n s i ty  m a r k s  a n d  t h e  s p e c t r a  b y  a  M o ll m ic r o -  
p h o to m e te r .  P u r i f i e d  a n t h r a c e n e  ( K a h lb a u m )  a n d  p h e n a n t h r e n e  ( B .D .H .)  
w e r e  u s e d .  T h e  l a t t e r  c o n t a i n e d  t r a c e s  o f  a n t h r a c e n e  (a s  w a s  e v i d e n t  f r o m  
t h e  a b s o r p t i o n  s p e c t r u m )  w h ic h  w e r e  c o m p le te ly  r e m o v e d  b y  p u r i f i c a t i o n  
a c c o r d in g  t o  t h e  m e th o d  o f  C la r .5 P u r e  p h e n a n t h r e n e  d o e s  n o t  f lu o re s c e  
i n  t h e  v is ib le ,  a n d  t h e  b lu e  f lu o re s c e n c e  d e s c r ib e d  in  t h e  l i t e r a t u r e  is  d u e  
t o  t h e  p r e s e n c e  o f  a n t h r a c e n e .  T h e  a b s o r p t i o n  b a n d s  3 7 5 0  a  a n d  3 5 6 0  a  
f r e q u e n t l y  a t t r i b u t e d  t o  p h e n a n t h r e n e  6 a r e  a ls o  d u e  t o  a n th r a c e n e .

T h e  c o n t in u o u s  s p e c t r u m  o f  a  h y d r o g e n  d i s c h a r g e  t u b e  w a s  u s e d  as. 
l i g h t  s o u r c e  f o r  t h e  a b s o r p t i o n  m e a s u r e m e n t s .  T h e  c u r r e n t  w a s  k e p t  c o n 
s t a n t  a n d  t h e  c o n t in u o u s  l i g h t  w a s  u s e d  f o r  t a k i n g  t h e  d e n s i ty  m a r k s . .  
A n th r a c e n e  w a s  i n v e s t i g a t e d  in  a  c o n c e n t r a t i o n  o f  1 x i o -4  t o  3 x i o -5 
m o l . / I .  ; p h e n a n t h r e n e  in  c o n c e n t r a t i o n s  o f  5 x i o -4  t o  1 x i o -4  m o l./I . .  
T h e  f lu o re s c e n c e  y ie ld  o f  a n t h r a c e n e  r e a c h e s  i t s  m a x im u m  a t  a b o u t  
2  X i o -4  m o l . / I .  I n  h ig h e r  c o n c e n t r a t i o n s  t h e  m u t u a l  i n t e r a c t i o n  o f  
f lu o re s c e n t  m o le c u le s  l e a d s  t o  e x t i n c t i o n ,  a n d  t h i s  p r o b a b l y  e f fe c ts  a ls o  t h e  
p o s i t i o n  o f  t h e  b a n d  m a x im a .

R e s u l t s .

1.  A n t h r a c e n e .

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

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

F i g . i .— I n t e n s i t y  c u r v e  o f  t h e  f l u o r e s c e n c e  s p e c t r u m  o f  a n t h r a c e n e  i n  b e n z e n e -  
s o l u t i o n .

(O n th e  le f t  s id e  th e  f irs t  a b s o rp tio n  b a n d  is d ra w n  in  o rd e r  to  illu s tra te -  
i t s  p o s itio n  re la t iv e  to  th e  (o ', o) flu o rescen ce  b a n d . T h e  o rd in a te s  o n  th e  
le f t  g iv e  th e  a b s o rp tio n  coeffic ien t « (m o l.-1 l i t .  c m .-1 x  i o 4).)

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

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

5 E . C lar, Ber., 1932, 65 , 846.
• W . V . M a y n e o rd  a n d  E . M . F . R o y , Proc. Roy. Soc.. 1933,. 132 ,.299  ; Landolt-. 

Bontstein. Tab. 2. Aufl., 1923, 901.

t > . h y 5 .  .
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w i t h i n  t h e  l i m i t s  o f  t h e  e x p e r i m e n t a l  e r r o r  

t h a t  i n  a d d i t i o n  t o  t h e  

c o n s t a n t  v i b r a t i o n  f r e 

q u e n c y  1 3 8 0  c m . - 1  o f  t h e  

g r o u n d  s t a t e ,  t h e  v i b r a t i o n  

b a n d s  a l s o  s h o w  s e c o n d a r y  

p e r i o d i c i t i e s  ( f r e q u e n c y  

2 2 5  c m . - 1 )  i n  t h e  l o n g  w a v e 

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

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

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

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

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

f r e q u e n c y  d i f f e r e n c e  i n  a b 

s o r p t i o n  c o r r e s p o n d i n g  t o  

t h e  e x c i t e d  s t a t e  ( 1 4 2 5  c m . - 1 ) 

i s  s l i g h t l y  g r e a t e r  t h a n  t h a t  

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

f l u o r e s c e n c e  s p e c t r u m  o f  

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

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

v = v 0 — 1 3 8 c m  -  2 2 5 p,
n a n d  p  b e i n g  i n t e g e r s  ; v 0 

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

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

l i n e  o f  T a b l e  I .

T h e  m o s t  c h a r a c t e r i s t i c  

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

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

f r e q u e n c y  9 9 1  c m . - 1  w h i c h  

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

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

t h e  m o l e c u l e . 7 T h e  f r e 

q u e n c y  1 3 8 0  c m . - 1  i s  b u t  

s l i g h t l y  s m a l l e r  t h a n  t h e

t o t a l l y  s y m m e t r i c a l  R a m a n  

v i b r a t i o n  1 4 0 0  c m . - 1  o f

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

M a n z o n i  A n s  i d e  i , 8 a n d  

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

l a t t e r ,  w h e r e a s  t h e  f r e -

f r e q u e n c y  2 2 5  c m . - 1  d o e s  

n o t  a p p e a r  i n  t h e  R a m a n  

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

I n  v i e w  o f  t h e  s m a l l n e s s  o f  

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

w h e t h e r  i t  c a n  b e  r e g a r d e d  

a s  a  f u n d a m e n t a l  o n e .  T h e  

s e c o n d a r y  m a x i m a  d u e  t o  

2 2 5  c m . - 1  a p p e a r  i n  a b 

s o r p t i o n  a n d  e m i s s i o n  o n

I t  i s  e v i d e n t  f r o m  F i g .  I
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o p p o s i t e  s i d e s  o f  t h e  m a i n  m a x i m a .  I n  c o n t r a s t  t o  t h i s ,  i n  t h e  c a s e  o f  

b e n z e n e  t h e  s e c o n d a r y  m a x i m a  d u e  t o  t h e  f r e q u e n c y  1 6 0  c m . - 1  a p p e a r  

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

t h a t  t h e  f r e q u e n c y  2 2 5  c m . - 1  i n  a n t h r a c e n e  i s  n o t  a n a l o g o u s  t o  t h e  

f r e q u e n c y  1 6 0  c m . - 1  f o r  b e n z e n e ,  w h i c h  c o r r e s p o n d s  i n  f a c t  t o  a  s e r i e s  o f  

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

d r o p p e d  b y  1 6 0  c m . - 1 .

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

( O n  t h e  l e f t  s i d e  t h e  f i r s t  a b s o r p t i o n  b a n d s  a r e  d r a w n . )

T h e  f i g u r e s  o f  T a b l e  I  s h o w  c l e a r l y  t h a t  t h e  h y p o t h e s i s  o f  B a n e r j e a  

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

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

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

f r e q u e n c i e s  o f  t h e  s o l v e n t .  I n  t h e  w o r k  o f  B a n e r j e a  a n d  M i s h r a  s u c h  a  

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

m a r k e d l y  s h i f t e d  t o w a r d s  t h e  r e d  b y  a b s o r p t i o n  ( i n  b e n z e n e  b y  3 2 0  c m . - 1 ) .

2 .  P h e n a n t h r e n e .

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

i n  b e n z e n e  a n d  m e t h a n o l  s o l u t i o n s  i s  s h o w n  i n  F i g .  2 .  A s  i n  t h e  c a s e  o f

2.  a n t h r a c e n e ,  t h e  b a n d s  i n  b e n z e n e  s o l u t i o n

2 ‘ —  F "  ,  s h o w  a  s h i f t  t o w a r d s  t h e  l o n g e r  f r e q u e n c i e s ,

>' — r -  x~ '  w h e n  c o m p a r e d  w i t h  t h e  b a n d s  i n  m e t h a n o l

II I ' U  s o l u t i o n s .  A s s u m i n g  t h a t  t h e  e x c i t e d  e l e c 

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

t r a n s i t i o n s  o c c u r  a s  i n d i c a t e d  i n  F i g .  3 ,  t h e  

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

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

a t  t e m p e r a t u r e s  o f  —  8 o °  C .  a n d  +  1 0 0 °  C .  

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

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

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

„  „  0  o f  t h e  e x c i t e d  e l e c t r o n i c  l e v e l .  I n  T a b l e  I I
F i g .  3 . — T e r m  s c h e m e  o f  . . c 1

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

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

( 1 3 4 6  c m . - 1 ) ,  a c c o r d i n g  t o  M a n z o n i  A n s i d e i , 8 i s  s o m e w h a t  s m a l l e r  t h a n  

t h e  d i f f e r e n c e  1 3 8 0  c m . “ 1 f o u n d  h e r e .  A  s l i g h t  a s y m m e t r y  i n  t h e  l o n g  

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

s e c o n d a r y  f r e q u e n c y  c o r r e s p o n d i n g  t o  t h e  2 2 5  c m . - 1  f r e q u e n c y  o f  

a n t h r a c e n e .  A s  t h e  t e r m  s c h e m e  i n  F i g .  3  r e v e a l s ,  t h e  f i r s t  e m i s s i o n  

b a n d  0 - 0  (A  3 4 0 5  a ) i s  a l r e a d y  s i t u a t e d  i n  t h e  r e g i o n  o f  a b s o r p t i o n .  T h e  

i n t e n s i t y  r a t i o  o f  t h e  t w o  s y s t e m s  i s  1 - 3 : 1  i n  a b s o r p t i o n  a n d  a b o u t  

3  : 1 i n  e m i s s i o n .  T h e  d e t e r m i n a t i o n  o f  t h e  l a t t e r  r a t i o  i s  m a d e  d i f f i c u l t  

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

T A B L E  I I . — M a x i m a  o f  t h e  P h e n a n t h r e n e  B a n d s  i n  
D i f f e r e n t  S o l v e n t s .

S o lv e n t : B enzene . M ethanol.

T ransi
tio n . R e l. In t . ?.. V. Av. X. V. Av.

(a )  F l u o r e s c e n c e .

(o'. 0) 2-0 3480 28,727
(o'. 2) 2-2 3656 2 7 .3 4 4
(o', 2) 0-8 3852 2 5 .9 5 3
(o'. 3) 0-3 4068 2 4 .5 7 5

(o'. 0) o -3 3 4 ° 5 29,360
(O'. i ) o -7 357 3 27,980
(O'. 2) o -3 3 7 5 8 26,602

1383
13 9 1 
1378

1380
1378

(6) A b s o r p t i o n .

3463
3637
3830

3 5 5 6
3 7 4 °

28,868
27.487
26,101

28,113
26 ,730

1381
1385

1383

(0, o') 
(0. i ' )  
(0, 2 ')

3 4 6 9
3 3 o 8
3160

28,818
30,221
3 L 6 3 6

1403
1415

3 4 5 8
3298
3151

28 ,910
3 0 ,3 1 3
3 L 72 7

1403
1414

(0. o’ ) 
(0. i ’ ) 
(0. 2‘)

3 3 9 2
3 2 3 7
3 0 9 5

2 9 ,4 7 3
30 ,883
32,301

1410
1418

3 3 8 i
3228
3088

29 ,568
30,970
3 2 ,3 7 4

1402
1404

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

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

v =  X }  —  1 3 8 0  n ,
*'0 ■>

vo —  vo =  6 3 °  c m . - 1 .

vq a n d  v 0 "  f o r  t h e  d i f f e r e n t  s o l v e n t s  a r e  g i v e n  b y  t h e  ( o ' ,  0 )  a n d  ( 0 " ,  0 )  

t r a n s i t i o n s  o f  T a b l e  I I .

3 .  E f f e c t  o f  S o l v e n t s  o n  t h e  S p e c t r a .

E f f e c t s  o f  s o l v e n t s  o n  t h e  s p e c t r a  o f  s o l u t e s  a r e  k n o w n  a n d  s h o w n  

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

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

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

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

( S e e  c o l u m n  1 ,  T a b l e  I I I . )  A  s e c o n d  e f f e c t  w h i c h  s e e m s  t o  b e  c o r r e 

l a t e d  t o  t h e  s h i f t  b u t  h a s  r e c e i v e d  l i t t l e  a t t e n t i o n  u p  t o  d a t e ,  i s  the 
frequency  difference o f  the  (o , o) hand in  em ission  an d  absorption  ( c o l u m n  2 ,
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Solvent.

(D (2)

vhexane — ̂ solvent* 
Fluor. Abs.

*’(0,0') — v[o',o).

H e x a n e  . _ 156
M e th a n o l . 56  22 177
T o lu e n e  . 3 3 9  270 228
B e n z e n e  . 39 5  331 262
C h lo rb en zen e 4 4 6  331 275

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

p o s i t i o n  o f  t h e  ( o ,  o )  b a n d s  i n  f l u o r e s c e n c e  a n d  a b s o r p t i o n . *  T h e  

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

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

m a y  b e  e x p l a i n e d  a s  

T A B L E  I I I . — I n f l u e n c e  o f  t h e  S o l v e n t  o n  f o l l o w s  : A l t h o u g h  t h e
t h e  S p e c t r a  o f  A n t h r a c e n e . n o n - e x c i t e d  m o l e c u l e s  o f

p h e n a n t h r e n e  a n d  a n 

t h r a c e n e  h a v e  n o  d i p o l e  

m o m e n t ,  i t  m a y  b e  

s u p p o s e d  that a dipole 
moment is formed by 
excitation. I n  g e n e r a l ,  

t h e  d i r e c t i o n  o f  t h i s  d i 

p o l e  m o m e n t  w i l l  d i f f e r  

f r o m  t h e  d i r e c t i o n  o f  

t h e  i n t e r n a l  f i e l d  o f  t h e  

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

a c t i o n  e n e r g y  b e t w e e n  

t h e  f i e l d  a n d  t h e  d i p o l e  w i l l  b e  g r e a t e r  t h a n  kT. This interaction energy 
is transferred to the field before radiation occurs, and therefore the energy 
difference is smaller in emission than in absorption. A s s u m i n g  t h a t  t h e  

i n t e r n a l  f i e l d  9 i n  t h e  s o l v e n t  i s  a b o u t  i o 7 V . / c m . ,  a n d  t h e  d i p o l e  m o m e n t  

o f  t h e  e x c i t e d  m o l e c u l e  o f  t h e  s o l u t e  i o - 1 8  e . g . s .  u n i t s ,  a n  i n t e r a c t i o n  

e n e r g y  o f  t h e  o r d e r  o f  IO O  c m . - 1  r e s u l t s ,  i n  g o o d  a g r e e m e n t  w i t h  t h e  

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

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

S u m m a r y .

P h o t o g r a p h ic - p h o t o m e t r i c a l  m e a s u r e m e n t s  o f  t h e  f lu o re s c e n c e  a n d  
a b s o r p t i o n  s p e c t r a  o f  a n t h r a c e n e  a n d  p h e n a n t h r e n e  in  d i f f e r e n t  s o lv e n t s  
l e a d  t o  t h e  fo l lo w in g  c o n c lu s io n s  :

(1) T h e  v i b r a t i o n a l  b a n d s  o f  t h e  f lu o re s c e n c e  s p e c t r a  o f  a n t h r a c e n e  a n d  
p h e n a n t h r e n e  in  a l l  s o lv e n ts  h a v e  a  c o n s t a n t  s p a c in g  o f  1 3 8 0  c m . -1 , c o r r e 
s p o n d in g  c lo s e ly  t o  t h e  t o t a l l y  s y m m e t r i c a l  R a m a n  f r e q u e n c ie s  o f  th e s e  
s u b s t a n c e s .

(2) A n t h r a c e n e  s h o w s  a  s e c o n d a r y  s p a c in g  o f  2 2 5  c m .-1  w h ic h  c a n n o t  
b e  c o r r e la te d  t o  a  k n o w n  R a m a n -  o r  i n f r a  r e d - f r e q u e n c y  o f  t h i s  m o le c u le .

(3) T h e  e x c i t e d  e le c t r o n ic  s t a t e  o f  p h e n a n t h r e n e  is  d o u b le ,  t h e  d if fe r e n c e  
b e tw e e n  th e s e  le v e ls  b e in g  6 3 0  c m . - 1 .

(4) T h e  (o, 0) b a n d s  i n  e m is s io n  a n d  a b s o r p t i o n  d o  n o t  c o in c id e ,  t h e  
f r e q u e n c y  b e in g  l a r g e r  i n  t h e  l a t t e r .  T h e  s p a c in g  d e p e n d s  o n  t h e  n a t u r e  
o f  t h e  s o lv e n t  a n d  c a n  b e  a t t r i b u t e d  t o  t h e  e n e r g y  o f  i n t e r a c t i o n  b e tw e e n  
t h e  i n n e r  e l e c t r i c  f ie ld  o f  t h e  s o lv e n t  a n d  t h e  e le c t r i c  m o m e n t  o f  t h e  e x c i t e d  
m o le c u le s  o f  t h e  s o lu te .

T h e  a u t h o r s  w i s h  t o  t h a n k  M r s .  T h .  W o l f s o h n  f o r  h e r  v a l u a b l e  h e l p  

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

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

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

Department of Physics,
Hebrew University,

Jerusalem, Palestine.
* F o r  b e n z e n e  cf. re fe re n c e s  g iv e n  in  (7>.
* P . D e b y e , Chem. Rev., 1936, 19, 171.
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T h e  s e n s i t i v i t y  t o  l i g h t  o f  a n t i m o n y  t r i o x i d e  w h e n  i n  c o n t a c t  w i t h  

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

a n d  i s  w e l l  k n o w n  i n  t h e  p a i n t  t r a d e .  R e n z  1 f o u n d  t h a t  S b 20 3 m i x e d  

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

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

W h e n  a  m i x t u r e  o f  S b 20 3 a n d  s a t u r a t e d  A g N 0 3 s o l u t i o n  w a s  s h a k e n  i n  

a  q u a r t z  v e s s e l  u n d e r  H g - a r c  l a m p s ,  t h e  o x i d e  t u r n e d  d a r k  g r e y .  T h e r e  

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

N b 20 3 , o r  T i 0 2 w e r e  u s e d  i n  p l a c e  o f  S b 20 3 . R e n z  r e p r e s e n t e d  t h e  c h a n g e  

a s

5  S b 20 3 —>- 4  S b  — 3  S b 20 5 .

H e  i d e n t i f i e d  a n t i m o n y  m e t a l  a n d  S b 20 5 , b u t  h i s  t e s t s  f o r  t h e  l a t t e r  d o  

n o t  a p p e a r  t o  b e  c o n c l u s i v e .  H e  f o u n d  a  s m a l l  p h o t o - e f f e c t  w i t h  S b 20 4 

b u t  n o n e  w i t h  S b 20 3 . T h e  f a c t  t h a t  p a i n t s  c o n t a i n i n g  a n t i m o n y  w h i t e  

t u r n  y e l l o w i s h  i n  u l t r a - v i o l e t  l i g h t  w a s  m e n t i o n e d  b y  v a n  H o e k . 3

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

c h e m i c a l  c h a n g e s  o f  S b 20 3 a l o n e  a n d  w i t h  o t h e r  s u b s t a n c e s .

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

P r o p e r t i e s .

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

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

f o r m  a t  r o o m  t e m p e r a t u r e  ( t r a n s i t i o n  p o i n t  5 7 3 ° ) .  V a l e n t i n i t e  c r y s t a l s  

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

w h i l e  s e n a r m o n t i t e  c r y s t a l s  a r e  b u i l t  o f  c l o s e d  S b 40 6 u n i t s  a r r a n g e d  i n  

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

a n d  C a g l i o t t i  a n d  M i l a z z o  4  h a v e  o f f e r e d  a n  e x p l a n a t i o n  o n  c r y s t a l l o -  

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

b y  p r e c i p i t a t i o n  i s  d e s c r i b e d  b y  S e r r a , 5 b y  B l o o m  a n d  B u e r g e r  8 a n d  b y  

B l o o m . 7 I t  i s ,  h o w e v e r ,  a t  p r e s e n t  i m p o s s i b l e  f r o m  t h e  m e t h o d  o f  

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

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

D e b v e - S c h e r r e r  p a t t e r n s .

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

v i o l e t  3 a n d  t h e  r e f l e c t i o n  c u r v e  o f  o n e  s a m p l e  h a s  b e e n  m e a s u r e d . 8

1 C. R e n z , Helv. chim. Acta, 1921, 4 , 961 . 2 Ibid., 1932, 15, 1077.
3 C. P . v a n  H o e k , Farben Zeitung, 1932. 3 7 , 1222, a n d  1255.
4 V . C a g lio tti  a n d  G . M ilazzo , Ric. sci. Progr. tech. Econ. naz., 193S, 9 , I I ,  358 ;

Zentralblatt, 1939, I ,  3698.
5 A . S e rra , Z. Kristallogr., 1935, 9 1, 3 7 1-
6 M . C. B lo o m  a n d  M. J .  B u e rg e r , ibid., X937, 96 , 365.
7 M . C. B lo o m , A m . Mineralogist, 1939, 2 4 , 281.
8 C. F . G o o d ev e  a n d  J .  A . K itc h e n e r , Trans. Faraday Soc., 1938, 34 , 902.
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B i l l y  a n d  B e r t o n  9 > 10 m a d e  s e m i - q u a n t i t a t i v e  s t u d i e s  o f  t h e  t w o  f o r m s  

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

s a m p l e s  u s e d  h e r e  h a s  b e e n  d e t e r m i n e d  b y  t h e  d i f f u s e  r e f l e c t i o n  m e t h o d . 11 

C o m p a r i s o n s  w e r e  m a d e  w i t h  M g O  w h i c h  r e f l e c t s  9 7  %  12 a t  a l l  w a v e 

l e n g t h s  u s e d ,  i.e., f r o m  5 5 0  m / i  t o  2 3 0  m / i .

V a le n t in i t e — s a m p l e s  S b 2O a ( p r . ) ,  a n d  S b 20 3 ( H .  a n d  W .) .

A  s a m p le ,  S b 20 3 (p r .) ,  w a s  p r e p a r e d  b y  a d d i n g  c r u s h e d  c r y s t a l s  o f  
p u r e  S b C l3 t o  b o i l in g  a q u e o u s  a m m o n ia ,  w a s h in g  u n t i l  f r e e  f r o m  C l-  a n d  
d r y in g  i n  a  d e s ic c a to r  ( f i r s t  o v e r  C a C l2 u n d e r  v a c u u m ,  t h e n  o v e r  P 20 5) . 
T h e  p o w d e r  w a s  a  c le a r  w h i te .  T h e  D e b y e - S c h e r r e r  p a t t e r n  w a s  i d e n t i c a l  
w i t h  a  p a t t e r n  t a k e n  w i t h  n a t u r a l  v a l e n t i n i t e ,  w h ic h  p a t t e r n  is  e a s i ly  
d i s t i n g u i s h a b le  f r o m  t h a t  o f  s e n a r m o n t i t e . '

T h e  d if fu s e  r e f le c t io n  o f  S b 20 3 (p r .)  f a l l s  r a p i d l y  a t  a b o u t  3 8 5  m ¡i (see  
c u r v e  I  in  t h e  F ig .)  i n d i c a t in g  t h a t  s t r o n g  a b s o r p t i o n  s e t s  i n  a t  t h i s  w a v e 
l e n g th .  T h e  d if fu s e  r e f le c t io n  s p e c t r u m  o f  p o w d e r e d  n a t u r a l  v a l e n t i n i t e  
is  a ls o  s h o w n  ( c u rv e  I I )  a n d  i t  is  s e e n  t h a t  i t  i s  n e a r  t o  t h a t  o f  S b 20 3 ( p r .) .

Wave-length — myj .
420  400 360 360 340  320 300 260  260

F ig . 1.— T h e  R e fle c tio n  s p e c tra  o f  d if fe re n t  sa m p le s  o f  a n t im o n y  o x id e . 
C u rv e  I — (pr.) a n d  (H . a n d  W .) , I I — n a tu r a l  v a le n t in i te .  I I I — (H . a n d  W .) 
h e a te d  to  400°, IV — S e n a rm o n tite  (sub .), V — (hyd .) I ,  V I— (hyd .) I I I .

T h e  t r a n s m is s io n  s p e c t r u m  o f  a  t h i n  f la k e  o f  n a t u r a l  v a l e n t i n i t e  0 -0 2  m m . 
t h i c k  s h o w e d  a  s h a r p  t h r e s h o l d  a t  a b o u t  3 6 5  m /t, t h e  a b s o r p t i o n  a t  t h i s  
w a v e - l e n g th  b e in g  a b o u t  75  % . T h ic k e r  f la k e s  s h o w e d  a b s o r p t i o n  a t  
s l i g h t l y  lo n g e r  w a v e - le n g th s ,  b u t  a s  t h e y  w e r e  n o t  c le a r ,  n o  q u a n t i t a t i v e  
m e a s u r e m e n t s  c o u ld  b e  m a d e .  T h e  s p e c t r u m  o f  t h e  l i g h t  r e f le c te d  f ro m  
t h e  f la k e  w a s  f o u n d  t o  h a v e  a  m a r k e d  d e p r e s s io n  in  i n t e n s i t y ,  b e g in n in g  
a t  3 6 8  m /x  w i t h  a  r i s e  t o  a l m o s t  t h e  o r ig in a l  v a lu e  a t  3 6 0  m ft. T h is  is  
p r o b a b l y  d u e  t o  t h e  f a c t  t h a t  a t  w a v e - l e n g th s  lo n g e r  t h a n  3 6 8  m ^  r e f le c t io n  
c o m e s  f r o m  b o t h  s u r f a c e s ,  w h i le  a b s o r p t i o n  b e lo w  t h i s  w a v e - l e n g th  r e d u c e s  
t h e  r e f le c t io n  f r o m  t h e  b a c k  s u r f a c e .  T h e  s u b s e q u e n t  r i s e  m a y  b e  d u e  
t o  a n  in c r e a s e  i n  r e f r a c t i v e  i n d e x  a s s o c i a t e d  w i t h  t h e  in c r e a s e  in  a b s o r p t i o n  
a n d  h e n c e  in c r e a s e d  r e f l e c t io n  f r o m  t h e  f r o n t  s u r f a c e .  B i l l y  a n d  B e r t o n  *

* M . B il ly  a n d  A . B e r to n , Comptes rendus, 1938, 20 6 , 1631, 1958.
10 A . B e r to n , ibid., 1938, 2 0 7 , 625.
11 See, fo r  e x a m p le , C. F .  G oo d ev e , Trans. Faraday Soc., 1937, 3 3 t 340.
12 J .  P re s to n , Trans. Opt. Soc., L o n d o n , 1930, 3 1 , 1 5 ; a n d  T a y lo r , / .  Opt. 

Soc. A m .., 1934, 2 4 , 192.
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f o u n d  a  m i n im u m  in  t h e  d if fu s e  r e f le c t io n  o f  p o w d e r e d  v a l e n t i n i t e  a t  
3 6 2  fo l lo w e d  b y  a  r i s e  t o  a  m a x im u m  a t  3 5 5  m /i. T h e y  a t t r i b u t e d  t h e  
r i s e  t o  a  d e c r e a s e  in  a b s o r p t io n ,  b u t  i t  is  m o r e  l ik e ly  t h a t  i t  i s  d u e  t o  t h e  
s a m e  c a u s e  a s  a b o v e ,  i.e., i n c r e a s e d  r e f le c t io n  o n  f r o n t  s u r f a c e s .  M ic ro 
p h o t o m e t e r  c u r v e s  o f  o u r  s p e c t r u m  p l a t e s  f o r  p o w d e r e d  v a l e n t i n i t e  d id  
n o t  s h o w  s u c h  a  r i s e  b u t  o n ly  a  s l i g h t  in f le x io n  a t  a b o u t  3 6 0  m p..

T h e  s a m p le  S b 20 3 (H . a n d  W .) ,  w a s  c o m m e r c ia l ly  p u r e  a n d  s u p p l ie d  
b y  H o p k i n  a n d  W il l ia m s .  I t  w a s  a  f in e  p o w d e r  w i t h  a  f a i n t  b r o w n is h  
y e l lo w  t i n t  w h ic h  d i s a p p e a r e d  w h e n  t h e  p o w d e r  w a s  s t o r e d  in  t h e  d a r k  
o v e r  P 20 5, b u t  n o t  w h e n  in  c o n t a c t  w i t h  t h e  a tm o s p h e r e .  T h e  D e b y e -  
S c h e r r e r  p a t t e r n  a n d  t h e  r e f le c t io n  s p e c t r u m  w e re  i d e n t i c a l  in  e v e r y  r e s p e c t  
w i t h  t h o s e  o f  S b ,0 3 (p r .) ,  s h o w in g  t h a t  t h e  s u b s t a n c e  w a s  v a l e n t i n i t e .

B o t h  s a m p le s  c o n ta in e d  w a t e r  ( p e r h a p s  a ls o  t r a c e s  o f  e x c e s s  o x y g e n ) .  
S im o n  a n d  P o e h lm a n n  13 h a v e  s h o w n  t h a t  t h e r e  e x i s t  n o  h y d r a t e s  o f  S b 20 3. 
W a t e r  a c c o r d in g ly  c o u ld  b e  r e m o v e d  b y  s t o r i n g  o v e r  P 20 5, a l t h o u g h  o n ly  
v e r y  s l o w l y ; a f t e r  e i g h t  m o n t h s ’ d r y i n g  t h e r e  w a s  s t i l l  w a t e r  in  t h e  
s a m p le s .  T h e  w a t e r  w a s  g iv e n  o S  r a p i d l y  w h e n  t h e  s u b s t a n c e s  w e re  
h e a t e d  i n  v a c u u m ,  t h e  b u l k  o f  t h e  w a t e r  c o m in g  o f f  a t  a b o u t  2 5 0 ° . T w o  
s a m p le s  o f  (H . a n d  W .)  k e p t  i n  v a c u u m  f o r  tw o  h o u r s  a t  a b o u t  3 5 0 o a n d  
4 0 0 o r e s p e c t iv e ly  t u r n e d  a  l i t t l e  g r e y is h ,  b u t  t h e  D e b y e - S c h e r r e r  p a t t e r n s  
a n d  t h e  t h r e s h o l d  o f  a b s o r p t i o n  (see  C u r v e  I I I )  w e r e  u n c h a n g e d ,  s h o w in g  
t h a t ,  e v e n  w i t h  t h i s  t r e a t m e n t ,  t h e  v a l e n t i n i t e  h a d  n o t  c h a n g e d  in t o  t h e  
s t a b l e  m o d i f i c a t io n .  ( In  o r d e r  t o  c o m p a r e  C u r v e  I I I  w i t h  C u r v e  I  t h e  
f o r m e r  s h o u ld  b e  m u l t i p l i e d  b y  1-45, i.e., t h e  r a t i o  o f  t h e  r e f le c t io n s  in  
t h e  v is ib le .)  S a m p le s  o f  S b 20 3 (p r .)  a n d  o f  S b 20 3 (H . a n d  W .)  d r ie d  o v e r  
P 20 5 f o r  2  j  m o n t h s  a t  r o o m  t e m p e r a t u r e  g a v e  b y  t i t r a t i o n  w i t h  K B r 0 3 
9 9 -4  %  a n d  9 8 -6  %  S b 2O a r e s p e c t iv e ly ,  i n d i c a t in g  a  h ig h e r  w a t e r  c o n t e n t  
o f  t h e  l a t t e r .  N o  c h a n g e  i n  t h e  r e f l e c t io n  s p e c t r a  c o u ld  b e  d e t e c t e d  a f t e r  
8  m o n t h s ’ d r y in g .

S e n a r m o n t l t e — s a m p l e  S b 20 3 ( s u b . ) .

C le a r  c o lo u r le s s  c r y s t a l s  o f  p u r e  s e n a r m o n t i t e  w e r e  p r e p a r e d  b y  s u b 
l i m a t i o n  o f  S b 20 3 (H . a n d  W .)  a t  4 0 0 o t o  5 0 0 o a n d  a t  io ~ *  m m . p r e s s u re .  
T h e  c r y s t a l s  w h ic h  w e r e  o c t a h e d r a l ,  o f  s iz e s  u p  t o  1 m m .,  w e r e  g e n e r a l ly  
c r u s h e d  b e f o r e  u s e .  T h e i r  D e b y e - S c h e r r e r  p a t t e r n  w a s  i d e n t i c a l  w i th  
t h a t  s h o w n  f o r  s e n a r m o n t i t e .8 T h e  th r e s h o l d  o f  a b s o r p t i o n  w a s  f o u n d  
a t  3 0 0  m / i  (see  c u r v e  IV )  i n  a g r e e m e n t  w i t h  t h e  o b s e r v a t io n  o f  B i l ly  a n d  
B e r t o n . 9 T h is  m e a n s  t h a t  t h e  p r in c ip a l  a b s o r p t i o n  b a n d  o f  t h e  s e n a r 
m o n t i t e  u n i t ,  S b 40 6, b e g in s  a t  a b o u t  t h i s  w a v e - l e n g th .  T h e  d if fu s e ly  
r e f le c te d  l i g h t  f r o m  t h e  u n p o w d e r e d  c r y s t a l s ,  h o w e v e r ,  s h o w e d  t h e  p r e s e n c e  
o f  a b s o r p t i o n  u p  t o  3 4 0  m /i .  T h e  a v e r a g e  l i g h t  p a t h  in  t h i s  c a s e  t r a v e r s e s  
a  m u c h  t h i c k e r  l a y e r  o f  c r y s t a l ,  a n d  t h e r e f o r e  w e a k e r  a b s o r p t i o n  s h o w s  u p .

S a m p l e s  p r e p a r e d  b y  H y d r o l y s i s ,  S b aO , ( h y d . ) .

B lo o m  7 f o u n d  t h a t  t h e  p r o d u c t s  o b t a i n e d  b y  h y d r o ly s i s  o f  a n t i m o n y  
s a l t s  w h ic h  h a d  b e e n  d is s o lv e d  in  t h e  r e s p e c t iv e  a c id s  d e p e n d e d  u p o n  t h e  
c o n c e n t r a t i o n  o f  t h e  f r e e  a c id ,  h i g h e r  c o n c e n t r a t i o n s  f a v o u r in g  v a l e n t i n i t e .  
C e r t a in  m ix e d  f o rm s  w e r e  d e s c r ib e d  b y  B lo o m  a n d  B u e rg e r .*

A  s a m p le ,  S b 20 3 (h y d .)  I ,  p r e p a r e d  b y  d is s o lv in g  S b C l3 in  H C 1, n e u t r a l 
i s in g  t h e  e x c e s s  w i t h  N a 2C 0 3 a n d  a d d i n g  d r o p  b y  d r o p  t o  a  l a r g e  e x c e s s  
o f  b o i l in g  w a t e r ,  s h o w e d  o n ly  v e r y  fe w  a n d  r a t h e r  d if fu s e  D e b y e - S c h e r r e r  
l in e s  t h a t  s u g g e s te d  t h a t  t h e  s u b s t a n c e  w a s  s e n a r m o n t i t e .  I t s  r e f le c tio n  
s p e c t r u m  i s  s h o w n  b y  C u r v e  V , a n d  w h i le  i t  d o e s  n o t  a g r e e  w i t h  t h a t  o f  
s e n a r m o n t i t e  t h e  d if fe r e n c e  c o u ld  b e  a c c o u n te d  f o r  if  w e  a s s u m e  t h a t  t h e r e  
i s  o n ly  a  t r a c e  o f  v a l e n t i n i t e  p r e s e n t .  I t  is  p r o b a b l y  a  t r a n s i t i o n  f o rm .

O n  t h e  o t h e r  h a n d ,  s l i g h t  a l t e r a t i o n s  i n  t h e  p r o c e d u r e  g a v e  d i f f e r e n t  
r e s u l t s .  S o lu t io n  o f  S b C l3 in  H C 1, a d d i t i o n  o f  c o ld  w a t e r  u n t i l  a  p r e c i p i t a t e  
j u s t  f o rm e d ,  f i l t r a t i o n  a n d  a d d i t i o n  o f  t h e  c l e a r  f i l t r a t e  t o  b o i l in g  w a t e r

15 A . S im o n  a n d  H . P o e h lm a n n , Z. anorg. Chernie, i 9 25 > 14 9 , 101.
1 6  *
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w h ic h  w a s  k e p t  b o i l in g  f o r  9 0  m in u te s ,  g a v e  a  w e l l - c r y s ta l l in e  p r o d u c t  
(h y d .)  I I ,  w h o s e  p a t t e r n  a n d  s p e c t r u m  w e r e  i d e n t i c a l  w i t h  t h o s e  o f  v a l e n 
t i n i t e .  A  s a m p le  p r e p a r e d  b y  a d d i t i o n  o f  S b C l3 c r y s t a l s  d i r e c t l y  t o  c o ld  
w a t e r  a n d  w a s h in g  b y  d e c a n t a t i o n  w i t h  b o i l in g  w a t e r  g a v e  a  p r o d u c t  
(e.g., s a m p le  (h y d .)  I l l )  w h o s e  p a t t e r n ,  w h i le  i n d i c a t i n g  t h a t  i t  w a s  w e ll  
c r y s ta l l i s e d ,  w a s  q u i t e  d i f f e r e n t  f r o m  t h a t  o f  e i t h e r  s e n a r m o n t i t e  o r  
v a l e n t i n i t e .  N e i t h e r  t h e  p a t t e r n  n o r  t h e  c r y s t a l  s h a p e  w a s  e n t i r e l y  r e p r o 
d u c ib le .  T h e  r e f l e c t io n  s p e c t r u m  o f  ( h y d .)  I l l ,  C u r v e  V I ,  w a s  a lm o s t ,  
id e n t i c a l  w i t h  t h a t  o f  p o w d e r e d  v a l e n t i n i t e .

T h e s e  r e s u l t s  d o  n o t  e a s i ly  f i t  in  w i t h  t h o s e  o f  S e r r a  5 o r  o f  B lo o m  a n d  
B u e r g e r  * a l t h o u g h  t h e y  a r e  n o w h e r e  in  d i r e c t  c o n f l ic t .  I n  a g r e e m e n t  
w i t h  t h e  l a t t e r  a u t h o r s  w e  f o u n d  i t  im p o s s ib le  t o  r e m o v e  a l l  o f  t h e  c h lo r id e  
f r o m  s a m p le s  p r e p a r e d  b y  h y d r o ly s i s .  C o n s id e r a b ly  m o r e  s y s t e m a t i c  
w o r k  w o u ld  b e  n e c e s s a r y  b e f o re  t h e  c o n d i t i o n s  c o u ld  b e  s t a n d a r d i s e d  to  
p r o d u c e  a  g iv e n  f o rm . T h e  i m p o r t a n c e  o f  t h i s  p r e l i m i n a r y  w o r k  lie s  
in  t h e  f a c t  t h a t  t h e  p h o t o s e n s i t i v i t y  o f  a n t i m o n y  o x id e  p r e p a r e d  b y  
h y d r o ly s i s  h a s  b e e n  s h o w n  t o  b e  c o n s id e r a b ly  le s s  t h a n  t h a t  o f  o t h e r  
c r y s t a l l i n e  f o rm s  (see  O b s . 6  a n d  20 , b e lo w ) . I t  a p p e a r s  t h a t  t h e  r e f le c t io n  
• s p e c t ru m  is  n o t  s e n s i t iv e  t o  a l l  c h a n g e s  in  c r y s t a l  f o r m  (c f. B i l ly  a n d  
B e r t o n  ') .

T h e  D a r k e n i n g  o f  A n t i m o n y  O x i d e  b y  L i g h t .

S a m p le s  o f  t h e  a b o v e  p r e p a r a t i o n s  w e r e  e x p o s e d  t o  t h e  fu l l  l i g h t  o f  
t h e  m e r c u r y  a r c  ( u s u a l ly  a  H a n o v i a  lo w  p r e s s u r e  t y p e )  in  t h e o p e n  o r  in  
f l a t  q u a r t z  i l l u m in a t in g  v e s s e ls  a t  a  d i s t a n c e  o f  a b o u t  15 c m . M o s t  o f  t h e  
o b s e r v a t io n s  h a v e  b e e n  r e p e a t e d  s e v e ra l  t im e s .

T h e  r e s u l t s  a r e  s u m m a r i s e d  a s  fo llo w s  :—

(1) S b .0 3 (H . a n d  \ V . )  s h o w e d  v is ib le  y e l lo w in g  in  5 s e c o n d s ,  t u r n in g -  
t o  l i g h t  b r o w n  in  3 0  m in u te s .  T h e r e  w a s  p r a c t i c a l l y  n o  f u r t h e r  c h a n g e  
u p  t o  s e v e r a l  h o u r s .

(2) T h e  e f f ic ie n c y  o f  d a r k e n in g  w a s  i n d e p e n d e n t  o f  l i g h t  i n t e n s i t y —  
a n  e x p o s u r e  f o u r  t im e s  a s  lo n g  w i t h  l i g h t  f o u r  t i m e s  a s  w e a k  g a v e  a n  
id e n t i c a l  d a r k e n in g .

(3) T h e  r a t e  w a s  u n c h a n g e d  b y  a d d i t i o n  o f  l iq u id  w a t e r .  A f t e r  f iv e
h o u r s ’ i l l u m in a t io n  o f  a  s t i r r e d  m ix t u r e ,  a  t e s t  f o r  H . 0 2 w i t h  T i( S 0 4) 2
w a s  n e g a t iv e .

(4) S b 20 3 (p r .)  b e h a v e d  a s  i n  (1) e x c e p t  t h a t  i t  w a s  s lo w e r .
(5) V a le n t i n i t e  ( n a tu r a l )  a n d  s e n a r m o n t i t e  ( S b 20 3 s u b .)  w e r e  n o t

s e n s i t iv e  t o  i r r a d i a t i o n .  T h e  l a t t e r  s h o w e d  n o  v is ib le  c o lo u r in g  a f t e r  
5 h o u r s ’ e x p o s u r e .  I t  is  t h e r e f o r e  a t  l e a s t  2 0 0 0  t im e s  le s s  s e n s i t iv e  t h a n  
(H . a n d  W .) .  A d d i t i o n  o f  w a t e r  d id  n o t  in d u c e  s e n s i t i v i t y .

(6) A ll s a m p le s  o f  S b 20 3 (h y d .)  w e r e  f o u n d  t o  b e  in s e n s i t i v e  e i t h e r  in  
t h e  p r e s e n c e  o r  a b s e n c e  o f  w a te r .

(7) D r y in g  o f  S b 20 3 (H . a n d  W .)  o v e r  P 20 6 f o r  a  f e w  d a y s  p r o d u c e d  n o  
c h a n g e  i n  s e n s i t i v i t y ,  b u t  a f t e r  6  m o n t h s  t h e  i l l u m in a t io n  n e c e s s a r y  t o  
p r o d u c e  n o t i c e a b le  d a r k e n in g  w a s  1 0 0  t im e s  lo n g e r  t h a n  t h a t  f o r  a n  
u n d r i e d  b l a n k .  T h e  f in a l  d e g re e  o f  d a r k e n in g  w a s  a ls o  m u c h  le s s .

(8) D r y in g  S b 20 3 (H . a n d  W .)  b y  b a k in g  f o r  h a l f  a n  h o u r  a t  3 5 0 °  in  
a  v a c u u m  r e n d e r e d  i t  c o m p le te ly  in s e n s i t iv e .  A d d i t i o n  o f  w a t e r  d id  n o t  
r e s to r e  a n y  s e n s i t i v i t y  in  8 h o u r s ,  b u t  o n  k e e p in g  i n  t h e  a t m o s p h e r e  fo r  
14 d a y s  a  s l i g h t  s e n s i t i v i t y  w a s  f o u n d .

(9) (H . a n d  \V .)  w h ic h  w a s  i r r a d i a t e d  u n d e r  v a c u u m  i n  t h e  c o ld  d a r k 
e n e d  a t  t h e  s a m e  r a t e  a s  in  o b s e r v a t io n  (1 ). O n  h e a t i n g  t h e  darkened  
s a m p le  u n d e r  v a c u u m  t o  2 5 0 °  i t  q u i c k ly  f a d e d  t o  i t s  o r ig in a l  w h i te .  T h is  
t e m p e r a t u r e  c o in c id e s  w i t h  t h a t  a t  w h ic h  t h e r e  is  a  r a p i d  lo s s  o f  w a t e r .

(xo) A  s a m p le  (H . a n d  W .)  t h o r o u g h ly  d a r k e n e d  a s  i n  (9) d id  n o t  f a d e  
a p p r e c i a b ly  a f t e r  12 m o n t h s  in  a i r  o v e r  P 2O t  in  t h e  d a r k .

(11) E x te n s i v e  a t t e m p t s  w e r e  m a d e  w i t h  (H . a n d  W .)  a n d  (p r .)  t o  
t e s t  w h e th e r  o x y g e n  w a s  e v o lv e d  i n  t h e  p h o to c h e m ic a l  c h a n g e .  A  h ig h ly  -
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e v a c u a t e d  q u a r t z  v e s se l , 8  x  1-5 X 0-3 c m .,  c o n ta in in g  t h e  s a m p le ,  w a s  
c o n n e c te d  t o  a  c a p i l l a r y  d i s c h a r g e  t u b e ,  t h e  s p e c t r u m  o f  w h ic h  c o u ld  b e  
e x a m in e d  b y  m e a n s  o f  a  H i lg e r  q u a r t z  R a m a n  s p e c t r o g r a p h ,  e x p o s u r e  
10 t o  6 0  se c . I t  w a s  im p o s s ib le  t o  o b t a i n  c o m p le te ly  c o n c lu s iv e  r e s u l t s  
o w in g  t o  t h e  a d s o r b e d  w a t e r  ( a n d  p o s s ib ly  o x y g e n )  w h ic h  w a s  e v o lv e d  b y  
i l l u m in a t io n  in  t h e  c o ld  (d u e  t o  h e a t i n g  b y  t h e  l i g h t  f r o m  t h e  a r c ,  e v e n  w h e n  
f i l t e r e d  f r o m  in f r a - r e d ) .  T h e  w a t e r  d i s s o c ia te d  in  t h e  d i s c h a r g e  a n d  g a v e  
t h e  o x y g e n  s p e c t r u m .  I f  i t  w a s  r e m o v e d  b y  h e a t i n g  t o  3 5 0 °  t h e  p o w d e r  
b e c a m e  in s e n s i t iv e ,  b u t  a  p a r t i a l l y  e f f e c t iv e  c o m p r o m is e  w a s  o b t a i n e d  
b y  h e a t i n g  t o  xoo° i n  v a c u u m  f o r  o n e  h o u r .  S u b s e q u e n t  i l l u m in a t io n  in  
t h e  c o ld  g a v e  d a r k e n in g  b u t  n o  g a s  e v o lu t io n .  I n  o n e  e x p e r im e n t  i l l u m in a 
t i o n  f o r  8 h o u r s  g a v e  a  d a r k e n in g  w h ic h  s h o u ld  h a v e  p r o d u c e d  a  p r e s s u r e  
o f  o x y g e n  a t  l e a s t  o f  t h e  o r d e r  o f  10 m m . ( a s s u m in g  t h e  m a x im u m  p o s s ib le  
e x t i n c t i o n  c o e f f ic ie n t,  i o ~ 16 c m .2, f o r  t h e  d a r k  s u b s t a n c e ) .  T h e  a c c u r a c y  
o f  t h e  t e s t s  w a s  s u f f ic ie n t  t o  s h o w  t h a t  t h e  o x y g e n  p r e s s u r e  c o u ld  n o t  h a v e  
b e e n  a n y t h i n g  l ik e  a s  h ig h  a s  t h i s .  I t  is  t h e r e f o r e  t o  b e  c o n c lu d e d  t h a t  
n o  a p p r e c i a b l e  f r e e  o x y g e n  is  e v o lv e d  in  t h e  p h o to c h e m ic a l  d a r k e n in g  
p ro c e s s .

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

P r e l im i n a r y  e x p e r im e n t s  w i t h  f i l t e r s  c o n f i r m e d  t h e  e x p e c t a t i o n  t h a t  
t h e  d a r k e n in g  d e s c r ib e d  a b o v e  o c c u r r e d  w i t h  u l t r a - v i o l e t  a n d  n o t  w i th  
v i s ib le  o r  i n f r a - r e d  l ig h t .  L a t e r ,  t h e  t h r e s h o l d  o f  p h o t o s e n s i t i v i t y  w a s  
a c c u r a t e l y  d e t e r m in e d  s im p ly  b y  e x p o s in g  a  g la s s  p l a t e  c o v e r e d  w i t h  t h e  
p o w d e r  in  t h e  h i g h - a p e r t u r e  R a m a n  s p e c t r o g r a p h .  T h e  p o w d e r  S b s0 3 
(H . a n d  W .)  w a s  m a d e  i n t o  a  t h i n  p a s t e  w i t h  w a te r ,  p a i n t e d  o n  t o  t h e  g la s s  
p l a t e  a n d  d r i e d  in  t h e  d a r k  in  a  d e s ic c a to r .  E x p o s u r e s  t o  a  p o in to l i te  
l a m p  o f  v a r io u s  t i m e s  f r o m  5 t o  2 0  h o u r s  s h o w e d  t h a t  a  v e r y  s h a r p  t h r e s 
h o ld  o f  d a r k e n in g  o c c u r r e d  a t  3 7 5  m p .  I t s  p o s i t i o n  w a s  u n c h a n g e d  b y  
t h e  p r e s e n c e  o f  g ly c e r o l  (see  o b s .  13). T h e  a g r e e m e n t  b e tw e e n  th i s  
t h r e s h o l d  a n d  t h a t  o f  a b s o r p t i o n  (see  F ig .)  is  s a t i s f a c t o r y  a n d  in d i c a t e s  
t h a t  t h e  s u b s t a n c e  g iv in g  r i s e  t o  t h i s  a b s o r p t i o n  is  r e s p o n s ib le  f o r  i n i t i a t i n g  
t h e  p h o to c h e m ic a l  p r o c e s s  (g ly c e ro l  d o e s  n o t  a b s o r b  e x c e p t  i n  t h e  f a r  u .v .) .

U s in g  a  H g - a r c  l a m p ,  a  s e r ie s  o f  e x p o s u re s  o n  S b .0 3 (H . a n d  W .)  w e re  
c o m p a r e d  w i t h  a  s im i la r  s e r ie s  o n  a n  o r d i n a r y  A g B r  p h o to g r a p h ic  p l a t e  
( a t ,  o f  c o u r s e ,  a n  e n o r m o u s ly  r e d u c e d  r a n g e  o f  e x p o s u re s )  a n d  s h o w e d  
t h a t  f r o m  3 6 5  m ^  t o  b e lo w  2 4 0  m /r  t h e  s e n s i t i v i t y  o f  S b , 0 3 w a s  p a r a l l e l  
t o  t h a t  o f  A g B r .  A s  t h e  p h o t o s e n s i t i v i t y  o f  t h e  l a t t e r  is  a l m o s t  i n d e 
p e n d e n t  o f  w a v e - le n g th  o v e r  t h i s  r a n g e  14 w e  c a n  c o n c lu d e  t h a t  t h a t  o f  
S b jC q  is  a ls o  i n d e p e n d e n t  o f  w a v e - le n g th .

T h e  P h o t o - D a r k e n i n g  o f  A n t i m o n y  O x i d e  i n  t h e  p r e s e n c e  o f  

o t h e r  R e a g e n t s .

F o r  t h e  t e s t s  s u m m a r i s e d  b e lo w  t h e  p o w d e r  w a s  p la c e d  in  t h e  c a v i t i e s  
o f  a  p o r c e l a in  t e s t  p l a t e  a n d  s u f f ic ie n t  l iq u id  o r  s o lu t io n  a d d e d  j u s t  t o  
c o v e r  i t .  T h e  w h o le  w a s  c o v e r e d  b y  a  q u a r t z  p l a t e ,  c o o le d  b y  a n  a i r  s t r e a m  
a n d  i l l u m in a t e d  w i t h  a  H g - a r c  a s  b e fo re . A ll r e s u l t s  h a v e  b e e n  r e p e a t e d  
a t  l e a s t  tw ic e  a n d  t h e r e  w e r e  fu l l  c o m p a r i s o n  b l a n k s  t o  t e s t  t h e  a b s e n c e  
o f  t h e r m a l  e f fe c ts ,  e t c .

(12) T h e  r a t e  o f  d a r k e n in g  o f  S b jO a (H . a n d  W .)  is  u n in f lu e n c e d  b y  
a d d e d  w a te r ,  b u t y l  o r  a m y l  a lc o h o l ,  f o r m a ld e h y d e  o r  l in s e e d  o il  v a r n i s h .  
S b j 0 3 (su b .)  r e m a in e d  in s e n s i t iv e  in  t h e  p r e s e n c e  o f  t h e s e  r e a g e n t s .

(13) T h e  r a t e  o f  d a r k e n in g  o f  (H . a n d  W .)  a n d  (p r .)  w a s  in c r e a s e d  b y  
t h e  a d d i t i o n  o f  g ly c e ro l  ( c o m m e rc ia l  o r  "  A n a la r  " )  a n d  t h e  f in a l  d e g re e  
o f  d a r k e n i n g  w a s  a  d e e p  b la c k ,  m u c h  s t r o n g e r  t h a n  t h a t  o b t a i n e d  w i th  
t h e  d r y  p o w d e r  (c f. o b s .  1). T h is  f in a l  s t a t e  w a s  a t t a i n e d  i n  a b o u t  
4 0  m in u te s .  T h e r e  w a s  a ls o  a n  in c r e a s e  w i th  e th y l e n e  g ly c o l  a n d  s u g a r  
s o lu t io n s .

14 P r iv a te  c o m m u n ic a tio n  fro m  D r . E . S. S h e p p a rd , E a s tm a n  K o d a k  Co., L td .
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(14) S b 20 3 (su b .)  i n  t h e  p r e s e n c e  o f  g ly c e r o l  d a r k e n e d  a t  a  faster 
r a t e  t h a n  d id  (H . a n d  W .)  i n  o b s .  13 . A  f i l t e r  c u t t i n g  o u t  a l l  l i g h t  b e lo w  
3 3 0  m p  s to p p e d  t h e  r e a c t i o n  e n t i r e l y .  ( C o m p a re  a b s o r p t i o n  o f  s e n a r -  
m o n t i t e . )  T h e  p r e s e n c e  o f  25  %  o f  w a t e r  i n  t h e  g ly c e r o l  h a d  n o  e f fe c t ,  
b u t  w i t h  5 0  %  t h e  r e a c t i o n  p r a c t i c a l l y  c e a s e d  (cf. o b s .  16).

(15) N a t u r a l  v a l e n t i n i t e  d a r k e n e d  w i th  g ly c e ro l .
(16) S b 20 3 (su b .)  w h ic h  h a d  b e e n  d a r k e n e d  a s  i n  o b s .  14, r e t u r n e d  t o  

i t s  o r ig in a l  w h i t e  w h e n  l e f t  i n  t h e  r o o m  f o r  a b o u t  a  d a y .  T h e  c y c le  w a s  
r e p e a t e d  s e v e r a l  t im e s  o n  t h e  o n e  s a m p le .  I f  l e f t  i n  d r i e d  a i r  o r  in  p u r e  
w a t e r  v a p o u r  a t  r o o m  t e m p e r a t u r e  t h e  r e v e r s a l  w a s  v e r y  m u c h  r e t a r d e d .  
A d d i t i o n  o f  l iq u id  w a t e r  o r  m e t h y l  o r  e t h y l  a lc o h o l  t o  s a m p le s  d a r k e n e d  
a s  i n  o b s .  14 c a u s e d  a n  a l m o s t  im m e d ia t e  r e v e r s a l .  A c e to n e ,  w h ic h  is  
n o t  s o lu b le  i n  g ly c e ro l ,  c a u s e d  n o  e f fe c t .

(17) S b 20 3 (H . a n d  W .)  o r  (p r .) ,  d a r k e n e d  a s  i n  o b s .  13 , d i d  n o t  w h i t e n  
a g a in  b u t  r e t u r n e d  t o  t h a t  b r o w n is h  s h a d e  w h ic h  w o u ld  h a v e  b e e n  o b ta in e d  
b y  i r r a d i a t i n g  t h e  p o w d e r  a lo n e .

(18) H y d r o x y l a m i n e  h y d r o c h lo r id e ,  h y d r a z in e  h y d r a t e  a n d  s u l p h a t e  
a n d  K I  s o lu t io n s  a l l  g a v e  h ig h e r  r a t e s  t h a n  i n  o b s .  13, a n d  t h e  d a r k e n in g  
w a s  irreversible. W i t h  t h e  n i t r o g e n  c o m p o u n d s  g a s  w a s  e v o lv e d .  T h e r e  
w a s  n o  t h e r m a l  r e a c t io n  e v e n  a t  io o ° .  S b ,0 3 (su b .)  w i t h  th e s e  s u b s t a n c e s  
d a r k e n e d  a t  a  s l i g h t ly  lo w e r  r a t e ,  p r e s u m a b ly  d u e  t o  t h e  f a c t  t h a t  i t  
a b s o r b s  o n ly  t h e  f u r t h e r  u l t r a - v io l e t .

(19) T h e  b r o w n  p o w d e r s  o f  o b s . 1 a n d  3 a n d  t h e .  b l a c k  p o w d e r s  o f  
o b s .  13 a n d  14 w e r e  c o m p le t e ly  s o lu b le  in  H C 1, g iv in g  c o lo u r le s s  s o lu t io n s .  
T h e  b l a c k  p o w d e r  o f  o b s . 18, h o w e v e r ,  l e f t  a  r e s id u e  o f  b l a c k  p a r t i c l e s .  
A n t i m o n y  m e ta l ,  h a v i n g  a  n o r m a l  p o t e n t i a l  w i t h  r e s p e c t  t o  h y d r o g e n  o f  
a p p r o x i m a t e l y  +  0-2 v o l t s  16 s h o u ld  b e  in s o lu b le  i n  a c id s ,  b u t  m a y  b e c o m e  
s o lu b le  d u e  t o  t h e  s m a l l  s iz e  o f  t h e  p a r t i c l e s  i n  o b s .  x, 3 , 13 a n d  14, a n d  
t o  t h e  p r e s e n c e  o f  o x y g e n .  T h e  b l a c k  r e s id u e  f r o m  o b s .  18  c o n s is t s ,  p r e 
s u m a b ly ,  o f  l a r g e r  p a r t i c l e s  o f  a n t i m o n y  m e ta l .  T h e  s o lu b i l i t i e s  i n  H C 1 
a r e  p a r a l l e l  t o  t h e  o b s e r v a t io n s  o f  t h e  r e v e r s i b i l i t y  o f  t h e  d a r k e n in g  ; 
s a m p le s  s h o v i n g  r e v e r s a l  b e in g  s o lu b le ,  t h e  o t h e r s  n o t .

(20) S a m p le s  o f  S b 20 3 (h y d .)  i n  c o n t a c t  w i t h  g ly c e r o l  d a r k e n e d  a t  
a  lo w e r  r a t e  a n d  t o  a  lo w e r  f in a l  e x t e n t  t h a n  a n y  o t h e r  p r e p a r a t i o n  ; 
(h y d .)  I l l  w a s  le s s  s e n s i t iv e  t h a n  (h y d .)  I  o r  I I .

(21) S b 20 3 (H . a n d  W .)  i s  a ls o  a b l e  t o  a c t  a s  a  p h o to s e n s i t i s e r  i n  a  
w a y  s im i la r  t o  T i O j . 8 D y e s  s u c h  a s  m e th y le n e  b lu e ,  c h lo r a z o l  o r a n g e  
P O S  a n d  c h lo r a z o l  s k y  b lu e  F F  w e r e  r e a d i ly  d e c o lo r is e d  w h e n  a d s o r b e d  
o n  S b 20 3 a n d  e x p o s e d  t o  a  H g - a r c  ; w h e r e a s  c o m p a r i s o n  s a m p le s  a d s o r b e d  
o n  B a S 0 4 w e r e  u n c h a n g e d .19 T h e r e  w a s  n o  o b v io u s  d a r k e n in g  o f  t h e  
S b 20 3.

C o n c l u s i o n s .

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

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

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

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

“  e x c i t o n  ”  f r o m  t h e  p o i n t  o f  a b s o r p t i o n  t o  t h e  c e n t r e .  T w o  s u c h  

m e c h a n i s m s  h a v e  r e c e n t l y  b e e n  d i s c u s s e d . 8 - 1 7  T h e  s u c c e s s  o f  t h e  

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

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

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

h o w e v e r ,  s h o w e d  f l u o r e s c e n c e .

I n  a l l  o b s e r v a t i o n s  r e c o r d e d  a b o v e  ( w i t h  t h e  e x c e p t i o n  o f  o b s .  1 8 )

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

15 Landolt-Borenstein I I .  Ergbol., p . 971.
19 J .  A . K itc h e n e r ,  Unpublished Experiments.
17 C. F .  G o o d ev e , Nature, 1939, 143, 1007.
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o x i d e ,  b u t  t h a t  t h e  t h r e s h o l d  o f  a b s o r p t i o n  d e p e n d s  u p o n  t h e  a r r a n g e 

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

t o  i r r e g u l a r i t i e s  i n  t h e  c r y s t a l  l a t t i c e  a s  s u g g e s t e d  b y  G u r n e y  18  f o r  Z n S ,  

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

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

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

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

( o b s .  7  a n d  8 )  o r  c e r t a i n  r e d u c i n g  a g e n t s  ( o b s .  1 3 - 2 0 ) .  T h e  m e c h a n i s m s ,  

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

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

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

m a n n e r  (cf. o b s .  7  a n d  8  w i t h  3 ) ;  i t  c a n n o t  e n t e r  c o m p l e t e d  v a l e n t i n i t e  

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

l a t t i c e  f r o m  w h i c h  i t  h a s  b e e n  r e m o v e d  ( o b s .  8 ) .  T h e  p h o t o c h e m i c a l  

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

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

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

o x y g e n  ( o b s .  1 1 ) .  I t  i s  p o s s i b l e  t h a t  w a t e r  a c t s  b y  d i s t o r t i n g  t h e  l a t t i c e ,  

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

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

d i v i d e d  t h a t  i t  d i s s o l v e s  i n  F I C l ,  w o u l d  b e  r e - o x i d i s e d  i m m e d i a t e l y  o n  

c o n t a c t  w i t h  a i r  (cf. o b s .  1 6 ) .  T h a t  t h e  s t a b i l i s a t i o n  i s  f a i r l y  c o m p l e t e  

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

a b l y  o n l y  o n  t h e  r e m o v a l  o f  w a t e r  b y  h e a t i n g  ( o b s .  9 ) .  I t  i s  o f  i n t e r e s t  

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

o f  w a t e r ,  s h o w s  a  r e v e r s 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 . 19 R e a c t i v e  

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

g l y c e r o l  ( o b s .  1 7 ) .  T h e  “ i n t e r n a l  d a r k e n i n g ”  d o e s  n o t  c e a s e  b e c a u s e  

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

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

( o b s .  1 a n d  7 ) .

T h e  “  e x t e r n a l  ”  p h o t o c h e m i c a l  r e d u c t i o n  o f  S b 20 3 b y  r e d u c i n g  

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

n o t  d e p e n d  o n l y  o n  t h e i r  o r d i n a r y  r e d u c i n g  p o w e r  (cf. o b s .  1 2  a n d  1 3 - 1 9 ) .  

W i t h  s t r o n g  r e d u c i n g  a g e n t s ,  s u c h  a s  N 2H 4 o r  N H 2O H ,  a l l  S b 20 3 c e n t r e s ,  

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

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

n o t  d i s s o l v e  i n  H C 1. W i t h  g l y c e r o l  t h e  r e a c t i o n  i s  r e v e r s e d ,  p r e s u m a b l y  

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

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

r a p i d l y .  A s  t h e  m e t a l l i c  r e d u c t i o n  p r o d u c t  d i s s o l v e s  i n  H C 1, i t  i s  t o  b e  

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

A l l  r e a c t i v e  c e n t r e s  c o n t a i n i n g  S b 20 3 ( h y d . )  w e r e  t h e  l e a s t  s e n s i t i v e  

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

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

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

s t r u c t u r e s  ( s e e  F r e n k e l  2 0 ) .  T h e  e f f e c t  i s  p a r a l l e l  t o  t h e  i n h i b i t i n g  a c t i o n  

o f  a d s o r b e d  s u l p h a t e  o n  T i 0 2 . 21

18 R . W . G u rn e y , Trans. Faraday Soc., 1939, 35 , 98 a n d  143.
19 N . T . G o rd o n , F . S e itz  a n d  F .  Q u in la n , J . Chem. Physics, 1939, 7 , 4.
20 J .  F re n k e l , Physik. Z . Sow., 1936, 9 » 158.
21 C. F .  G o o d ev e  a n d  J .  A . K itc h e n e r , Trans. Faraday Soc., 1938, 3 4 , 572.
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T h e  a u t h o r s  a r e  i n d e b t e d  t o  D r .  J .  A .  K i t c h e n e r  a n d  M r .  M .  R .  

T a y l o r  f o r  t h e i r  k i n d  a s s i s t a n c e ,  a n d  t o  M r .  F .  A .  B a n n i s t e r  o f  t h e  B r i t i s h  

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

v a l e n t i n i t e .

S u m m a r y .

T h e  p h o to c h e m ic a l  s e n s i t i v i t y  a n d  t h e  a b s o r p t i o n  s p e c t r a  o f  t h e  d i f f e r e n t  
c r y s t a l l i n e  f o r m s  o r  s t a t e s  o f  S b ,0 3 h a v e  b e e n  in v e s t i g a t e d .  A ll  f o rm s  
a r e  s e n s i t iv e  t o  i r r a d i a t i o n  o n ly  w h e n  s o m e  f o r e ig n  s u b s t a n c e  i s  p r e s e n t .  
T h e r e  a r e  tw o  d i f f e r e n t  t y p e s  o f  p h o to r e a c t io n ,  b o t h  a p p a r e n t l y  w i th  
f o r m a t io n  o f  a n t i m o n y  m e ta l .  T h e  o r th o r h o m b ic  f o r m  o f  S b 20 3 is  a b le  
t o  "  b u i ld  i n  ”  w a t e r  f o r m in g  a n  i n t e r n a l  p h o t o a c t i v e  s y s te m .  T h e  r e 
a c t io n  is  r e v e r s e d  b y  r e m o v a l  o f  t h e  w a te r .  W i t h  c e r t a i n  r e d u c in g  a g e n t s  
a n  e x t e r n a l  p h o to d e c o m p o s i t i o n  o c c u r s  w i t h  a l l  f o rm s  o f  S b ,0 3. L i t t l e  
o r  n o  s e n s i t i v i t y  w a s  s h o w n  b y  s a m p le s  p r e p a r e d  b y  h y d r o ly s in g  S b C l3 
w i t h  w a te r .  W i t h  g ly c e r o l  t h e  r e a c t io n  is  r e v e r s e d  if  o x y g e n  t o g e t h e r  
w i th  w a t e r  o r  o t h e r  l iq u id  m is c ib le  w i t h  g ly c e r o l  a r e  t a k e n  u p .
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D u r i n g  r e c e n t  y e a r s  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  s o u g h t  t o  c l a r i f y  

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

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

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

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

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

d i p o l e  t h e o r y  o f  D e b y e . 1 * 2

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

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

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

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

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

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

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

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

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

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

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

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

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

1W . J a c k so n , Proc. Roy. Soc. A .  (1935), 150, 197.
! F . C. F r a n k ,  Trans. Faraday Soc. (1936), 3 2 , 1634.
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p o l a r  g r o u p  a n d  t h e  v i s c o s i t y  o f  t h e  e n v i r o n m e n t  i n  w h i c h  i t  i s  s i t u a t e d ,  

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

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

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

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

w a s  l e s s  t h a n  1 0  p o i s e .

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

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

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

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

o f  t h e  f r e q u e n c y  r a n g e  f r o m  5 0  t o  1 0 ®  c y c l e s  p e r  s e c o n d ,  i s  a v a i l a b l e  

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

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

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

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

o f  a  s i z e  ( 6  i n .  d i a m .  X  i n .  t h i c k )  a n d  q u a l i t y  s u i t a b l e  f o r  t h e  d i e l e c t r i c  

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

P r e p a r a t i o n  o f  t h e  T e s t  S p e c i m e n s .

A t  t h e  p r e l im in a r y  s t a g e  a  n u m b e r  o f  s p e c im e n s  w e r e  p r e p a r e d  f ro m  
a  g r a n u l a t e d  f o r m  o f  t h e  m a t e r i a l  i n  t h e  I .C . I .  r e s e a r c h  l a b o r a to r i e s ,  
e m p lo y in g  t h e  n o r m a l  h ig h - p r e s s u r e  m o u ld in g  t e c h n iq u e .  L o w e r  t e m 
p e r a t u r e s  a n d  lo n g e r  m o u ld in g  t i m e s  w e r e  u s e d  t h a n  i n  t h e  m e th o d  
f in a l ly  a d o p t e d ,  a n d  s o m e  o f  t h e  s a m p le s  (e.g. t h o s e  c o n ta in in g  s m a l l  
p e r c e n ta g e s  o f  b e n z o ic  a c id  a n d  p - to lu id in e )  c a u s e d  g r e a t  d i f f i c u l ty  b y  
s t i c k in g  t o  t h e  m o u ld s .  T h e  a d d e d  s u b s t a n c e s  a ls o  c r y s t a l l i s e d  o u t  f ro m  
m i x t u r e s  o f  a  c o n c e n t r a t i o n  ■which g a v e  p e r f e c t ly  c le a r  m o u ld in g s  b y  t h e  
s u b s e q u e n t  lo w - p re s s u r e  m e th o d .  T h e  s u r f a c e  o f  t h e  p l a t e s  w a s  u n s a t i s 
f a c t o r y  a n d  t h e  s p e c im e n s  s h o w e d  a p p r e c i a b l e  d i s to r t i o n ,  w h ic h  b e c a m e  
v e r y  m a r k e d  o n  h e a t i n g  t o  t h e  s o f te n in g  t e m p e r a t u r e .

I n  t h e  lo w  p r e s s u r e  m e t h o d  d e v e lo p e d  in  t h e  l a b o r a t o r y  t h e  m a j o r  
d i f f i c u l ty  w a s  t h a t  o f  r e m o v in g  a i r  b u b b le s  w i t h o u t  r e a c h in g  t e m p e r a t u r e s  
p r o d u c t i v e  o f  d e p o ly m e r i s a t i o n  a n d  o x id a t io n .  T h e  v a r io u s  p o l a r  m a te r i a l s  
a d d e d  t o  t h e  p o l y s t y r e n e  a c t e d  t o  s o m e  e x t e n t  a s  p la s t i c i s e r s  a n d  a s s i s t e d  in  
t h i s  p r o c e s s ,  b u t  i t  w a s  s o m e t im e s  n e c e s s a r y  t o  a d d  a  l i t t l e  n a p h t h a l e n e  a ls o .

T h e  t e c h n iq u e  f in a l ly  a d o p t e d  w a s  a s  fo l lo w s  : T h e  m i x t u r e  w a s  p la c e d  
i n  a n  e n a m e l  d is h ,  c o v e r e d  w i t h  a  c lo c k  g la s s  a n d  c l a m p e d  r ig id ly  in  a n  
o i l  b a t h ,  a n d  h e a t e d  t o  a  t e m p e r a t u r e  a t  w h ic h  e a s y  s t i r r i n g  b e c a m e  p o s s ib le . 
T h is  t e m p e r a t u r e  w a s  u s u a l ly  b e tw e e n  2 0 0  a n d  2 5 0 °  C ., b u t  w a s  k e p t  a s  
lo w  a s  p o s s ib le  so  a s  t o  r e d u c e  f u m in g ,  o x i d a t i o n  a n d  b o i l in g  o u t  o f  t h e  
a d d e d  s u b s t a n c e  d u r i n g  t h e  m ix in g  p r o c e s s .  T h e  m i x t u r e  w a s  a l t e r n a t e l y  
s t i r r e d  a n d  l e f t  t o  s t a n d  a t  t h i s  t e m p e r a t u r e  a n d  t h e n  t a k e n  u p  t o  a b o u t  
2 9 0 °  C . f o r  a  s h o r t  t i m e  t o  f r e e  i t  f r o m  b u b b le s .  I t  w a s  t h e n  c o o le d  t o  
a b o u t  2 6 0 °  C ., w h ic h  w a s  f o u n d  t o  b e  a  c o n v e n ie n t  t e m p e r a t u r e  f o r  p o u r in g .

T h e  m i x t u r e  w a s  p o u r e d  o n  t o  a  h o t  f l a t  p l a t e  o f  b r a s s  a n d  p r e s s e d  
i n t o  s h a p e  w i t h  a n o t h e r  s im i l a r  p l a t e  f i t t e d  w i t h  a  l i f t i n g  h a n d le ,  a n d  w i th  
t h r e e  s e t - s c r e w s  a t  i t s  e d g e  t o  d e t e r m in e  t h e  t h i c k n e s s  o f  t h e  f in a l  s p e c im e n . 
A  t h i n  f i lm  o f  v a s e l in e  r u b b e d  o v e r  t h e  p l a t e s  e n s u r e d  t h a t  t h e y  c o u ld  b e  
l i f t e d  a w a y  f r o m  t h e  s p e c im e n  o n  c o o l in g  t o  r o o m  t e m p e r a t u r e ,  a l t h o u g h  
c o o l in g  w i t h  ic e  w a s  o c c a s io n a l ly  n e c e s s a ry .

S a t i s f a c t o r y  m o u ld in g s  w e r e  p r o d u c e d  o f  t h e  fo l lo w in g  m ix tu r e s  :—

(a) 17-5  %  b u t y l  p h t h a l a t e .
(b) 16-3  %  c h l o r i n a t e d  d ip h e n y l .  (“  P e r m i t o l  ” — a  m i x t u r e  a p p r o x i 

m a t i n g  t o  t e t r a c h lo r d ip h e n y l . )
(c) 7 ‘9 5  %  jS -n a p h th o l  +  3-5  %  n a p h t h a l e n e .
(d) 12-8 %  /9- n a p h th o l .
(1e) 4 -8  %  c e ty l  p a l m i t a t e  +  2-3 %  n a p h t h a l e n e .
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T h e  D i e l e c t r i c  L o s s  M e a s u r e m e n t s .

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

l o s s  f a c t o r — t a n  S— w i t h  t e m p e r a t u r e  a t  c o n v e n i e n t  f r e q u e n c i e s  i n  t h e  

r a n g e  i o 8- i o 7 c y c l e s  p e r  s e c o n d .  T h e  m e t h o d  e m p l o y e d  w a s  a  r e s o n a n c e  
s u b s t i t u t i o n  o n e ,  t h e  c i r c u i t  d i a g r a m  f o r  w h i c h  i s  s h o w n  i n  F i g .  r .  I n  

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

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

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

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

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

i t  e q u a l l e d  t h a t  o f  C x . W h e n  t h i s  a d j u s t m e n t  h a d  b e e n  m a d e  t h e  c i r c u i t  

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

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

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

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

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

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

t o  a r e  g i v e n  i n  F i g s .  2  a n d  3 .

D i s c u s s i o n .

Source of

ZD
continuous
oscillations.

F i g . 1 .

Cz— te s t  c o n d e n se r ,
C— id e n tic a l  a i r  c o n d e n se r , 
S— c h a n g e -o v e r  sw itc h ,
E — e a r th  p o in t ,
V — th e rm io n ic  v o l tm e te r .

F i g . 2 .

Curves (A) and  (B) —  
C h lo r in a te d  d ip h e n y l 

m ix tu re .
(A )— 10s cycles ,
(B )— 4-8 X  i o 8 c y c le s  

p e r  sec.

Curves (C) and  (D )—  
B u t y l  p h t h a l a t e  

m ix tu re .
(C)— 0-82 x  io* cy c les ,
(D )— 7-5 x  i o 6 c y c le s  

p e r  sec.

Curve (E )— C e ty l p a l-  
m i t a t e  m ix tu re .

/SO F re q u e n c y  5 x  i o 6
cy c le s  p e r  sec.

<E)

_ i_________
too

Temperature ’ C.

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

i m p o s e s  n o  v e r y  s e v e r e  r e s t r i c t i o n  o n  t h e  o r i e n t a t i o n  w i t h i n  i t  o f  p o l a r
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m o l e c u l e s  o f  t h e  t y p e  c o n s i d e r e d .  T h e  c u r v e s  ( A )  a n d  ( B ) ,  F i g .  2 ,  

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

h a s  b e e n  s t u d i e d  b y  o n e  o f  t h e  a u t h o r s . 3 A t  a  f r e q u e n c y  o f  0 - 9 5  x  i o 6  

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

a l o n e  g a v e  a  v e r y  s h a r p  l o s s  m a x i m u m  a t  a  t e m p e r a t u r e  o f  2 6 °  C .  w h e n  

t h e  m a t e r i a l  w a s  a  l i q u i d  o f  v i s c o s i t y  c o e f f i c i e n t  a b o u t  1 0 0  p o i s e .  T h e  

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

t h e  l o s s  m a x i m u m  t o  n o 0 C . ,  a n d  f u r t h e r  o f  b r o a d e n i n g  t h e  l o s s —  

t e m p e r a t u r e  c u r v e — r e c k o n e d  a t  h a l f  i t s  h e i g h t — f r o m  1 3 0 C .  t o  6 o °  C .  

T h e s e  c u r v e s  ( A )  a n d  ( B )  a r e  i n d e e d  v e r y  m u c h  b r o a d e r  t h a n  t h e  

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

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

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

a b s e n c e  o f  a p p r e c i a b l e  d i e l e c t r i c  l o s s  a t  2 6 °  C .  s u g g e s t s  t h a t  t h e  c h l o r -

F i g . 3 .  

/3- n a p h th o l  m ix tu re .

(A)— o-8 X i o ' ,
(B )— 5-25 x  10«,
(C )— o-66 X i o 6 

cy c les  p e r  sec.
(M easu re d  in  o rd e r  

A , B , C ; w ith  r is in g  
te m p e r a tu r e  in  e a c h  
case.)

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

e x t e n t .

T h e  butyl phthalate c u r v e s  ( C )  a n d  ( D ) ,  F i g .  2 ,  a r e  e x t r a o r d i n a r i l y  

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

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

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

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

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

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

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

T h e  e f f e c t  o f  t h e  a d d i t i o n  o f  cetyl palmitate, t h e  s o l u t e  e m p l o y e d  i n  

t h e  p a r a f f i n  w a x  w o r k  p r e v i o u s l y  r e f e r r e d  t o ,  i s  s m a l l  ( c u r v e  E ,  F i g .  2 ) ,  

t h e  s t e a d y  r i s e  i n  t a n  8  f r o m  5 0 °  C .  u p w a r d s  p o s s i b l y  f o r m i n g  p a r t  o f  

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

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

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

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

T h e  fi-naphthol m i x t u r e s  w e r e  s t u d i e d  t o  t e s t  t h e  h y p o t h e s i s  t h a t  

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

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

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

S \V . J a c k so n , Proc. Roy. Soc. A  (1935). *5 3 > I 5 8-
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t h e  t w o  c l e a r l y  d e f i n e d  m o d e s  o f  d i p o l e  o r i e n t a t i o n  w h i c h  c a n  o c c u r  

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

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

a  w h o l e .  A  c o m p a r i s o n  o f  c u r v e s  ( A ) ,  ( B ) ,  a n d  ( C ) ,  a l l  r e l a t i n g  t o  t h e  

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

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

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

m a x i m u m  l a r g e r ,  t h a n  a f t e r  t h e  “  a n n e a l i n g  ”  w h i c h  t a k e s  p l a c e  d u r i n g  

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

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

l i a b l e  t o  b e c o m e  “  f r o z e n - i n  ”  a t  t h e  l o w e r  t e m p e r a t u r e ,  a  c o n d i t i o n  

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

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

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

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

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

e x p e c t  r a t h e r  t h e  r e v e r s e  o f  w h a t  i s  o b s e r v e d .  U n t i l  f u r t h e r  w o r k  h a s  

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

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

p r e c e d e d  t h e  d i s c o v e r y .

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

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

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

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

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

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

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

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

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

5 X  IO - 4 . E v e n  s o ,  i n  v i e w  o f  t h e  l o o s e  p l a c e s  w h i c h  a r e  n o t  t o  b e  

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

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

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

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

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

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

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

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

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

a r e  l o n g  m o l e c u l e s  c o h e r i n g  o n l y  b y  w e a k  v a n  d e r  W a a l s ’ f o r c e s ,  e.g. 
r e d u c e d  r u b b e r  ( a n  a l i p h a t i c  h y d r o c a r b o n ) ,  o r d i n a r y  r u b b e r  c o n t a i n i n g  

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

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

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

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

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

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

t e m p e r a t u r e )  t o  a  p l a s t i c  s t a g e  b e f o r e  r e a c h i n g  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 b o v e  2 0 0 °  o r  s o ,  a t  w h i c h  c o v a l e n c i e s  a r e  r a p i d l y  b r o k e n .  

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

e x p e c t e d  t o  r e t a i n  i t s  r i g i d i t y  a b o v e  1 2 0 ° ,  t h e  a p p r o x i m a t e  a s y m p t o t i c  

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

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

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



F . C. F R A N K  A N D  W . J A C K S O N 445

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

s t r e n g t h  b u t  t h e y  s t i l l  r e t a i n  t h e i r  “  t h e r m o p l a s t i c i t y . ”  A t  a  t h i r d  

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

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

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

t i m e  b r e a k i n g  t h e m .

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

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

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

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

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

p l a s t i c  {e.g. b a k e l i t e ,  v u l c a n i s e d  r u b b e r ) .  H e r e ,  t h e n ,  a r i s e s  t h e  d i f f i -  

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

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

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

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

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

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

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

i s  n o  v e r y  s t r o n g  n o n - p o l a r  p l a s t i c .  D i v i n y l  b e n z e n e  p r o d u c e s  a  b r i t t l e  

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

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

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

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

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

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

T h i s  w o r k  w a s  d o n e  i n  t h e  E n g i n e e r i n g  S c i e n c e  L a b o r a t o r y  a t  O x f o r d ,  

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

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

p a g a t i o n  o f  t e m p e r a t u r e  c h a n g e  i n  a n  i m p o r t a n t  m a n n e r . 1 T h e  t w o

1 C assie , A tk in s  a n d  K in g , Nature, 1 9 3 9 . *4 3 > I C>3 -
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p r o p e r t i e s  a r e  t h e  h y g r o s c o p i c  n a t u r e  o f  t h e  f i b r e s ,  a n d  t h e i r  l a r g e  s u r f a c e  

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

t h e  f i b r e s  a n d  a n  a i r - w a t e r  v a p o u r  a t m o s p h e r e .  A b s o r p t i o n  a n d  d e s o r p 

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

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

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

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

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

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

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

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

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

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

D i f f u s i o n  o f  W a t e r  V a p o u r  i n t o  a  W o o l  F i b r e .

T h e  r a d i u s  o f  a n  a v e r a g e  w o o l  f i b r e  m a y  b e  t a k e n  a s  1 0  ¡x, o r  I O - 3  c m . ,  

s o  t h a t  I  c . c .  o f  w o o l  f i b r e  h a s  a  s u r f a c e  a r e a  o f  r o u g h l y  2 0 0 0  s q .  c m .  

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

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

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

k e r a t i n  i s  n o t  k n o w n ,  b u t  i f  w e  a s s u m e  a  v a l u e  a s  s m a l l  a s  I O - 5  c m . 2 / s e c . ,  

t h e  t i m e  r e q u i r e d  f o r  a  w o o l  f i b r e  t o  c o m e  w i t h i n  8 0  %  o f  i t s  e q u i l i b r i u m  

v a l u e  w h e n  w a t e r  v a p o u r  c o n d i t i o n s  a r e  c h a n g e d ,  i s  r o u g h l y  I O - 2  s e c .  

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

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

i m p o r t a n t  p a r t  i n  r a t e  o f  p r o p a g a t i o n  o f  t e m p e r a t u r e  c h a n g e .

H e a t  o f  A b s o r p t i o n  a n d  P i c k - u p  o f  W a t e r  V a p o u r  b y  W o o l

F i b r e s .

T r o u t o n  2 r e m a r k e d  t h a t  t e x t i l e  f i b r e s  a p p e a r  t o  a b s o r b  w a t e r  v a p o u r  

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

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

p a p e r s  3 h a v e  a s c r i b e d  v a r i o u s  a p p a r e n t  s l o w  r a t e s  o f  a b s o r p t i o n  a n d  

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

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

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

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

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

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

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

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

E x p e r i m e n t a l .

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

e l i m i n a t e d  b y  m a k i n g  t h e  e x p e r i m e n t s  in vacuo. T h e  g e n e r a l  l a y o u t  i s  
s h o w n  i n  F i g .  1 .  T h e  w o o l  s a m p l e  u n d e r  i n v e s t i g a t i o n ,  W ,  i s  s u s p e n d e d  

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

o f  w a t e r  a b s o r b e d  b y  t h e  w o o l .  O t h e r  f a c t o r s  t h a t  m u s t  b e  m e a s u r e d  a r e  

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

2 T ro u to n , Proc. Roy. Soc., A ,  1906, 7 7 , 292.
3 F ish e r , ibid., 1923, 103, 139.
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in  w i t h  t h e  w o o l, a n d  t h e  s e c o n d  b y  t h e  d i a p h r a g m  m a n o m e t e r  C  a n d  
U - t u b e  D .

D is t i l l e d  w a t e r  w h ic h  h a d  r e c e n t l y  b e e n  b o i le d  w a s  i n t r o d u c e d  t h r o u g h  
t h e  d r o p p in g  f u n n e l  K .  A  fe w  c .c .  w e r e  r u n  i n t o  G , a n d  r e m a in in g  a i r  w a s  
r e m o v e d  b y  f r e e z in g  t h e  w a t e r  a n d  p u m p in g  o u t  t h e  s y s t e m .  T h e  w a t e r  
w a s  t h e n  d i s t i l l e d  i n t o  H  t o  r e m o v e  l a s t  t r a c e s  o f  a i r .  B  a c t s  a s  a  r e s e r v o i r  
f o r  w a t e r  v a p o u r .  I t  h a s  a  c a p a c i t y  o f  2 l i t r e s  a n d  h o ld s  e n o u g h  w a t e r

v a p o u r  t o  g iv e  t h e  w o o l s a m p le  a  w a t e r  c o n t e n t  o f  10  % . T h is  r e s e r v o i r  
p r e v e n t s  c o o l in g  e f fe c ts  d u e  t o  e v a p o r a t i o n  o f  w a t e r  f r o m  H  o n  o p e n in g  T  
f r o m  c a u s in g  a  m a r k e d  v a r i a t i o n  i n  w a t e r  v a p o u r  p r e s s u r e .  A c tu a l ly ,  i t  
w a s  f o u n d  t h a t  o n  o p e n in g  T  t h e  v a p o u r  p r e s s u r e  r o s e  t o  23-5  m m .,  t h e  
s a t u r a t i o n  p r e s s u r e  a t  t h e  t h e r m o s t a t  t e m p e r a t u r e  o f  2 5 0 C ., a n d  r e m a in e d  
c o n s t a n t  a t  t h i s  v a lu e .

T h e  s a m p le  c o n s i s te d  o f  a b o u t  0 -25  g m . o f  A u s t r a l i a n  m e r in o  w o o l s l iv e r ,

r h e o s t a t  i n  o n e  o f  t h e  a r m s  w a s  u s e d  f o r  f in a l  a d j u s t m e n t  o f  t h e  b a la n c e .  
A f t e r  b a l a n c in g  t h e  b r id g e  a t  t h e r m o s t a t  t e m p e r a t u r e ,  t h e  g a l v a n o m e t e r  
d e f le c t io n  w a s  u s e d  t o  m e a s u r e  r i s e  i n  t e m p e r a t u r e .  T h e  g a l v a n o m e t e r  
w a s  c r i t i c a l l y  d a m p e d ,  a n d  a  r e s i s t a n c e  o f  2 0 0 0  o h m s  in  s e r ie s  w i t h  t h e  
b a t t e r y  p r e v e n t e d  a n y  a p p r e c i a b l e  h e a t i n g  o f  t h e  r e s i s t a n c e  t h e r m o m e te r  
b y  t h e  b r id g e  c u r r e n t .  T h e  r e s i s t a n c e  t h e r m o m e te r  w a s  c a l i b r a t e d  in  situ  
i n  t h e  w o o l s a m p le  w i th  a n  a t m o s p h e r e  o f  w a t e r  v a p o u r  a t  23-5  m m .

F i g . i .

t h e  a v e r a g e  f ib r e  d i a m e t e r  b e in g  
21 ¡i. G r e a s e  w a s  r e m o v e d  b y  
t r e a t m e n t  in  a  s o x h le t  a p p a r a t u s .  
I t  w a s  i n t i m a t e l y  i n t e r tw in e d  w i th  
a b o u t  16  c m . o f  N o . 5 0  S .W .G . 
p l a t i n u m  w ire , a n d  w o u n d  i n t o  a  
lo o se  b u n d le  w i t h  r o u g h ly  0-5 c m . 
o f  e a c h  e n d  o f  t h e  w i r e  e x p o s e d .  
T h is  b u n d l e  w a s  a t t a c h e d  t o  t h e  
s p i r a l  s p r in g  A , t h e  e x t e n s io n  o f  
w h ic h  w a s  m e a s u r e d  b y  a  t r a v e l l in g  
m ic ro s c o p e .

F i g . 2 .

T h e  p l a t i n u m  w ire  a n d  i t s  le a d s  
f o rm e d  o n e  a r m  o f  a  W h e a t s to n e  
b r id g e .  T h e  o t h e r  a r m s  w e re  o f  
m a n g a n in  w ir e  e a c h  o f  r e s i s ta n c e  
a p p r o x i m a t e l y  e q u a l  t o  t h a t  o f  t h e  
c o i l  (35  o h m s )  ; a  lo w  r e s i s t a n c e
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Deflection -  c en lim e ire s. 
F i g . 3 .

p r e s s u r e .  T h is  w a s  d o n e  b y  e n c lo s in g  t h e  s a m p le  i n  a  c lo s e d  c o p p e r  
c y l in d e r  in  t h e  c h a m b e r  A , l e a v in g  a s  n e a r l y  a s  p o s s ib le  t h e  s a m e  a m o u n t

o f  e x p o s e d  le a d s  a s  
i n  a n  e x p e r im e n ta l  
r u n .  T h e  c y l in d e r  
w a s  h e a t e d  b y  a  
c o i l  w o u n d  o n  t h e  
o u t s id e ,  a n d  t h e  
t e m p e r a t u r e  in s id e  
w a s  m e a s u r e d  b y  
a  c a l i b r a t e d  t h e r m o 
c o u p le .  C a l ib r a t i o n  
o f  t h e  r e s i s t a n c e  
t h e r m o m e te r  c o n 
s i s t e d  o f  h e a t i n g  
t h e  c y l in d e r  t o  a  
c o n s t a n t  t e m p e r a 
t u r e  m e a s u r e d  b y  
t h e  t h e r m o c o u p le ,  
a n d  n o t i n g  t h e  
b r id g e  g a l v a n o m e t e r  
d e f le c t io n .

A n  a n e r o id  g a u g e  
u s e d  t o  f a c i l i t a t e  
m e a s u r e m e n t  o f  t h e  
lo w e r  w a t e r  v a p o u r  
p r e s s u r e s  is  s h o w n  
i n  d e t a i l  i n  F ig .  2. 
I t  w a s  a d a p t e d  f ro m  
t h a t  d e s c r ib e d  b y

S t e w a r d s o n .1 T h e  t i l t i n g  s y s t e m  w a s  m a d e  m o r e  r o b u s t  b y  r e p l a c in g  t h e  
k n i f e  e d g e  w i t h  t h e  b e a r in g  o f  a  s m a l l  c lo c k  b a l a n c e  w h e e l .  T h e  g a u g e  
i t s e l f  is  f i t t e d  i n t o  i t s  e n 
c lo s u re  b y  a  g r o u n d  j o i n t  
a n d  m a y  e a s i ly  b e  r e m o v e d  
f o r  a d j u s t m e n t  o r  c a l i b r a 
t i o n  b y  r e m o v in g  t h e  g la s s  
p l a t e  P .  T h e  s e n s i t i v i t y  
c u r v e  is  s h o w n  in  F ig .  3 .

T h e  w h o l e  s y s t e m ,  
i n c lu d in g  t h e  r e s i s t a n c e  
t h e r m o m e te r  b r id g e ,  w a s  
h o u s e d  in  a  l a r g e  a i r  t h e r 
m o s t a t  w h ic h  w a s  m a i n 
t a i n e d  a t  2 5 °  C. ±  0-2° C. 
b y  m e a n s  o f  a  v a p o u r  
p r e s s u r e  c o n t r o l  a n d  m a t  
e l e c t r i c  h e a t e r s  s p a c e d  
r e g u l a r l y  r o u n d  t h e  w a l ls .
T w o  f a n s  in  t h e  r o o f  g a v e  
a  v ig o r o u s  a i r  c i r c u l a t i o n .

E x p e r i m e n t a l  p r o c e d u r e  
w a s  a s  fo llo w s . T h e  r e 
s i s t a n c e  t h e r m o m e te r  l e a d s  
w e r e  d i s c o n n e c te d  a n d  t h e  
s y s t e m  p u m p e d  o u t  u n t i l  
t h e  w o o l  s h o w e d  a  c o n s t a n t  
w e ig h t .  T h e  t a p  T  (F ig .  1), 
w h ic h  c o u ld  b e  o p e r a t e d

x  -  Theorat'ca/ points, 
o - Experimental points.

Time in Minutes. 

~60

* S tew ard son , J. Sci. Inst., 1930, 7, 7.
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 TheoreTical (  T- T0).

 £ xperimen/a/.

r e g a in  * o f  t h e  w o o l c a n  b e  d e t e r m in e d  f r o m  t h e  s p r in g  e lo n g a t io n ,  so  t h a t  
t h e s e  r e a d in g s  g iv e  v a r i a t i o n  o f  r e g a in  w i t h  t i m e  a s  r e p r o d u c e d  in  F ig .  4.

T h e  e q u i l i b r iu m  r e g a in  o f  t h e  w o o l a t  w a t e r  v a p o u r  p r e s s u r e s  u p  t o  
23 -5  m m . a t  2 5 °  C . is  
a l s o  r e q u i r e d .  T h is  is  
o b t a i n e d  b y  i n t r o d u c in g  
in c r e a s in g  a m o u n t s  o f  
w a t e r  v a p o u r  i n t o  t h e  
a b s o r p t i o n  c h a m b e r ,  
a n d  m e a s u r i n g  t h e  
s p r in g  e lo n g a t io n  a n d  
w a t e r  v a p o u r  p r e s s u r e  
a f t e r  a  t i m e  i n t e r v a l  
lo n g  e n o u g h  f o r  t h e  
w o o l  t o  r e t u r n  t o  2 5 0 C . : 
a  c o n s t a n t  w a t e r  v a p o u r  
p r e s s u r e  i n d i c a t e s  t h a t  
t h i s  h a s  b e e n  a t t a i n e d .
T h e  g r a p h  o f  r e g a in  
p l o t t e d  a g a i n s t  w a t e r  
v a p o u r  p r e s s u r e  f o r  t h e  
w o o l  u s e d  in  t h e s e  e x 
p e r im e n t s ,  a t  a  t e m 
p e r a t u r e  o f  2 5 0 C ., is  
s h o w n  in  F ig .  5 .

W h e n  t h e  d e t e r m i n 
a t i o n s  o f  r e g a in  w e re  
c o m p le te d ,  t h e  l e a d s  
f r o m  t h e  r e s i s t a n c e  
t h e r m o m e te r  w e r e  c o n 
n e c t e d  t o  t h e  b r id g e
c i r c u i t ,  a n d  r e a d in g s  o b t a i n e d  o f  t h e  t e m p e r a t u r e  o f  t h e  w o o l a t  s u c c e s s iv e  
t i m e  i n t e r v a l s  a f t e r  o p e n in g  t h e  t a p  T .  T h e  g r a p h  o f  t e m p e r a t u r e  p l o t t e d  
a g a i n s t  t h e  t i m e  a f t e r  o p e n in g  T  is  s h o w n  i n  F ig .  6 .

Time. Minutes.

F i g .

fte/ahue humidify.
20  30  40 50 60  JO SO 90  100

f r o m  o u t s id e  t h e  t h e r m o s t a t ,  w a s  o p e n e d  a n d  t h e  in c r e a s e  i n  l e n g th  o f  t h e  
s p r in g  w a s  r e a d  o ff  a t  s u b s e q u e n t  t im e  i n t e r v a l s  u p  t o  9 0  m in u te s .  T h e

F i g . 5 .

* T h e  p e rc e n ta g e  w a te r  c o n te n t  re la t iv e  to  t h e  d r y  w e ig h t o f w ool.
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F i n a l l y ,  t h e  r e s i s t a n c e  t h e r m o m e t e r  w a s  s u s p e n d e d  i n  p o s i t i o n ,  f r e e  

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

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

o f  t e m p e r a t u r e  i n  t h i s  c a s e  w a s  3 0 C . ,  a n d  m a y  b e  n e g l e c t e d  i n  t h e  p r e s e n t  

e x p e r i m e n t .

D i s c u s s i o n  o f  E x p e r i m e n t a l  R e s u l t s .

A  g l a n c e  a t  F i g .  4  m i g h t  s u g g e s t  t h a t  d e s p i t e  a b s e n c e  o f  d i f f u s i o n  

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

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

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

o f  a b s o r p t i o n  o f  w a t e r  v a p o u r ; F i g .  6  s h o w s  t h e  t e m p e r a t u r e  i n c r e a s e  

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

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

b e  d e t e r m i n e d  f r o m  K i r c h o f f ’s  r e l a t i o n .  S h o r t e r  5 a n d  H e d g e s  6 h a v e  

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

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

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

,osi  =  R \ T 0
ê a  _  i ( 1 )

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

a n d  T  a n d  T0 a r e  t h e  a b s o l u t e  t e m p e r a t u r e s  c o r r e s p o n d i n g  t o  p  a n d  p0.
S u p p o s e  a  m a s s  o f  w o o l  i s  c o n t a i n e d  i n  a n  e v a c u a t e d  c h a m b e r  a n d  

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

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

t h e  w o o l  i s  g i v e n  b y  :—

M
A  T  =  q/c

1 0 0 ’
( 2 )

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

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

N o w ,  q i s  l a r g e ,  b e i n g  r o u g h l y  7 5 0  c a l . / g .  f o r  d r y  w o o l  (cf. H e d g e s ,  

1 9 2 6 ) ,  a n d  c i s  0 - 3  c a l . / g . / ° C .  A n  i n c r e a s e  i n  r e g a i n  f r o m  0  t o  2  % ,  

t h e r e f o r e ,  g i v e s  a n  i n c r e a s e  i n  t e m p e r a t u r e  o f  5 0 °  C .  ; a n d  a c c o r d i n g  t o  

e q u a t i o n  ( 1 )  a  l a r g e  w a t e r  v a p o u r  p r e s s u r e  w i l l  b e  r e q u i r e d  t o  g i v e  t h e

s u d d e n  i n c r e a s e  o f
T A B L E  I .— R e g a i n  a n d  t e m p e r a t u r e  o f  w o o l  

SUDDENLY EXPOSED TO AN INCREASE IN WATER 
VAPOUR PRESSURE FROM O TO 23-5 MM AT 2 5 ° C.

2 5 ° C. p  =  2 3 ’5  MM.

r e g a i n  t o  2  %  e v e n  

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

e q u i l i b r i u m  w i t h  t h e  

w a t e r  v a p o u r  i n 

s t a n t a n e o u s l y .  T a k e  

t h e  c o n d i t i o n s  o f  

t h e  e x p e r i m e n t  j u s t  

d e s c r i b e d .  H e r e ,  t h e  

w o o l  w a s  o r i g i n a l l y  

a t  2 5 0 C .  a n d  w a t e r  

v a p o u r  a t  2 3 - 5  m m .  

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

d u c e d .  I f  t h e  t e m p e r a t u r e  o f  t h e  w o o l  r e m a i n e d  a t  2 5 0 C .  i t s  r e g a i n  

w o u l d  b e  m o r e  t h a n  3 0  % .  B u t  r i s e  o f  t e m p e r a t u r e ,  b e c a u s e  o f  h e a t

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

5 S h o rte r ,  J . Text. Inst. T., 1924, 15, 320.
• H e d g e s , Trans. Faraday Soc., 1926, 2 2 , 176.

pa mm. U%. T°C. ( f  X  ^ ) ° c -\c 100/ < r0 +  AT) ° c .

0 -2 3 5 1-2 104 30 55
0-470 2-0 89 50 75
0-705 2-4 81 60 85
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i n i t i a l  r e g a i n  c a n  a c t u a l l y  b e  d e t e r m i n e d  b y  a s s u m i n g  t h e  w o o l  t o  c o m e  

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

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

C o l u m n  ( 1 )  c o n t a i n s  w a t e r  v a p o u r  p r e s s u r e s  a r b i t r a r i l y  c h o s e n  t o  

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

t o  t h e s e  p r e s s u r e s  a t  2 5 0  C .  : t h e y  a r e  o b t a i n e d  f r o m  t h e  e x p e r i m e n t a l  

c u r v e  s h o w n  i n  F i g .  5 .  T  i s  o b t a i n e d  f r o m  K i r c h o f f ’s  r e l a t i o n  w i t h  p 
e q u a l  t o  2 3 - 5  m m .  ; i t  i s  t h e  t e m p e r a t u r e  g i v i n g  e q u i l i b r i u m  w i t h  t h e  

r e g a i n  o f  c o l u m n  ( 2 )  f o r  p  e q u a l  t o  2 3 - 5  m m .  T h e  f o u r t h  c o l u m n  i s  

o b t a i n e d  f r o m  e q u a t i o n  ( 2 ) .  T h e  r e g a i n  f i r s t  a c q u i r e d  b y  t h e  w o o l  

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

e q u a l s  ( T 0 +  A T )  ; i n t e r p o l a t i o n  i n  T a b l e  I  g i v e s  a  v a l u e  o f  r o u g h l y  

2 - 3  % .  H e n c e ,  e v e n  t h o u g h  t h e  c o n d i t i o n s  o f  t h e  e x p e r i m e n t  w e r e  s u c h  

t h a t  a  r e g a i n  o f  m o r e  t h a n  3 0  %  w o u l d  b e  u l t i m a t e l y  a c q u i r e d  b y  t h e  

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

m o r e  t h a n  2 - 3  % .

T h e  i n s t a n t a n e o u s  i n c r e a s e  o f  r e g a i n  o n  o p e n i n g  t h e  t a p  T  c a n n o t  

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

p o i n t  i s  1 5  s e c .  a f t e r  i n t r o d u c i n g  t h e  w a t e r  v a p o u r ,  a n d  a t  t h i s  t i m e  t h e  

r e g a i n  i s  n e a r l y  4  % .  T h e  t i m e  r e q u i r e d  f o r  t h e  f i b r e s  t o  c o m e  t o  e q u i l i 

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

n e i g h b o u r h o o d  m u s t ,  t h e r e f o r e ,  b e  c o n s i d e r a b l y  l e s s  t h a n  1 5  s e c . ; h o w  

m u c h  l e s s ,  i t  i s  i m p o s s i b l e  t o  e s t i m a t e .

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

8 o °  C .  E x p e r i m e n t a l  o b s e r v a t i o n s  r e c o r d e d  o n  F i g .  6  d o  n o t  g i v e  a  p o i n t  

m u c h  h i g h e r  t h a n  6 5 °  C . ,  b u t  a s  t h i s  t e m p e r a t u r e  w a s  o b s e r v e d  3 0  s e c .  

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

t a k e n  p l a c e  : a  t e m p e r a t u r e  o f  8 0 °  C .  i s  n o t  i n c o n s i s t e n t  w i t h  t h e  c o o l i n g  

c u r v e .

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

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

w i t h  t h e  w a t e r  v a p o u r - t e m p e r a t u r e  c o n d i t i o n s ,  a n d  a s s u m i n g  N e w t o n ’s  

l a w  o f  c o o l i n g .  I n  t h e s e  c i r c u m s t a n c e s  t h e  h e a t  b a l a n c e  e q u a t i o n  i s :—

d T  d M  .

C1 i  =  q~di ~  °)’ • • • (3)

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

I n t e g r a t i o n  o f  ( 3 )  g i v e s  :—

g [ l o g ( T , .  -  T 0 ) -  l o g ( T  -  T 0) ]  +  =  vt, .  ( 4 )

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

A s  N e w t o n ’s  l a w  o f  c o o l i n g  h a s  b e e n  a s s u m e d ,  e q u a t i o n  ( 4 )  c a n n o t  

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

t h e  r e g i o n  o f  c o o l i n g  f r o m  8 o °  C .  t o  6 5 °  C .

T h e  i n t e g r a l  i s  e v a l u a t e d  b y  f i n d i n g  ( T  — To) >n  t e r m s  o f  M  f r o m  

K i r c h o f f ’s  r e l a t i o n  a n d  t h e  g r a p h  o f  F i g .  5  ; s u i t a b l e  v a l u e s  o f  M  a r e  

c h o s e n ,  a n d  p0 i s  r e a d  f r o m  F i g .  5  ; T  i s  t h e n  o b t a i n e d  f r o m  K i r c h o f f ' s  

r e l a t i o n .  A  g r a p h  o f  i / ( T  —  T 0)  p l o t t e d  a g a i n s t  M  e n a b l e s  t h e  i n t e g r a l  

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

o b s e r v e d  v a l u e  a t  t h e  r e g a i n  o f  2 0  % ,  o r  2 1  m i n .  a f t e r  e n t r y  o f  t h e  w a t e r  

v a p o u r .

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

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

t h e  c u r v e .  T h e  c a l c u l a t e d  p o i n t  a t  2 6  %  r e g a i n  w a s  o b t a i n e d  f r o m  a n  

a n a l y t i c a l  a s y m p t o t i c  e x p r e s s i o n  f o r  e q u a t i o n  ( 4 ) .  A t  r e g a i n s  i n  e x c e s s  

o f  2 2  % ,  1 /(T  —  T0) b e c o m e s  s o  l a r g e  t h a t  g r a p h i c a l  i n t e g r a t i o n  i s  

d i f f i c u l t  a n d  i n a c c u r a t e .  B u t  i f  t h e  r e l a t i o n  d M  = =  a  . d p0 w h e r e  a  i s  

a  c o n s t a n t  b e  a s s u m e d  f o r  T  c o n s t a n t ,  t h e  i n t e g r a l  o f  e q u a t i o n  ( 4 )  

b e c o m e s  f o r  s m a l l  v a l u e s  o f  (T — T0) :—

| ( T  - T 0) ^  l 0 g ( r  ~  7 'o ) ' ’ ‘ ^

C a l c u l a t i o n s  s i m i l a r  t o  t h o s e  o f  c o l u m n s  ( 1 )  t o  ( 3 )  o f  T a b l e  I I  g i v e  (T  —- T0) 
f o r  a n y  c h o s e n  v a l u e s  o f  M , a n d  e q u a t i o n  ( 5 )  c a n  t h e n  b e  u s e d  t o  f i n d  

vt a n d  t;  a  i s  o b t a i n e d  f r o m  t h e  r e g a i n - r e l a t i v e  h u m i d i t y  c u r v e  o f  F i g .  5 .

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

o b s e r v e d  v a l u e s  o f  M  a t  2 1  m i n .  l i e s  b e t w e e n  2  a n d  3  X  I O - 4  c a l . / s q .  

c m . / s e c .  1° C . ; t h e  a r e a  o f  t h e  w o o l  s a m p l e  i s  d i f f i c u l t  t o  e s t i m a t e ,  s o  t h a t  

t h e  e m i s s i v i t y  c a n n o t  b e  a c c u r a t e l y  d e t e r m i n e d ,  b u t  t h e s e  l i m i t 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  v a l u e s  q u o t e d  b y  P r e s t o n . 7

C a l c u l a t e d  v a l u e s  o f  (T  —  T 0) a r e  s h o w n  w i t h  t h e  e x p e r i m e n t a l  c u r v e  

i n  F i g .  6 .  T h e  c a l c u l a t e d  v a l u e s  l i e  b e l o w  t h e  o b s e r v e d  c u r v e .  T h e  

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

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

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

s c a l e  i s  m u c h  l a r g e r  i n  F i g .  6  t h a n  i n  F i g .  4 .

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

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

a b s o r p t i o n  ; f o r  e x a m p l e ,  a f t e r  2 0  m i n .  t h e  s p e c i f i c  h e a t  c o n t r i b u t i o n  

t o  h e a t  l o s s  w a s  o n l y  i / i 6 t h  t h a t  o f  t h e  h e a t  o f  a b s o r p t i o n  c o n t r i b u t i o n .  

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

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

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

C o n c l u s i o n s .

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

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

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

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

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

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

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

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

t h a t  t h e  t i m e  t o  a p p r o a c h  e q u i l i b r i u m  m u s t  b e  l e s s  t h a n  1 5  s e c .  N o n e  

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

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

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

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

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

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

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

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

7 Preston's Heat. M a cm illan  & Co., 3 rd  e d it io n , p . 506.
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S u m m a r y .

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

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

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

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

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

c o n s i d e r a b l y  l e s s  t h a n  1 5  s e c . ; h o w  m u c h  l e s s  c a n n o t  b e  e s t i m a t e d .
T h e  f o r m s  o f  r e g a i n - t i m e  c u r v e s  w h i c h  h a v e  h i t h e r t o  b e e n  o b s e r v e d  

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

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

c o l l o i d s .

T h e  A u t h o r s ’ t h a n k s  a r e  d u e  t o  M r .  J .  G .  M i l l e r  f o r  a s s i s t a n c e  w i t h  

t h e  e x p e r i m e n t a l  w o r k .

P A R T  I I . — T H E O R Y  O F  P R O P A G A T I O N  O F  T E M 

P E R A T U R E  C H A N G E .

B y  A .  B .  D .  C a s s i e .

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

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

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

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

a i r - w a t e r  v a p o u r  a t m o s p h e r e ,  t h e  t i m e  r e q u i r e d  f o r  t h e  f i b r e s  t o  c o m e  

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

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

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

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

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

d i f f u s i o n  c o n s t a n t  o f  w a t e r  v a p o u r  i n  a i r  a t  N . T . P .  T h e s e  h y p o t h e s e s  

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

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

A  r e c e n t  p a p e r  b y  H e n r y  1 d i s c u s s i n g  d i f f u s i o n  i n  a b s o r b i n g  m e d i a ,  

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

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

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

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

r e s u l t s .

P r o p a g a t i o n  o f  T e m p e r a t u r e  C h a n g e  w h e n  A i r  f l o w s  a t  a  U n i 

f o r m  V e l o c i t y  t h r o u g h  a  S e m i - i n f i n i t e  S l a b  o f  T e x t i l e  F i b r e s .

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

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

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

t i o n ,  a n d  a t  t i m e  z e r o  t h e  t e m p e r a t u r e  a n d  w a t e r  v a p o u r  c o n c e n t r a t i o n  

a r e  c h a n g e d  i n  t h e  i n c i d e n t  a i r .

1 H en ry , Proc. Roy. Soc., A, 1939, 171, 215.



T a k e  a n  e l e m e n t  o f  l e n g t h  dx  i n  t h e  d i r e c t i o n  o f  f l o w ,  a n d  o f  u n i t  

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

1  T  - f -  d'l t i o n  o f  h e a t  b a l a n c e  i s  :—

CD T  IT  , D M

“  ~  PaCaVTx  +  qp h P

■ « - d x —>  a n d  t h a t  o f  w a t e r  v a p o u r  b a l a n c e  i s  :—

}C  =  _  1 C _  -¿M 
Dt V-dx p It  ’

C C - f -  d C  w h e r e  S  i s  t h e  h e a t  r e q u i r e d  t o  r a i s e  t h e  t e m p e r a -

x *- t u r e  o f  I  c . c .  o f  t h e  a i r - t e x t i l e  m i x t u r e  t h r o u g h

F IG . i . i °  C . ,  a s s u m i n g  n o  w a t e r  v a p o u r  e x c h a n g e ,  p a

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

c o n s t a n t  p r e s s u r e ,  q t h e  h e a t  o f  a b s o r p t i o n  o f  I  g m .  o f  w a t e r  b y  t h e  

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

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

w i t h  T  a n d  C (cf. H e n r y  x) ,  s o  t h a t :—

7>M 7)C 7>T
r  . . . .  ( i )

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

S u b s t i t u t i n g  t h i s  i n  t h e  t w o  e q u a t i o n s  a n d  r e a r r a n g i n g ,  g i v e s : —

i f  . S  qp r  hC D T I

Vt)X p a Ca  7>t p a C a L d f  ~  ° ’

2 )C  t )C  r  t>c h r i  

a n d  Tt + T u - W^ t i ==0’

T /s r  s r  7>c , .
o r  V—  +  —  —  a —  =  o  . .  .  .  ( 2 )

b x  h i  Df w

a n d  W- + - ^ - f ! —  =  Ot . .  .  ( 3 )

w h e r e  V  =  (S +  qp ^ [p 7 a ’ “  =  qpal{S  +  qpw)-

w  =  ( F T h  ; ?  =  pw^  +  r i -

E q u a t i o n s  ( 2 )  a n d  ( 3 )  c a n  b e  s o l v e d  b y  t h e  m e t h o d  o f  n o r m a l  f u n c

t i o n s .  M u l t i p l y  ( 2 )  b y  r/V  a n d  ( 3 )  b y  s/W a n d  a d d  ; t h e  r e s u l t  i s  :—

¿ ( r r +  sC)  + J t { v ~ P w T +  { w ~a£ ) cj  =  a  • <«>
T h i s  c a n  b e  w r i t t e n  a s  :—

”l  +  l = ° .....................................»>
w h e r e  f  — {yT  +  • • • • ( 6 )

a n d  u i s  g i v e n  b y

Q ~ v ) ( i u ~ w ) = V w -  ■ ' '  ( 7 )
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E q u a t i o n  ( 7 )  s h o w s  t h a t  t h e r e  a r e  t w o  v a l u e s  o f  u, u1, a n d  u2, s a y ,

a n d  t h e r e  a r e  t w o  f u n c t i o n s  o f  t h e  f o r m  f(x, t) g i v e n  b y  ( 5 ) .  T h e  f u n c t i o n

i(x, t) a c c o r d i n g  t o  e q u a t i o n  ( 5 )  m u s t  b e  o f  t h e  f o r m  :

i{x, 0  =  g ( *  -  ut)............................................................................. ( 8 )

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

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

a n d  u2.
L e t  t h e  f u n c t i o n s  b e  f x a n d  f 2 , g i v e n  b y  :—

f i > =  iri T  +  si c ), a n d  f 2 =  {rsT  +  s2C).

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

F ,‘> = T +  j(T-k■ ■ ■ ®
V/

to ----
*2

o r ,  s o l v i n g  f o r  T  a n d  C.
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1 i 2 =  - f ± - l ) T + C ,  . . . ( 1 0 )
s2 " <x.\W u2)  v '

1 ( _  K ( L  _  l \ I f 
P \ v  u J s 2U-

V W /1  i  \ f  i  i y  • • ' K ]
1 ctB \V  J W  U2)

~  L ) j  -

5 )
r  _  a V l E  ^2/>t c2 , ,

T/LT/ / . T T \  /  T T \  ■ ■ ' ■ \ 121VW h i  _  n n  

a /3 \ F  u J \ W  u2

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

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

t e x t i l e  t o  b e  s u d d e n l y  i n c r e a s e d  i n  t e m p e r a t u r e  b y  a n  a m o u n t  A 0T  a n d  

t h e  w a t e r  v a p o u r  c o n c e n t r a t i o n  b y  A 0C.  T h e  i n c r e a s e s  A T  a n d  AC  
f o r  s u b s e q u e n t  v a l u e s  o f  {x, t) a r e ,  f r o m  e q u a t i o n s  ( 1 1 )  a n d  ( 1 2 )  :—

A T  =  A 0T-

( L - ~ )  \tq u j

+  A 0C r o c / F — ( f 3 -  f j ,  . ( 1 3 )

R1W
a n d  A C  =  A 0 T - r  - ^ ( f ,  -  f j

+ . ( 1 „  

\ %  « 2 /
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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  M a t h e m a t i c a l  R e s u l t s .

E q u a t i o n  ( 1 3 )  w i t h  A 0 C  e q u a l  t o  z e r o  a n s w e r s  t h e  p r o b l e m  m a t h e m a t i 

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

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

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

p r o b l e m s .

T a k e  t h e  c a s e  w h e r e  5  =  p a C a , s o  t h a t  t h e  t e x t i l e  i s  r e g a r d e d  m e r e l y  

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

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

u2 w h e n  n u m e r i c a l  v a l u e s  a r e  u s e d ,  a n d  i t  m a k e s  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  e q u a t i o n s  m u c h  l e s s  c o m p l i c a t e d .  T h e  f i r s t  p o i n t  i s  t o  c o n s i d e r  

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

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

a g a i n s t  C f o r  a  c o n s t a n t  t e m p e r a t u r e .  I t s  o r d e r  o f  m a g n i t u d e  f o r  m o s t  

t e x t i l e s  a n d  a t m o s p h e r e s  c o m m o n  i n  B r i t a i n  i s  i o 4  c . c . / g .  a> c a n  b e  

o b t a i n e d  f r o m  or a n d  K i r c h o f f ’s  r e l a t i o n  : f o r  w h e n  d M  i s  z e r o ,  e q u a t i o n  

( 1 )  g i v e s

dC , ,N
a )  a ■ • ■ ■ U d )

a n d  K i r c h o f f ’s  c o n d i t i o n  f o r  c o n s t a n t  r e g a i n  i s  :—

C  Q £  ,  .

C d T R T 2 T ’ ’ 1 1

w h e r e  Q i s  t h e  h e a t  o f  a b s o r p t i o n  p e r  m o l .  o f  w a t e r  v a p o u r ,  a n d  R  i s  t h e  

g a s  c o n s t a n t  p e r  m o l .

E q u a t i o n s  ( 1 5 )  a n d  ( 1 6 )  g i v e  cu e q u a l  t o  5  X  I 0 _ 3 / ° C .  w h e n  a i s  

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

b y  a s s u m i n g  c o /o -  e q u a l  t o  pa.c&lq . T h i s  h a p p e n s  t o  b e  n e a r l y  t r u e  f o r  

n o r m a l  w a t e r  v a p o u r  c o n c e n t r a t i o n s .  I n  t h i s  c a s e :—

v - w - V ^ ) .............................<v)

» 0  # § - < £  <■<»

S u b s t i t u t i n g  t h e s e  v a l u e s  i n  t h e  s e c u l a r  e q u a t i o n  ( 7 )  a n d  n o t i n g  t h a t  

pa  i s  o f  t h e  o r d e r  o f  2  X  i o 3 , g i v e s  :—

I 2 2 2pa , ,

\  ~  V ~  W ~  ~ V .............................................................

a n d  — = - < < — . . . .  .  ( 2 0 )u2 v Ma

S u b s t i t u t i o n  o f  1 / « j ,  a n d  i / m 2 , f r o m  ( 1 9 )  a n d  ( 2 0 )  i n  e q u a t i o n  ( 1 3 )  

f o r  t h e  c a s e  A 0C =  0  g i v e s  :—

A T  =  l A o T / f ,  +  f 2)  • • - - ( 2 1 )

E q u a t i o n  ( 2 1 )  s h o w s  t h a t  t h e  t e m p e r a t u r e  c h a n g e  i s  p r o p a g a t e d  

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

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

h a l f  i s  p r o p a g a t e d  a t  r o u g h l y  2 - 5  x  I O - 4  t i m e s  t h i s  s p e e d .
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T h e  p r o c e s s e s  i n v o l v e d  w h e n  a i r  o f  c o n s t a n t  w a t e r  v a p o u r  c o n c e n 

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

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

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

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

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

o f  t h e  a i r  m u s t  r e m a i n  i n  e q u i l i b r i u m  w i t h  t h e  t e x t i l e .  I f  t h e  t e m 

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

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

b y  e v a p o r a t i o n  o f  w a t e r  f r o m  t h e  t e x t i l e  t o  m a i n t a i n  e q u i l i b r i u m .  I f  

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

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

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

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

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

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

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

E q u a t i o n  ( 2 1 )  s h o w s  t h a t  t h i s  t e m p e r a t u r e  i s  m i d w a y  b e t w e e n  t h e  

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

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

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

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

t h e  c h a n g e  s p o n t a n e o u s l y  w h e n  co/cr =  paC /̂q.
I t  i s  w o r t h  n o t i n g  t h a t  t h e  t e m p e r a t u r e  a c q u i r e d  b y  t h e  a i r  a n d  

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

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

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

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

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

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

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

h u m i d i t y  w h e n  t h e  t e m p e r a t u r e  i s  i n c r e a s e d  b y  i °  C .  i s  r o u g h l y  e q u a l  t o  

t h e  h e a t  o b t a i n e d  b y  c o o l i n g  1 l i t r e  o f  d r y  a i r  t h r o u g h  i °  C .  I t  i s  t h e  

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

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

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

n e a r e r  t h e  f i n a l  t h a n  t h e  i n i t i a l  t e m p e r a t u r e .

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

r a t e  o f  f l o w  o f  t h e  a i r  i f  t h e  s p e c i f i c  h e a t  o f  t h e  t e x t i l e  i s  z e r o  a n d  co/cr 
e q u a l s  pa.ca/q. T h e  i n c i d e n t  a i r  s u p p l i e s  t h e  h e a t  r e q u i r e d  f o r  t h e  e v a 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

f r o n t  p r o c e e d s ; t h i s  c o r r e s p o n d s  w i t h  t h e  f i r s t  t e r m  i n  e q u a t i o n  ( 1 4 ) .

S u m m a r y .

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

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

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

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

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

P A R T  I I I . — E X P E R I M E N T A L  V E R I F I C A T I O N  O F  

T H E O R Y .

B y  A .  B .  D .  C a s s i e  a n d  S .  B a x t e r .

P a r t  I I  h a s  s h o w n  t h a t  t e m p e r a t u r e  c h a n g e  o f  a n  a i r - w a t e r  m i x t u r e  

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

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

k e p t  c o n s t a n t .  A  t h e r m o c o u p l e  m e a s u r i n g  t h e  t e m p e r a t u r e  i n  t h e  b u l k

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

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

m i d w a y  b e t w e e n  t h e  i n i t i a l  a n d  f i n a l  

v a l u e s ; t h e r e a f t e r  t h e  t e m p e r a t u r e  

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

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

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

T h e  g r a p h  f o r  t h e  i d e a l  c a s e  d i s 

c u s s e d  m a t h e m a t i c a l l y  i n  P a r t  I I ,  i s  

s h o w n  i n  F i g .  1 .  T h e r e  a r e  v a r i o u s  

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

j jm i   b u t  t h e  m o s t  i m p o r t a n t  o n e  w h i c h

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

i s  t h a t  a l l  t h e  a i r  p a s s e s  t h r o u g h  t h e  

F i g - * •  t e x t i l e  w i t h  o n e  v e l o c i t y ,  v. T h i s  c o n 

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

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

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

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

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

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

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

i n  F i g .  I .  T h e  d i s t i n c t i v e  f e a t u r e s  o f  t h e  c u r v e  s h o u l d ,  h o w e v e r ,  b e  w e l l
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m a i n t a i n e d  in  a n y  e x p e r i m e n t a l  r e s u l t s ,  a n d  th e s e  s h o u ld  r e a d i l y  s h o w  
w h e t h e r  o r  n o t  t h e  t h e o r y  is  c o r r e c t .

E x p e r i m e n t a l .

T h e  o n ly  p r e c a u t i o n  n e c e s s a r y  i n  t h e  e x p e r i m e n t a l  d e s ig n  is  a v o id a n c e  
o f  a n y  l a r g e  h e a t  c a p a c i t y  in  c o n t a c t  w i th  t h e  t e x t i l e  f ib re s . I t  w a s  s h o w n  
in  P a r t  I I  t h a t  t h e  r e l a t i v e  v a lu e  o f  t h e  h e a t  c a p a c i t y  o f  t h e  a t m o s p h e r e  a n d  
t h e  h e a t  o f  s o r p t i o n  i s  l a r g e ly  r e s p o n s ib le  f o r  t h e  s h a p e  o f  t h e  t e m p e r a t u r e 
t i m e  c u r v e ,  a n d  i n t r o d u c t i o n  o f  a n y  o b j e c t  o f  a p p r e c i a b l e  h e a t  c a p a c i t y  
c h a n g e s  t h i s  r e l a t i o n s h ip ,  a n d  m u s t  c h a n g e  t h e  s h a p e  o f  t h e  t h e o r e t i c a l  
c u r v e .  T h e  t e s t  b o d y  A , B , C, D , F ig .  2, w a s , th e r e f o r e ,  m a d e  e n t i r e l y  o f  
t e x t i l e  m a t e r i a l s  a p a r t  f r o m  a  t h i n  c o a t in g  o f  c e llu lo se  
v a r n i s h  o v e r  t h e  e n d s  A , D  a n d  B , C  t o  p r e v e n t  a i r  
s t r e a m i n g  t h r o u g h  t h e  e n d s .

T h e  t e s t  b o d y  c o n s i s te d  o f  tw o  c o n c e n t r i c  s t a r c h e d  
l in e n  c y l in d e r s  w i t h  t h e  t e x t i l e  f ib r e  p a c k e d  a s  u n i f o r m ly  
a s  p o s s ib le  b e tw e e n  t h e  tw o .  T h e  in n e r  c y l in d e r  w a s  
f i r s t  m a d e  a n d  a  s l iv e r  o f  t h e  t e x t i l e  w o u n d  r o u n d  i t : 
s t a r c h e d  l i n e n  w a s  t h e n  w o u n d  r o u n d  t h e  o u t s id e ,  a n d  
e n d  c a p s ,  a l s o  o f  l in e n ,  w e r e  f i t t e d .  S t a r c h e d  l in e n  w a s  
u s e d  so  t h a t  t h e  c y l in d e r s  w o u ld  k e e p  t h e i r  s h a p e ,  a n d  
g iv e  s u r f a c e s  i n d e p e n d e n t  o f  t h e  a c t u a l  t e x t i l e  f ib re  
u n d e r  i n v e s t i g a t i o n .  T h e  t o p  e n d  o f  t h e  i n n e r  t u b e  
f i t t e d  a  d o u b le - w a l le d  g la s s  t u b e ,  a n d  t h e  s e a l  b e tw e e n  
t h e  tw o  w a s  m a d e  a i r t i g h t  w i t h  c e l lu lo s e  v a r n i s h .

T h e  t e s t  b o d y  w a s  h o u s e d  i n  a  b r a s s  c y l in d e r ,  K , L ,
M , N , a n d  t h i s  c o u ld  b e  im m e r s e d  in  e i t h e r  o f  tw o  
t h e r m o s t a t s  k e p t  [n e a r  1 5 0 C. a n d  3 0 °  C ., r e s p e c t iv e ly .
A i r  w a s  p a s s e d  t h r o u g h  lo n g  s p i r a l s  in  t h e  t h e r m o s t a t s  
t h e  b r a s s  c y l in d e r  a t  E .  T h e  v a p o u r  p r e s s u r e  o f  t h e  e n t e r i n g  a i r  w a s  k e p t  
c o n s t a n t  b y  b u b b l in g  o n e  f r a c t i o n  o f  i t  t h r o u g h  w a t e r  m a i n t a i n e d  a t  t h e  
t e m p e r a t u r e  o f  t h e  c o ld  t h e r m o s t a t ,  w h i l s t  t h e  o t h e r  f r a c t i o n  p a s s e d  o v e r  
C a C l2. B e fo r e  p a s s in g  t o  t h e  s p i r a l s  i n  t h e  t h e r m o s t a t s  t h e  a i r  p a s s e d  
o v e r  a  h a i r  h y g r o m e t e r  a n d  t h e r m o m e te r ,  w h ic h  c h e c k e d  t h e  w a t e r  v a p o u r  
p r e s s u r e ,  a n d  t h r o u g h  a  f lo w -m e te r  w h ic h  c h e c k e d  t h e  r a t e  o f  f lo w .

T h e  p r o c e d u r e  in  m a k in g  a  r u n  w a s  a s  fo llo w s  : t h e  b r a s s  c y l in d e r  
w i t h  i t s  t e x t i l e  c y l i n d e r  w a s  im m e r s e d  i n  t h e  c o ld  t h e r m o s t a t  a n d  c o u p le d  
t o  t h e  s p i r a l  i n  t h a t  t h e r m o s t a t .  A ir  f r o m  t h e  f lo w  m e t e r  w a s  c o u p le d  t o  
t h e  o t h e r  e n d  o f  t h e  s p i r a l .  T h e  a i r  w a s  a l lo w e d  t o  f lo w  t h r o u g h  t h e  t e s t  
b o d y  a n d  e s c a p e d  a t  F  u n t i l  t h e  th e r m o - c o u p le s  T x a n d  T a s h o w e d  id e n t i c a l  
t e m p e r a t u r e s .  W h e n  th e s e  t h e r m o - c o u p le s  s h o w  t h e  s a m e  t e m p e r a t u r e ,  
t h e  f ib re s  m u s t  b e  i n  e q u i l i b r iu m  w i t h  t h e  a i r - w a te r  v a p o u r  m i x t u r e  a t  t h e  
lo w e r  t e m p e r a t u r e  a n d  a t  t h e  c h o s e n  w a t e r  v a p o u r  p r e s s u r e .  T h e  b r a s s  
■ cy lin d e r w a s  t h e n  t r a n s f e r r e d  t o  t h e  w a r m  t h e r m o s t a t  a n d  t h e  a i r  f lo w  
c o u p le d  t o  t h e  s p i r a l  in  t h i s  t h e r m o s t a t .  R e a d in g s  w e r e  m a d e  o f  T ,  a n d  
T 2 a t  c o n v e n ie n t  i n t e r v a l s  a f t e r  t h e  b e g in n in g  o f  t h e  a i r  f lo w  t h r o u g h  th i s  
t h e r m o s t a t .

E x p e r i m e n t a l  R e s u l t s  a n d  t h e i r  I n t e r p r e t a t i o n .

T h e  t h e o r y  o f  P a r t  I I  h a s  b e e n  w o r k e d  o u t  f o r  a  s e m i - i n f i n i t e  s l a b  

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

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

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

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

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

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

17

F i g . 2 .  

b e f o re  e n t e r in g
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unit area of the cylinder of radius +  b) per s e c o n d ; the formulae 
are then the sam e as for propagation  through a layer of th ickness (b — a):

(a ) W o o l.— Fig. 3 show s a tem perature-tim e curve for a cylinder of 
w ool. T he speed of th e air through th e cylinder of radius %(a +  b) w as  
I '4 cm ./sec., and (b — a) w as I cm . T he w ater vapour pressure w as 
H  m m ., and the tem perature of th e  cold b ath  w as 17-1° C. Curves (A) 
and (B) show  respectively  the tem perature of the air before and after  
traversing the w ool. T he general shape of (B) is as theory predicts.

T he relative h u m id ity  of the air traversing th e  w ool varies from 75 %  
a t the lower tem perature to 32-5 % a t th e  h igher tem perature, 310 C. 
T he appropriate va lu es of cr and a» are 10 X  io 3 c .c ./g ., and 6-5 X  lO-3 /°C ., 
respectively . T he d en sity  of the w ool in the cylinder w as O-IO g ./c .c . 
E quation  (7) (cf. P art II) g ives for th is case :—

rq =  5*7 X  IO-4  c m ./s e c .; and iu  =  1-4 X  IO-2  cm ./sec.

w here the specific h eat of the w ool is taken as 0-35 ca l./g ./°C ., and the  
h eat of absorption of w ater vapour b y  w ool is 650 cal. per gm . of w ater  
absorbed.1

E quation  (13) of P art II g ives :—

A T  =  A qT ^ -6 2 ^  +  o-38f2) . . . (1)

T he va lu es o f u  show  th a t tw o fronts of tem perature change are 
propagated  through th e  w o o l : one a t speed 1*4 X  io -2 cm ./sec ., corre
sponding to f2, and another a t 5-7 X  io -4 cm ./sec., corresponding to Iv  
T he va lu e  of (b — a) in th e te s t piece w as 1 cm ., so th at the tim es required  
b y  the fronts to  traverse th e  w ool are 70 sec. and 30 m in. T he to ta l 
tem perature change, A 0T, w as 13-9° C. and according to eq uation  (1), 
5'3° C. should be associated  w ith  the faster front, and 8-6° C. w ith  th e
slower front. T he break in the tem perature-tim e curve should thus

Fig. 3 .— W ool, D e n 
s ity  o-xo g m s./cc . 
W a ter  v ap ou r pres- 
s u r e = n m m .  A .—  
A ir tem p eratu re  b e
fo rep a ssin g  through, 
a  cy lin d er  o f  w ool. 
B .— A ir tem p era 
ture a fter  p ass in g  
through  a  cy lin d er  
o f w ool.

appear a t 22-4° C. T his is verified w ith  surprising accuracy b y  th e  
experim ental curve of F ig . 3.

T he tim e of 70 sec. required for the faster front to pass through the 
cylinder is rather sm all for accurate m easurem ent, as roughly  1 m in. is 
required for th e  en trant air to  a tta in  its equilibrium  va lu e . 70 sec. 
actu a lly  fits the experim ental curve w ell, b u t th is agreem ent should not 
be regarded as m ore than q u a lita tive. T he calculated  va lue is also liab le

1 H edges, Trans. Faraday Soc., 1926, 22, 178.
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to  error as it  is g iven  b y  the difference o f tw o nearly equal quantities, 
neither of w hich is accurately  know n.

T he slow er front can be follow ed q u an tita tively , as is show n b y  curve 
(B ), F ig . 3. I t  has the general shape predicted  b y  theory. L ack of 
sharpness in th is curve is m ost likely  due to a distribution  of air speeds 
through th e  cylinder. T his h yp oth esis can be tested  in th e  fo llow ing  
w ay. If f  (v ) be the v e lo c ity  d istribution  in the air passing through the  
cylinder, it  w ill also be the d istribution  of the speeds of the f r o n t ; for 
tq is d irectly  proportional to v. A t an y  tim e, t, the fraction of air issuing  
from  th e cylinder a t the h igher tem perature is :•—

- r .

.«)/<
f(tq)dzq. (2)

T he tem perature of the issuing air w ill be :—

T  =  (22-4 +  8-6F)° C.

or F  varies linearly  w ith  T. H ence, if T  be p lo tted  against (b — a)/t, 
the curve w ill be the integral of the v e lo c ity  d istribution  curve. T his is 
done on curve (A), F ig . 4, for the present case of (b — a) equal to I cm . 
T he slopes of th is curve 
give (B), F ig. 4 . T he  
curve is n o t sym m etri
cal ; th a t for cotton  
(F ig. 6 b ) g ives a  m uch  
b etter  form  of d istrib u
tion  curve. T he curve 
for w ool m ay be d is
torted  because regain  
p lo tted  against tem 
perature for a con stan t 
w ater vapour con cen
tration  departs con 
siderably fr o m  t h e  
linear relation  assum ed  
in th e  theory  of P art II.
A nother factor m ay be 
th e  pack ing  of th e  w ool 
s l iv e r : cotton , because  
of its less rigid fibres, 
packs m ore easily  and m ore uniform ly.

T he m axim um  of curve (B), F ig. 4, lies around the speed 3 X IO-2  
cm ./m in . T his g ives a tim e of propagation  of 33 m in. against the ca l
cu lated  va lu e  of 30 m in. T he agreem ent is as good as can be expected . 
A  correction should be applied to the calculated  va lu e  to allow  for e x 
pansion  of the air as it  passes through the cylindrical plug. T he pressure 
difference across this w as, how ever, on ly  \  m m . of H g, and the correction  
is negligible.

(6 ) Cotton.— Sim ilar experim ents w ere m ade w ith  co tton  cylinders, 
and th e  tem perature-tim e curve is show n in F ig. 5. D eta ils for this 
experim ent w ere :—

D en sity  of cotton , p =  0-12 g ./c .c .
A ir speed, v =  i -4 cm ./sec.
Cold bath  tem perature =  16-1° C.
H ot bath  tem perature =  29-9° C.

6 7  &
F ig . 4.—Distribution of air speeds through wool 

cylinder and the integral of distribution curve.
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C otton conditioned a t 75 % R .H . and l6 - l°  C. 
ct =  6 X IO3 c .c ./g .
0  =  3-9 X i o - 3/°C.
q =  600 ca l./g . w ater vapour absorbed.
C ylinder w all th ickness =  I cm.

T hese va lu es g ive

iq  =  7-75 x  io -4  c m ./s e c .; 
n2 =  1-64 X io -2 cm ./sec.

and th e  equ ation  for the tem perature
tim e curve is :—

r =  i 6 - i °  C. +  (8-7fx +  5’i f 2)° C.

T he th ickness of the cylinder w as  
again given  b y  (b — a) equal to  I cm. 
T he fa st com ponent should, therefore, 
traverse th e  cylinder in 61 sec. T his 
is of th e  order show n b y  experim ent, 
though  for reasons p reviously  d is
cussed, the agreem ent can on ly  be 
regarded as q u a lita tive . T he rapid 
increase of tem perature should cease  
a t 21-2° C. It actu a lly  ceases at 
22-1° C., so th a t the agreem ent here 
is n o t so good as for the w ool 
c y lin d e r ; it  is, nevertheless, good  

agreem ent w hen  th e  assum ptions of the theory are recalled.
A  d istribution  of velocities curve has been obtained  for co tton  in  the  

sam e w a y  as it  w as ob
tained for w ool. It is show n  
in F ig . 6  (b ). It is m uch  
m ore sym m etrical th an  th a t  
obtained  for w ool, and 
show s a reasonable range of 
speeds. T he m axim um  oc- 
cursnear a sp eed o f 4-5 X io -2  
cm ./m in ., corresponding to  
a tim e of propagation  of 
roughly  22 m in. T he tim e  
of propagation  through I 
cm . g iven  b y  th e  calculated  
va lu e of % is 21 m in. T he  
agreem ent is again  sur
prisingly  good.

F ig . 5.—-C otton , D e n s ity  0-12 gm/u» 
W a ter  v a p o u r  pressure =  10 m m .
A .— A ir tem p eratu re  before p a ss
in g  th rou gh  a  cy lin d er  o f  co tto n .
B .— A ir tem p eratu re  a fter  p a ss
in g  th rou gh  a  cy lin d er o f  co tto n .

Verification of Henry’s Formulae for Diffusion in Absorbing
Media.

H e n r y 2 obtained formulae for the diffusion of w ater vapour con 
centration  and tem perature changes in to  absorbing m edia. H e found  
th a t there should be a “ tem porary w a v e  ” w hich  develops quickly, and  
a m ain “ w ave " w hich  develops m uch m ore slow ly. H is “ tem porary

2 H enry , Proc. Roy. Soc., A, 1939, 171, 215.



w a v e ” increased and finally  decreased to zero. A ttem p ts to observe  
the “ tem porary w ave ” w ere unsuccessfu l. T he conception  of a tem 
porary “ w a v e  ” arises from the form  in  w hich  H enry  used th e  final 
diffusion equations. H is form ula for A T  is :—

a t  =  A 0r f,  -  (1 ~ g ( ° i At ry T ) ’'A ,c f e  -  « .  • ■ (3)

w here and are so lu tions of th e secular equation  :—

Xu
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D  is g iven  by

Z> =  *
i 1 + P ° r)’

and D "  is th e  diffusion coefficient of w ater vapour through the m edium  
w ith ou t absorption .

D  is g iven  b y
D "

D  =
(1 - f  q/co))’

w here D "  is th e therm al d iffu siv ity  w ith  no absorption and c is the specific 
h ea t of th e  absorbing m edium

A = = _ ^ L _  a n d  v = - 4 ^ - .
I -f -  per I -f- q/coi

T h e term  (f2 — f-,) in equation  (3) represents H enry’s “ tem porary  
w a v e ,” b u t equation  (3) can equally  b e w ritten  in the form  :—

(1 -  t f p ) (  1 -  ^ D )y T

- A "7' [ - ( T ^ l f‘ +  f* ] + A «c i l I = r ! £ ) ( f ‘ “ u ' • (4)

and th e equation  for w ater vap ou r con centration  change becom es :—

=  A 0c [ f ,  -  j ;  ~  g g j f , ]  +  A ,r ( l  ~ f D \ -  k  + 1,) . ■ (5)

E q u ation s (4) and (5) are sim ilar to  equations (14) and (15) of P art II" 
W h en  A 0C is zero, a  sudden tem perature change g ives a  rapid and a slow  
com ponent for diffusion of th e  tem perature change into th e  m aterial, 
ju s t as w as ob tained  for the air-water m ixtu re flow ing through the  
m aterial.

T he m agn itud es of the tw o are again a lm ost equal for tex tile s  ; in  
fact, num erical va lu es inserted  in equation  (4) give, for A 0C zero, for co tton  
a t a d en sity  of 0-12 g ./c .c . :—

A T  =  A 0T (o-55fi +  o-4Sf,) • • ■ (6)

H en ry  called f2 the “ perm anent w a v e ,” and included f2 en tirely  in  
(f2 — fj) as a  “ tem porary w a v e .” T his seem s to us m islead ing as f2 
contributes roughly  as m uch to  the perm anent tem perature change as
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does fj. Sim ilarly, for a concentration  change, f2 contributes as m uch as 
-f1(- a lth ough  the regain of th e  m aterial depends a lm ost exclu sively  on f*. 
E quations (4) and (5) do contain  term s in (fx — f2) w hich  are " t e m 
porary," b u t th ey  are rather different from  H en ry ’s term s ; a change in  
tem perature produces a tem porary change in concentration . T he  
significance of this concentration  change has been  d iscussed  in P art II. 
T here is an eq u iva len t transient tem perature change w hen concentration  
is varied  ; th is has also been discussed in P art II.

H enry  2 w as concerned w ith  th e diffusion of a  w ater vapour change  
in to  a bale  of cotton , and tried to  verify  h is formulae for th is case. U n 
fortunately , w ater vapour changes are exceed ingly  difficult to  m easure 
in the bu lk  of a tex tile  m aterial. Changes of tem perature, on th e  other  
hand, are easily  m easured, and g ive  th e sim plest m eans of verify in g  
H en ry’s formulae. W e have m ade a rough check of form ula (4) w ith  
the apparatus used to check the case of the air-w ater vapour m ixture  
flow ing through the tex tile . T he on ly  change necessary to convert the  
apparatus for diffusion m easurem ents w as to seal th e top  of th e  central 
linen  cylinder and allow  the air-w ater vapour m ixtu re  to flow over the

Fig. 7.— C otton , 
D e n s i t y  0-12  
g m s./c c . W ater  
v a p o u r  pressure  
=  ii* 2  nun. A . 
— O u tera ir  te m 
peratu re. B .—  
O bserved  te m 
p e r a t u r e  a t  
cen tre  o f  c y lin 
der. C.— C alcu
la te d  tem p er a 
tu re  a t  cen tre  
o f  cy lin d er.

sides of th e  outer linen cylinder. T he procedure in  m aking an exp eri
m ent w as then  ex a ctly  as in th e  previous case. T he results are show n in  
Fig. 7, curve (B), for co tton  fibres a t a  d ensity  of 0-12 g ./c .c .

In th is case fx and f2 are so lu tions of th e  diffusion equation  in cy lin 
drical co-ordinates using l / /x x2 and i / /x 22 as diffusion coefficients. H ill 3 
has g iven  so lu tion s for th is equation , and their use in  form ula (4) gives 
curve C of F ig . 7. It should be noted  th a t the tim e scale is m uch sm aller 
,in F ig . 7 than  in F igs. 3 and 5.

T heory and experim ent again  agree on the presence of fast and slow  
com ponents. T he d iscussion g iven  for the case of flow  through the  
m aterial is clearly applicable to  th e present case. One feature of curves 
(B) and (C) th at m ight seem  unexp ected  is th a t the theoretical curve is 
fa ster  than  the observed one. T his, how ever, is due to the outer linen  
cylin der. T he d en sity  of th is m aterial w as 0 7  g ./c .c . as com pared w ith  
0-12 g ./c .c . for the bu lk  of the co tton . T he h igh  d en sity  w ould  n ot 
effect th e  results v ery  greatly  if th e  air-w ater vapour m ixtu re had com 
p lete  access to  th e  co tton , b u t on ly  one-third of th e linen m esh w as open, 
so th at constan t tem perature con d itions could n o t be m aintained  all over 
th e  outside of th e  co tton . T he slow  observed rate o f diffusion is clearly

3 H ill, Proc. Roy. Soc., B, 1928, 104, 39.
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due to  th is d ifficulty, for theory  assum es th a t the atm osphere n ex t the  
cylinder is a lw ays fu lly  m aintained  a t the new  conditions. A part from  
this, the experim ent confirms H en ry’s form ula very  w ell, and em phasises 
again the very  great im portance of w ater vapour in the atm osphere for 
propagation  of a tem perature change through textiles.

T he transien t tem perature change th a t occurs w hen A 0C is fin ite and  
A 0T  zero w as observed w hen  condition ing the co tton  cylinder before 
beginning an experim ental run ; in fact, disappearance of the transient 
tem perature change w as a lw ays used as an indication  th at the cylinder  
w as properly conditioned.
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T H E  R A T E  O F  R E A C T IO N  O F  S O D IU M  A T O M S  
W IT H  P O L Y H A L O G E N A T E D  M E T H A N E  D E 
R I V A T I V E S .

B y J . N . H a r e s n a p e ,  J . M. S t e v e l s  a n d  E. W a r h u r s t .

R ece ived  1st D ecem ber, 1939.

U p to the present date re la tively  few  m easurem ents have been m ade 
of the v e lo c ity  of reactions of N a atom s w ith  organic halides w hich con
ta in  m ore than  one halogen atom . T he few  ex isting  m easurem ents of 
H artel, Meer and P o la n y i1 and H eller and P olanyi 2 are exclu sively  
concerned w ith  chlorine derivatives. T hese authors have m easured the  
rate of reaction  of N a  atom s w ith  the com pounds of the series CH3C1, 
CH2C12, C H C I3 , CC14, and found a m arked progressive increase in reaction  
rate on passing a long the series from CH3C1 to  CC14. H eller and P o lanyi 2

1 H a rte l, M eer and  P o la n y i, Z . physik. Chem., B , 1933, 19, 139.
2 H eller  an d  P o la n y i, Trans. Faraday Soc., 1936, 32, 633.
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drew atten tion  to the fact th a t th is increase in reaction v e lo c ity  runs 
parallel to a  decreasing force con stan t for the C— Cl bond. It has been  
show n b y  one of us (J.M .S.3> 4) th a t in the case of the ab ove series, increase 
of the num ber of Cl atom s causes an increase in the atom ic refractions and  
polarisabilities of the ind ividual Cl atom s. T hus, th is increase in  polaris- 
ab ility  runs parallel to the increase in th e  v e lo c ity  of the reaction w ith  
N a atom s. A  general m ethod  has been developed 3- 4 for the calculation  
of the atom ic refraction of any halogen atom  in an y  polyhalogenated  
m ethane derivative. In the case of the m ixed m ethane derivatives con
tain ing C, H , Cl and Br certain w ell m arked trends in p olarisab ility  of the  
halogen atom s are noticeable, and in v iew  of this it is of considerable  
in terest to  m easure the rates of reaction of these derivatives w ith  sodium  
atom s in  order to correlate trends of reaction  rates w ith  these trends in 
polarisability . T he field chosen for in vestigation  consisted  of ten  of the  
possible fourteen  m ethane derivatives w hich  contained  chlorine or brom ine  
or both  halogens together. T he com pounds CCl2Br2 and CClBr3 were 
om itted  because of their in stab ility  and CBr4 on account of its low  vapour  
pressure ; CH3C1 w as also n o t included. In addition  to these ten  com 
pounds, tw o m ethane derivatives contain ing F  and Br, viz. C H FB r2 and  
CFBr3 have been d ealt w ith , together w ith  m eth y l iodide.

Experimental.
T h e  h a lid e s  w e r e  p r e p a r e d  in  t h e  P h y s ic a l  C h e m is tr y  D e p a r tm e n t  o f  

t h e  U n iv e r s i ty  o f  L e id e n  ; t h e  m e th o d s  o f  p r e p a r a t io n  a n d  p u r if ic a t io n  a re  
d e sc r ib e d  e ls e w h e r e .5 T w o  d iffe r e n t  e x p e r im e n ta l  m e th o d s  w e r e  e m p lo y e d  
t o  m e a su r e  t h e  r e a c t io n  r a te s , (a) t h e  L ife  P e r io d  M e th o d  8> 7 w ith  th e  
m o d if ic a t io n s  d e sc r ib e d  r e c e n t ly  b y  o n e  o f  t h e  a u th o r s ,8 a n d  (b) t h e  D if fu s io n  
F la m e  M e th o d  a s  m o d if ie d  b y  H e l le r .“ I n  b o th  c a s e s  t h e  h a lid e s  w e r e  u se d  
in  p a ir s , i.e .  in  t h e  s a m e  r u n  t h e  r e a c t io n  r a te s  o f  h a l id e s  A  a n d  B  w e r e  
m e a su r e d , a n d  in  t h e  n e x t  r u n  t h e  r a te s  o f  B  a n d  C, a n d  so  o n . F r o m  th e  
r a t io s  o f  t h e  r a te s  so  o b ta in e d , b y  c h o o s in g  o n e  h a lid e  a s  s ta n d a r d , a  
g r a d a t io n  o f  r e la t iv e  v e lo c i t ie s  a lo n g  a  se r ie s  c o u ld  b e  o b ta in e d . I n  t h is  
w a y  t h e  e f fe c t  o f  erro rs w h ic h  m ig h t  v a r y  h a p h a z a r d ly  fr o m  r u n  t o  r u n  
w a s  e lim in a te d  a s  fa r  a s  p o s s ib le . T h is  -was e s s e n t ia l  s in c e  in  s o m e  c a s e s  
t h e  d iffe r e n c e  in  r e a c t io n  r a te s  i s  n o t  v e r y  g r e a t . T h is  p r o c e d u r e  g iv e s  a n  
a c c u r a te  g r a d a t io n  o f  v e lo c i t y  c o n s ta n t s , t h e  a c c u r a c y  b e in g  in d e p e n d e n t  
o f  a n y  u n c e r ta in t ie s  in  t h e  a b s o lu te  v a lu e s  o f  t h e  c o n s ta n t s .  T h e  p u r i ty  
o f  a l l  t h e  c o m p o u n d s  w a s  c h e c k e d  b e fo r e  u s e  b y  r e fr a c t iv e  in d e x  m e a su r e 
m e n ts .

The Life Period Method.
T h e  t e c h n iq u e  e m p lo y e d  w a s  t h a t  w h ic h  h a s  b e e n  d e sc r ib e d  fo r  m e a su r e 

m e n ts  o f  t h e  r a te  o f  r e a c t io n  o f  N a  a to m s  w it h  b r o m o b e n z e n e .8 H y d r o g e n  
w a s  t h e  ca rr ier  g a s  a n d  i t s  r a te  o f  f lo w  wra s r e g u la te d  in  a ll  e x p e r im e n ts  so  
t h a t  v/S  ~  13 x  i o ~ 2 w h e r e  v is  t h e  lin e a r  s t r e a m in g  v e lo c i t y  o f  t h e  ca rr ier  
g a s  a t  th e  n o z z le  m o u th  in  m e tr e s /p e r  s e c .,  a n d  S is  t h e  d if fu s io n  c o n s t a n t  
o f  t h e  N a  v a p o u r  in  t h e  ca r r ie r  g a s  a t  t h e  p r e ssu r e  in  t h e  r e a c t io n  v e s s e l  
( ~  3 m m .) .  T h e  t e m p e r a tu r e  o f  t h e  N a  b o a t  w a s  u s u a l ly  a b o u t  1 9 2 0 C. 
T h e s e  c o n d it io n s  a r e  w ith in  t h e  r a n g e  w h ic h  h a s  b e e n  sh o w n  b y  o n e  o f  u s  8 
to  le a d  t o  v e r y  r e lia b le  r e s u lts  w it h  t h e  L ife  P e r io d  M e th o d . T h e  m a jo r ity

3 S tevels, Trans. Faraday Soc., 1937, 33, 1381. 4 Ib id ., 1938, 34, 429.
5 S tev e ls , Dissertation, L eiden , 1937.
8 F rom m er an d  P o la n y i, Trans. F araday Soc., 1934, 30, 519.
7 F airbrother an d  W arhurst, ib id ., 1935, 31, 987.
8 W arhurst, ibid., 1939, 35, 674. 9 H eller, ibid., 1937, 33 , 1556.
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T A B L E  I .— R e a c t i o n  V e s s e l  T e m p e r a t u r e  2 5 5 0 C.

o f  t h e  v e lo c i t y  c o n s ta n t s  d iv e r g e d  fr o m  t h e  m e a n  v a lu e  b y  le s s  th a n  
±  10  %  ; in  a  f e w  

c a s e s  g r e a te r  d i
v e r g e n c ie s  w e r e  o b 
t a in e d . I n  so m e  
e x p e r im e n ts  v e lo 
c i t y  c o n s t a n t s  w e r e  
d e te r m in e d  o v e r  a  
r a n g e  o f  f l a m e  
s iz e s  c o r r e sp o n d in g  
t o  14  %  t o  2 0  %  
a b s o r p t i o n .  N o  
d r if t  in  t h e  v a lu e  
o f  t h e  c o n s t a n t  w a s  
a p p a r e n t . I n  th e  
c a s e  o f  C H F B r .  
t h e  c o n s t a n t  w a s  
d e te r m in e d  w it h  a  
s o d i u m  te m p e r a 
t u r e  o f  1 9 1° C . a n d  
s u b s e q u e n t ly  w it h  
a  te m p e r a tu r e  o f  
2 2 0 °  C ., c o r r e sp o n d 
in g  t o  m o r e  t h a n  a  
f iv e - fo ld  in c r e a s e  in  
s o d i u m  v a p o u r  
p r e ssu r e . T h e  tw o  
s e t s  o f  v a lu e s  w e r e  in  g o o d  a g r e e m e n t . A  t y p ic a l  b a tc h  o f  r e s u lts  is  sh o w n  
i n  T a b le  I ,  w h ic h  i l lu s t r a te s  t h e  p o in t s  m e n t io n e d  a b o v e .

The Diffusion Flame Method.
T h e  f ir s t  e x p e r im e n ts  v rere  c a r r ie d  o u t  u s in g  n itr o g e n  a s  ca rr ier  g a s  a t  

p r e s su r e s  r a n g in g  fr o m  3 -1 5  m m ., a n d  so d iu m  te m p e r a tu r e s  o f  a b o u t  
2 4 0 °  C. T h e  r e s u lts  o b ta in e d  u n d e r  t h e s e  c o n d it io n s  w e r e  u n sa t is fa c to r y ,  
t h e  v e lo c i t y  c o n s ta n t s  sh o w in g  a  p r o n o u n c e d  d e c r e a se  w i t h  in c r e a se  o f  
n itr o g e n  p r e s su r e  in  t h e  r e a c t io n  v e s s e l  (see  T a b le  I I ) .

Compound. % Absorption 
of Flame.

Temp, of 
Sodium °C.

Velocity Constant 
A(x 10 - 12) 

cc. m ol-1, sec.-1

C H X lj 16*9 192 o-6o
17-0 192 0*59

C H X IB r 15-6 192 17-8
I 4‘5 192 16-6
20*8 192 16-4
19*9 192 18-7

C H 2Br„ 17*5 192 31-0
18-0 192 3i -4
13*3 192 25-0
14-0 192 29-8

C H F B r2 19-0 192 48-5
21-0 192 4 1 7
17 *5 191 59-0
17-2 191 57-5
17-3 220 46-0
I 9 ‘0 220 4 5-o
18*8 220 43-0

C FB r3 224 g i-o
13-9 224 89-7

T A B L E  I I .— C H C lB rj. R e a c t i o n  V e s s e l  T e m p e r a t u r e  2 5 0  °C.

Nitrogen pressure, 2-6 4-0 4-0 3-9 5-0 5'i 7-2 7-5 11-3
P N j in  m m .

Vel. con st. It x  io ~ 12 —v —  42 22 *9 2°  16 14 io -6  10-3 6-9mol .sec.

T h is  d r if t  o f  k  w it h  P jr , w a s  m o s t  m a r k e d  fo r  th e  h a lid e s  w h ic h  r e a c te d  
f a s t e s t .  T h e  e x p la n a t io n  o f  t h i s  d r if t  l ie s  in  t h e  f a c t  t h a t  t h e  f la m e s  p r o v e  
t o  b e  fa r  fr o m  id e a l  s in c e  t h e y  la r g e ly  c o n s is te d  o f  a  c e n tr a l c o r e  o f  u n 
r e a c t in g  so d iu m  a to m s  in t o  w h ic h  n o  h a lid e  w a s  a b le  t o  d if iu se  (“  c o r e  "  
f la m e s), b e c a u se  t h e  r a t io  o f  t h e  p a r t ia l  p r e s su r e  o f  h a lid e , P m m  t o  th e  
s o d iu m  p r e ssu r e , P u a , a t  t h e  n o z z le  m o u th  w a s  v e r y  sm a ll  ( ~  1 /3 ) .  In  
o r d e r  t o  c h a n g e  t h is  s t a t e  o f  a ffa ir s  a  m o d if ic a t io n  in  e x p e r im e n ta l t e c h n iq u e  
w a s  m a d e . T h e  v e lo c i t y  c o n s t a n t  o f  t h e  r e a c t io n  i s  g iv e n  b y

( ln g p  -  I n - ) 2

(R  — r ) z PH ai

w h e r e  P Na i s  t h e  so d iu m  p r e s su r e  a t  t h e  n o z z le  m o u th , P ° .a t h e  l im it in g  
p r e s su r e  o f  so d iu m  v is ib le , R  t h e  r a d iu s  o f  t h e  f la m e , r  t h e  r a d iu s  o f  t h e

17 *



468 R A T E  O F  R E A C T IO N  O F  S O D IU M  A T O M S

n o z z le , 8 t h e  d iffu s io n  c o n s t a n t  o f  so d iu m  v a p o u r , a n d  P h i I  t h e  p a r t ia l  
p r e ssu r e  o f  h a lid e  in  t h e  r e a c t io n  v e s s e l .  T h u s , o th e r  th in g s  b e in g  e q u a l  
a n  in c r e a s e  in  P n a l n e c e s s i t a te s  a  p r o p o r t io n a l in c r e a s e  in  8 fo r  t h e  s a m e  
s ta t io n a r y  s t a t e  (i.e. f la m e  d ia m e te r )  t o  b e  m a in ta in e d . A  c o n s id e r a b le  
in c r e a s e  in  t h e  r a t io  o f  P H a i/P lia  w a s  b r o u g h t  a b o u t  b y  a  t w e n t y  fo ld  
in c r e a se  in  8. T h is  w a s  a c h ie v e d  b y  u s in g  h y d r o g e n  in s t e a d  o f  n itr o g e n  
a s  ca rr ier  g a s  a t  v e r y  lo w  p r e s su r e s  (as lo w  a s  0 -4  m m .)  in  t h e  r e a c t io n  
v e s s e l .  T h e  c o r r e c t  v a lu e  o f  v /S  w a s  m a in ta in e d  b y  u s in g  v e r y  h ig h  s p e e d s  
o f  flo w  o f  ca rr ier  g a s  ; su c h  sp e e d s  w e r e  m a d e  p o s s ib le  b y  p la c in g  a  r e a c t io n  
v e s s e l  o n  t h e  lo w  p r e s su r e  s id e  o f  th r e e  m e r c u r y  v a p o u r  c ir c u la t io n  p u m p s  
w o r k in g  in  p a r a lle l. T h e  t e n d e n c y  t o  fo r m  “  co re  ”  f la m e s  w a s  fu r th e r  
r e d u c e d  b y  lo w e r in g  t h e  s o d iu m  p r e s su r e  a t  t h e  n o z z le  m o u th  fr o m  2 x 1 0 - 3 
t o  4  x i o ~ 4 m m .

T h e  r e s u lts  w ith  t h e  n e w  c o n d it io n s  fo r  C H C l2B r , a  v e r y  r e a c t iv e  
c o m p o u n d , a re  s h o w n  in  T a b le  I I I ,  fo r  v a r io u s  ca rr ier  g a s  p r e ssu r e s , P H5, 
in  t h e  r e a c t io n  v e s s e l .  A lth o u g h  t h e  r e s u lts  v a r y  c o n s id e r a b ly , o n  a c c o u n t

T A B L E  I I I .— T e m p e r a t u r e  o f  R e a c t i o n  V e s s e l  250° C.

P h 2 in  nun. 0-43 0-46 0-46 0-47 0-54 0-55 0-55 0-71 0-94
k X i o -12 115 132 130 174 124 104 97-3 130 SS'4

o f  in c r e a s e d  d if f ic u lty  in  m e a su r in g  a c c u r a t e ly  f la m e s  o f  s u c h  lo w  in te n s i ty ,  
th e r e  is  n o  a p p a r e n t  d r if t  in  t h e  v a lu e  o f  k  o v e r  a  m o r e  t h a n  t w o - f o ld  in c r e a s e  
in  P n r  T h e  v a lu e  o f  t h e  r a t io  o f  P H a l/P tfa  in  t h i s  c a s e  w a s  ~  4 . T h e  
n e w  v a lu e  o f  k  fo r  C H C )B r„  ( th e  e a r ly  r e s u lt s  fo r  w h ic h  a r e  s h o w n  in  
T a b le  I I )  p r o v e d  t o  b e  1 8 0  X i o 12. O n  a c c o u n t  o f  t h e  d e c r e a s e d  d a z z lin g  
e f fe c t  o n  t h e  e y e  o f  t h e  c e n tr a l z o n e  o f  t h e  r e s o n a n c e  f la m e s  in  t h e s e  e x p e r i 
m e n ts  a t  lo w  N a  p r e s su r e s  w e  c o n s id e r  t h a t  t h e  a p p r o p r ia te  v a lu e  fo r  
P ij a is  7  x i o - 2 m m .

T h e  r e s u lts  o b ta in e d  b y  t h e  L if e  P e r io d  a n d  D if fu s io n  F la m e  M e th o d s
a r e  g iv e n  in  T a b le  I V  a n d  

T A B L E  IV . a r e  s h o w n  s c h e m a t ic a l ly  in
T a b le  V . I n  T a b le  V  t h e  
f ig u r e  u n d e r lin e d  a b o v e  e a c h  
c o m p o u n d  is  t h e  c o llis io n  
y ie ld , i.e . t h e  a v e r a g e  n u m b e r  
o f  c o l l is io n s  p e r  e f fe c t iv e  c o l
l is io n  ; t h e  v a lu e s  a r e  t h o s e  
o f  t h e  D if fu s io n  F la m e  
M e th o d . I n  c a lc u la t in g  t h e s e  
c o ll is io n  y ie ld s  t h e  v a lu e  o f  
t h e  c o l l is io n  c r o s s - s e c t io n  o f  
3-5  x i o ~ 15 c m .2 g iv e n  b y  
H a r te l  a n d  P o l a n y i 10 w a s  
u se d . T h is  v a lu e  i s  p r o b a b ly  
so m e w h a t  h ig h  fo r  m o n o -  
h a lo g e n a te d  c o m p o u n d s . 8 
T h e  c o ll is io n  y ie ld  fo r  m e th y l  
c h lo r id e  (m a rk ed * ) h a s  b e e n  
ta k e n  fr o m  t h e  w o r k  o f  H e l le r  
a n d  P o la n y i .2 T h e  f ig u r e  

b e lo w  e a c h  c o m p o u n d  i s  t h e  a to m ic  r e fr a c t io n  c a lc u la te d  b y  t h e  m e th o d  
d e v e lo p e d  b y  o n e  o f  t h e  a u th o r s .3- 4 I n  t h e  c a s e s  o f  C H 3C1, C H 2C12, C H C 13 
a n d  C C h t h e  r e fr a c t io n s  g iv e n  a r e  p e r  c h lo r in e  a to m  ; in  a ll  o th e r  c a s e s

10 H a rte l an d  P o lan y i, Z. physik. Chern., B, 1930, 11, 97.

Compound. Collision Yield 
Liie Period Metliod.

Collision Yield 
Diffusion Flame 

Method.

CC14 5'3 5-5
CCl3B r 5-3 i-7
CHC13 5°
C H C ljB r 13-5 4'4
C H C lB r, 9-o 2-8
C H B r3 6-3 1-4
C H jC lj 333 760
C H jC lB r 2S 26
C H jB rj 17-0 I3 ‘2
C H 3B r --- 135
C H F B r, IT
C FB r3 5‘5 2-3
CH3I io-6 xi-4
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t h e  r e fr a c t io n s  a r e  p e r  b r o m in e  a t o m  s in c e , in  t h e s e  c a se s , t h e  r e a c t io n  
c o n s is t s  in  t h e  r e m o v a l o f  a  b r o m in e  a to m . T h e  v a lu e s  fo r  t h e  t w o  se r ie s  
C H 3C 1-5-CCI,, a n d  C H 3B r  ->  C B r4 h a v e  b e e n  p u b lis h e d  p r e v io u s ly  b y  o n e  
o f  u s .3

T A B L E  V.

£ 5  £ 7  _  _  _
CC14 C C ljB r------------ > C C L B r,---------- >CClBr3  > C B r4
6 -6 i  8-88 9-17 9-46 9-75

R  \  /  \  /  \  S'
\ i °  \  £ 4  /  \  £ §  /  \  £ 4  /
CHC13 C H C l2B r --------- > C H C lB r,----------- > C H B r3

6-47 8-65 8-94 9-23
\  \  /  R  />

\ 760_ \ r i /  \  r y z  /
C H .C l. C H X I B r  > C H 2Br„

6-33 8-42 8-71

* \ 7 io o  * \  135 / *
C H 3C1 C H .B r

6-19 8-19

Discussion of Results.
In v iew  of the p olyhalogenated  nature of these com pounds the possi

b ility  of m u ltip le  reactions in vo lv in g  su b stitu ted  radicals could n ot be 
ignored. In connection  w ith  this it w as noticed  th a t som e of the com 
pounds (CCl3Br, CHCl2Br, CHClBr2, C H Br3 and CFBr3) show ed a fa in t  
chem ilum inescence in  the early  experim ents w ith  the diffusion flam e 
apparatus, w hen a h igh nozzle pressure of sodium  and a low  concentration  
of halide w ere used. T hese chem ilum inescent zones em itted  th e  D  line  
of sodium . It is u n likely  th a t th e  prim ary reaction in any of these in 
stances is su fficiently  exotherm ic to excite  th e  D  line, since th is w ou ld  
n ecessita te  the assum ption  of im probably  low  values for the C— Cl and  
C— B r bond strengths. T he lum inescence is v ery  probably due to a  
secondary reaction  in vo lv in g  the halogenated  radical, the h eat of reaction  
in th is case being greater than 48-3 k .ca l./m ol., e.g.

CCl3Br -f- N a =  — CC13 +  B rN a -f- Q <  48-3 k.cal. 
follow ed by

— CC13 +  N a =  : CC12 +  CINa + Q >  48-3 k.cal.

T he h ea t change of th e  la tter  reaction m ay  be large because it  probably  
includes th e  energy change of a  quadrivalent carbon atom  to  a d iva len t  
carbon atom  ( ~  37 k .ca l./m o l.).11 W hen one of this group of halides, 
CHCl2Br, w as introduced b y  m eans of a  nozzle in to  a large excess of 
sodium  vapour in a  “ h igh ly  d ilu te flam e ” apparatus,12 the D  line of 
sodium  w as strongly  em itted  and a dark deposit, presum ably carbon, 
w as form ed on the sides of the reaction  vessel. In this case th e  carbon  
atom  is probably stripped of all its halogen atom s.

If th e  rate of such a secondary reaction w ere of the sam e order, or 
faster than th e  corresponding prim ary reaction, then , in a  case w here 
th e  secondary reaction were occurring to  an appreciable ex ten t, the  
experim ental va lu e  of the v e lo c ity  con stan t w ould be greater than  the  
true v a lu e  for th e  prim ary reaction. T his effect w ill arise w hen the va lu e

11 N orrish , Trans. Faraday Soc., 1934, 30. n o ;  H e itle r an d  H ertzb erg , Z .  
P h ys ik , 1929, 53, 52.

13 M. P o lan y i, A tom ic  Reactions, 1932.
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of F>Ha]/F’jsra is sm all and w ill increase as th is ratio decreases. T hus, in 
order to m inim ise the influence of an y  secondary reaction in the flam e  
zones the ratio P nai /P Na w as m aintained  as large as possib le in  b oth  
m ethods. A  com parison of the early  results for C H Br3, CHCUBr and  
CHClBr2 obtained on th e  diffusion apparatus (w hen P Hai /P Na ~  1) and  
those obtained later (w hen P Hai / P Na 4) show ed th a t th e  form er va lu es  
of k are sm aller than  the la tter  as is to  be expected  w hen  there is an 
increasing tendency  to form  core flam es a t low  va lu es of P n a i/P ^ a ; an  
increasing preponderance of secondary reaction, on the other hand w ould  
be expected  to cause an increase in the va lu e  of k for the low  va lu es of 
P Hai / P N a. T he authors consider th a t th e  above facts in d icate th a t the  
collision y ields given  in  this paper are determ ined b y  the rates of the  
prim ary reaction. T he discrepancy betw een  th e  collision y ie ld s g iven  
b y  the tw o m ethods in  certain instances is a t the m om ent unexplained . 
T he discrepancy, how ever, is n ot relevant to the m ain p o in t m ade here 
because it  does n o t in troduce contrary trends in reaction  rates or influence  
our correlation of these trends w ith  trends in  a tom ic refraction.

T he previous results for polych lorinated  m ethane d erivatives are 
shown in T able V I.

T he va lu es g iven  in colum n 4  are those obtained  b y  th e diffusion flam e
m ethod  in  th e  present 
in vestiga tion . A lthough  
our results show  appreci
ab le d ivergencies from  the  
earlier results of H artel, 
Meer and P o la n y i1 the  
gradation of collision  
y ie ld s show n b y  our re
su lts is v ery  close to  th a t 
show n b y  th e  results of 
H eller and P o lan y i.2 T he  

actual va lu es of the collision  y ields arc, how ever, a factor of 2-3 tim es 
larger than th e  corresponding y ie ld s g iven  b y  H eller and P o lan y i (col. 3).

In a review  of the diffusion flam e m ethod , H e lle r0 has concluded  
th a t the range of collision  y ie ld s over w hich  th e  m ethod  can be used w ith  
accuracy, is 50-5000. T he agreem ent betw een  the results of th e diffusion  
flam e and life period m eth ods in  our experim ents in d icate th a t w ith  the
m odified experim ental conditions the range o f the diffusion flam e m ethod
can  be extended  to collision y ie ld s as low  as ten, and perhaps five. T his 
extension  is due to the use of low  carrier gas pressures (high va lu es of S) 
w hich enable the ratio of P Hai / P Na to  be m aintained  a t  su b stan tia lly  
high values even  for very  fa st reactions, w hich  w ould o th en vise tend to  
g iv e  “ core ” flames.

In the schem atic presentation  of th e  results (Table V) th e triangle  
for the halides w hich  contain  C, H , B r and Cl can  b e d iv ided  in to  a num ber  
of series b y  tak in g  com pounds ly in g  along an y  particular stra igh t line. 
T he arrows ind icate trends of decreasing collision  y ield s, i.e. increasing  
reaction ve lo c ity , or increasing a tom ic refraction per brom ine or chlorine  
atom  as exp lained  above. It can be seen th a t the w hole of the results 
are em braced b y  the generalisation  th a t an increase in atom ic refraction  
goes parallel to a decrease in collision y ields. P articu lar instances of 
th is are :—

7100 135 II-4
(a) CH3CI  -> CH3B r------ 5- CH3I

6-19 8-19 13-26

T A B L E  V I.

Compound. Collison
Yield.1

Collison
Yield.*

Collision
Yield.

CHjCl 10,000 7100
C H 2C12 900 310 760
c h c i 3 IOO 22 50
CC14 25 2 5*5



In th is case th e  actual reaction changes along the series ; a  different 
h alogen  atom  is rem oved b y  the reaction in each case.

(b) In a hom ogeneous series, i.e. on ly  one halogen involved , increase 
of th e  num ber of halogen atom s causes an increase in atom ic refraction  
per halogen  atom  and a decrease in collision yield , e.g.
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7100 760 SO 5-5
CH3C1 - — y CH2C12 —y CHC13 CC14

6-19 6-33 6-47 6-6 i

135 13-2 i -4
CH3B r - - y  CH2Br2 -— y CHBr3

8-19 8 7 1 9-23
T his parallelism  has been pointed  ou t previously  b y  one of the authors 
in th e  case of the series of chlorides.3 T he sam e effect is exh ib ited  in 
th e  case of m ixed halides, e.g.

26 2-8
CH2C l B r  > CHClBr,

8-42 8-94

P resum ably  CClBr3 w here there is a  further increase in the atom ic re
fraction  per brom ine atom , w ould  react faster than CHClBr2.

(c) In the case of a  series of m ixed  halides each contain ing brom ine 
increase in the num ber of chlorine atom s causes an increase in atom ic  
refraction per brom ine atom  and a decrease in collision yield.

135 26 4-4 1 7
CH3B r  > CH2C lB r  y  CHCl2Br  > CCl3Br

8-19 8-42 8-65 8-88

13-2 2-8
CH2B r2  > CHClBr2

8-71 8-94

(d) R eplacem ent of H  b y  F , F  b y  Cl, or Cl b y  Br in a brom ide results 
in  an increased atom ic refraction per brom ine atom  and a decreased  
collision  y ie ld , e.g.

13-2 11 * 2-8 1-4
CH2Br2 —y C H F B r2 - y  CHClBr2 — y C H Br3

8 7 1 8-92 8-94 9'23

4-4 2-8 1-4
CHCUBr - — y CHClBr2 ----- y CHBr3

8-65 8-94 9-23

26 13-2
CH2ClBr  > CH2Br2

8-42 8 7 1

T he parallelism  betw een  the decreasing force constan t for the C— Cl 
bonds and th e  increasing reaction rate, along a series CH3C1 ->  CC14 has 
already been pointed  ou t.2 It has also b een  show n th a t there is a  pro
gressive increase in atom ic refraction of the chlorine atom s along this 
series.3 Our results show  th a t there is a  parallelism  b etw een  the increase

* T h is v a lu e  is  th e  collision  y ie ld  g iv en  b y  th e  L ife P eriod  M ethod.
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in reaction rate and atom ic refraction w hich  ex ten d s over all the poly- 
halogenated  m ethane derivatives. In the case of the series CH3B r-*C B r4 
w e h ave a further instance of a  progressive decrease in  force con stan t of 
the C— Br bond along the series from  CH3Br to CBr4.5 I t  seem s probable, 
therefore, th a t in all these polyhalogenated  m ethane d erivatives, increase  
in a tom ic refraction or reaction  v e lo c ity  w ill run parallel to decreasing  
force constan ts for the particular C— H al bonds. Furtherm ore, it  has 
been pointed  ou t b y  S id g w ick 13 th a t there is a  sm all decrease in the  
C— Cl bond strengths in the series CH3C1 —> CC14, the va lues being 74-7( 
72-5 and 72-6 k .ca l./m ol. for CPI3C1, CHC13 and CC14 respectively . In 
v iew  of th is it  m ight be concluded th a t th e  increases in reaction rate  
and atom ic refraction also run parallel to  a  decrease in bond strength  
throughout the w hole series of m ethane derivatives. H ow ever, there is, 
a t present, no further bond strength  d ata  to confirm such a conclusion.

A t the present m om ent it  is n o t possible to deal w ith  these parallelism s 
in a q u an tita tive  m anner w ith  an y  degree of certa in ty , and further 
clarification m u st aw ait advances in  the theoretical m ethods availab le  
for treating  reactions in vo lv in g  such polyatom ic  m olecules.

In conclusion, th e  authors w ish to thank  Professor P olanyi for m uch  
helpful advice during th e w ork, Professor V an A rkel, of Leiden U n iversity , 
for th e  organic halides, and  the D .S .I .R . for a research grant to  one of us 
(J .N .H .).
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13 Sidgwick, The Covalent L in k  in  Chemistry, p. 121.

T H E  T H E O R Y  O F  T H E  F O R M A T IO N  O F  P R O 
T E C T I V E  O X ID E  F IL M S  ON  M E T A L S ,  I I .

B y  N . F . M o t t .

Received 5 til December, 1939.

1. Introduction.
In a recent n ote 1 th e  author has suggested  a theory  to  account for 

th e  fact th a t ox ide film s form ed in air a t n ot too h igh a tem perature on 
su ch  m eta ls as alum inium  or chrom ium  reach a th ickness of som e 50 a .  
an d  then  v ir tu a lly  stop  grow ing, unless dam aged b y  cracking or in som e  
other w ay. T he theory  started  from  th e assum ption , due to  W agner, 
th a t m eta l ions and electrons diffuse through th e  oxide layer and react 
w ith  the oxygen  a t  th e  oxide-gas in ter fa ce ; and it  depended on the fact 
th a t, according to  quantum  m echanics, electrons in a  m etal can penetrate  
a  d istance of th e  order of 50 a .  in to  an insu latin g  layer without receiving  
energy of excita tion  ; in  order to  pass through thicker layers th ey  m u st  
receive energy from  h eat m otion , so th a t a kind of therm ionic em ission  
occurs from  the m etal into the ox ide. T he reaction is thus im possib le  
a t low  tem peratures for layers thicker than 50 a .  T he process b y  w hich  
electrons can pass through th in  layers is know n as the quantum -m echanical 
tunnel effect, and has been used, for instance, to  account for the em ission  
of electrons in strong fields from  m etals.

1 M ott, Trans. Faraday Soc., 1939, 35 , 1175 ; re fe rred  to  as toe. cit.
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T he aim s of th is paper are the fo llo w in g :—
(1) To show  th a t th e theory  g iven  in  th e  paper quoted  yields, a t an y  

rate for a certain range of thicknesses, a  logarithm ic law  of grow th  
con n ecting  the thickness *  w ith  the tim e t,

x  =  K  log (at +  c) . . . . ( i)

w here K , a and c are constan ts. Such a law  gives a  negligable rate of 
grow th  above a certain  thickness, w hich  depends very  little  on the  
tem perature.

(2) To m ake m ore precise the conditions under w hich  th e  theory  
can be applied, and to show  under w h at conditions the m ore fam iliar 
parabolic law

x 2 — const, t . . . . (2)
is to  be expected .

(3) To show  th at under certain conditions the rate of grow th given  
b y  (2) should fa ll off for th ick  film s to  one g iven  b y

x3 =  const, t . . . ■ (3)

(4) To app ly  the theory to the form ation  of p rotective films on 
alloys.

(5) T o discuss other processes w hich  m ay lead to  a logarithm ic law  
of grow th.

2. Mechanisms for the Growth of Oxide Film s.

In all th e  processes considered in th is paper, w e shall assum e th at  
m etal ions diffuse through the ox ide layer and react w ith  the oxygen  at 
the ox id e-oxygen  interface. W e do n o t believe th a t oxygen  ions, 
m olecules or atom s diffuse in terstitially  through oxide layers, ow ing to  
their large s i z e ; oxygen  m ay  diffuse through cracks, b u t such cases w ill 
be excluded  from  th e considerations of th is paper until the last section .

T here are tw o w ays in w hich  the m etal ions can m ove through the  
ox id e layer :

(a) T h ey  can be taken in to  so lu tion  a t the m eta l-ox id e interface.
T he oxide near to the m etal w ill th en  contain  an excess of m etal, w hich
w ill be present in terstitia lly . T he concentration  of m etal ions w ill 
decrease tow ards zero as w e approach the oxide-gas interface, and the  
concentration  gradient w ill lead  to a flow  of m etal ions.

(b) T he m etal is insoluble in the oxide, b u t the ox id e can dissolve  
oxygen . T his, for instance, is the case for the oxidation  of copper. 
Cuprous oxide takes up excess oxygen  b y  leav in g  v a ca n t la ttice  positions 
norm ally occupied by  copper ions. T hese v acan t la ttice  points are 
m obile ; a  copper ion can m ove in to  an adjacent v acan t la ttice  position , 
and another copper ion can then m ove up and take its place. Thus, 
although  oxygen  is d issolved  in the ox ide, it  is actu a lly  the copper ions 
th a t m ove. T he vacan t la ttice  p o in ts form ed a t the ox id e-oxygen  
in terface m ove inwards u n til th ey  reach the ox ide-m eta l interface, 
w here th ey  are filled up b y  m etal ions.

O xidation  b y  process (a) w ill norm ally take p lace w hen the oxide is 
a  “ reduction  sem i-conductor,” i.e. a  substance w hose con d u ctiv ity  is 
increased b y  h eatin g  in  vacuo, w hereby oxygen  is driven off, leav ing  
excess m etal atom s in in terstitia l positions. Z n O 2 and A 120 3 3 are

1 Fritsch, A n n . P h ysik , 1935, 22, 375.
3 Hartmann, Z . P hysik , 1936, 102, 709.
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oxides of this type. Process (b) is applicable to ox id ation  sem i-con
ductors, such as cuprous oxide.

In order th a t an ox id e film  shall grow  it  is necessary th a t electrons 
as w ell as ions shall pass through the ox ide layer. T his again  can take  
place in various w ays :

(i) B y  therm ionic em ission from  the m eta l into the “ conduction  
levels ” o f the oxide. W e m ay denote b y  <f> th e  corresponding w ork  
function . <f> w ill not of course b e equal to th e w ork fun ction  of the  
m etal in  vacuo.*

(ii) B y  the m otion  of “ p ositive  holes ” from  th e ox ide-gas interface  
inw ards. W h at is m eant b y  a “ positive  hole ” m ay be exp lained  as 
fo llow s : suppose th a t an oxygen  atom  takes its p lace in  th e  ox ide  
la ttice  a t th e  surface, n ex t to  a  m etal ion w hich  has ju st diffused through. 
T hen from  an  ion  on the surface a pair of electrons w ill b e m issing. T w o  
electrons from  a neighbouring oxide ion could m ove on to  it. T he  
process could be repeated ; and th e  p oin t from  w hich  th e  electrons were 
■missing could diffuse through th e  oxide layer u n til finally  filled up by  
electrons from  the m etal. A  la ttice  p oin t from  w hich  electrons are 
m issing is called a “ positive  h o le .” In th e  interior of an oxide layer a 
p ositive hole, like an electron in the conduction  layer, can m ove quite

freely w ith ou t an y  activa tion  energy. B u t a certain energy >p w ill be  
required to m ove the positive  hole aw ay from the surface (cf. F ig. i):

(iii) A s pointed  ou t in our previous paper, electrons can penetrate a 
thin oxide layer (less than about 50 a .)  w ith ou t receiving the energy <f> 
from  h ea t m otion , b y  quantum  m echanical tunnel effect. In the sam e  
w ay  p ositive  holes could penetrate th in  layers.

T he rate of grow th depends on the num ber j  of ions crossing un it  
area per un it tim e. If Cl is the vo lu m e of the oxide per m eta l ion, th e  
rate of growth is g iven  by

For th e  m om ent w e shall leave ou t of consideration the process (iii) 
above. If w e assum e th a t the grow th  of the film  is determ ined b y  the  
diffusion of ions and electrons from  th e m etal to  th e  oxygen -ox id e  
interface, th e n j  is determ ined b y  th e  fo llow ing equations (5), (6) and (7).

surface levels F ig - 1— Energy levels in 
'in adsorbed metal in contact with
ozwen atoms. oxide layer-

Metal. filled levels.

Oxide.

(4)

• (5)

* Cf. for in stance, M ott, Trans. Faraday Soc., 1938, 34, 500.
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H ere n{, ne denote the concentrations of ions and electrons a t  a distance  
x  from th e m eta l-ox ide interface. D f, D e, v{ and ve denote diffusion  
coefficients and m obilities. T he first equation  gives the num ber of ions  
(assum ed sin g ly  charged) and the second the equal num ber of electrons 
crossing un it area per u n it tim e. F  is the field set up in the oxide w hich  
is determ ined b y  L ap lace’s equation

^  =  4rr(Kf -  n e)e  . . . .  (6)

Sim ilar equations m ay  be w ritten  dow n w hen n{, ne refer to  vacan t  
la ttic e  points or to positive  holes.

U n fortu n ately , general so lu tions of these equations have n ot been  
o b ta in e d ; w e shall confine ourselves to  lim iting cases.

W e m ay  d istinguish  first betw een  thin  film s, in w hich th e  distribu
tions of ions and electrons in the film m ay be calculated  independently  
of each other, and thick film s, in  w hich  the space charges se t up if n{, ne 
are unequal becom e im portant. W e m ay estim ate the film  thickness x 
for w hich  the space charges becom e im portant as follow s : A  concen
tration  n  of ions of one sign  w ill g ive  a field, according to (6), having  a 
m axim um  value F  =  47mex. If th is field is to  have a negligible effect 
in  com parison w ith  the concentration  gradient, w e m u st have

Fnv  =  Arnfievx <€ ,
Da;

or, w riting "bn/'bx ~  n jx  and v /D  =  ejkT , w e have a; << xc, 
w here

* c =  V ( k T  IArm e1) . . . . ( 7 )

N um erical va lues w ill be g iven  below .
W e consider first, then, th e  behaviour of thin  film s. W e shall discuss 

ex p lic it ly  th e  cases w here th e  ions and electrons pass from  the m etal to  
th e  oxygen -ox id e  interface. T h e th eory  can easily  b e adapted  to  apply  
to  the other cases.

W e denote as before b y  (f> the w ork required to bring an electron  
from  th e m eta l in to  the oxide, and b y  W  the w ork required to bring a  
p ositive  ion  from  th e m etal to  an in terstitia l position  in  the oxide. T hus  
w e m ay  d istinguish  tw o cases :

The case where <j> <  W .—It is then  easier to bring electrons than  
ions in to  the oxide from the m etal. T here w ill thus be a uniform  con
centration  of electrons in  th e  oxide film  and a concentration  gradient of 
ions. T hus, the rate of grow th is determ ined b y  th e  rate a t  w hich ions 
diffuse through the film— there being an am ple su p p ly  of electrons. If 
n(x) is th e  num ber of ions per u n it vo lum e a t a  d istance a; from  the  
m etal-ion  interface, the flow  of ions w ill be g iven  b y

i — * D t  . . . .  (8)

T he equation  m ay be integrated subject to  th e  conditions th a t n  =  O a t  
the free surface and n — n0 a t th e  m eta l ox ide in te r fa c e ; n0 is here th e  
concentration  of m etal ions in the oxide in  equilibrium  w ith  the m etal, 
and is g iven  b y

no =  N e - w ih T ..............................................................(9)

w here N  is the num ber of in terstitia l positions per u n it vo lu m e (N  i o 22).
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W e thence obtain

or from (4)
j  =  n0D{/x,

dx  «qQ-Pj, 
di X

w hence
X2 =  A ft, A ( =  2 n0a D j (10)

A  parabolic law of grow th is thus obtained for all th icknesses less than  
xc w ith  a rate con stan t A  w hich  increases rapidly w ith  tem perature.

N um erical estim ates of the con stan ts in volved  m ay  be of interest. 
W e m ay take NQ, ~  I, 2Di ~  io 12 sec.-1  X ( io -8  cm .)2e-p 7,iI’ w here U 
is an activa tion  energy. T hus

If one atom ic layer is added per day, dx /d t ~  io -13, and for a film 10 
layers thick x  d x /d t ~  io -20. T hus (W  -f- U )/kT  ~  16 log  10 37. If
(W  +  U )/kT  is m uch bigger than  this, practically  no grow th is possible.

The case where <j> >  W .— There are now  m ore ions in solid solu tion  
in th e oxide th an  there are electrons. For very  th in  films (say less than  
2 0  a . ) ,  how ever, the electrons w ill pass through the ox ide layer b y  
quantum  m echanical tunnel effect as fa st as th ey  can be used up the  
other side to  form  o  ions ; therefore the rate w ill be controlled  b y  the  
rate of diffusion of the m etal ions, and hence b y  ( 1 0 ).  For thicker layers, 
for w hich  the rate o f penetration  is v ery  slow , th e  rate of grow th w ill be 
controlled  b y  the tunnel effect. A s show n in our previous paper, th is 
g ives a  rate of grow th

W e obtain  thus a logarithm ic law  of grow th.
F inally , w hen  th e  rate of grow th g iven  b y  ( n )  has shrunk to very  

sm all va lu es indeed, the rate of grow th m ust be determ ined b y  therm ionic  
em ission of electrons follow ed b y  their diffusion  through the oxide, and  
hence b y  an eq uation  of the typ e (10), on ly  w ith  a m uch sm aller va lue  
of A, since n0 represents th e  electronic concentration , proportional to

Thus, for very  th in  film s or very  th ick  film s (subject to the lim it 
x  <  x e) w e m u st alw ays ex p ect a parabolic law  of g r o w th ; but for 
th icknesses of the order of 3 0 - 4 0  a . a logarithm ic law  of th e  typ e (1 1 ) .

It w as suggested  in  our previous paper th at, for th e  oxide film s form ed  
on such m eta ls as aluijiinium , chrom ium  and perhaps zinc at room  
tem perature, w as so great th a t em ission of electrons from  the m eta l to 
the oxide w as practica lly  im possible, a t  an y  rate a t room  tem perature. 
W e thus exp ect for th ese  m eta ls an in itia l parabolic law  of grow th, 
g iv ing  w ay  after a few  atom ic layers have been form ed to a logarithm ic  
law . T he logarithm ic law  of grow th (11) g ives a practica lly  negligible  
rate of th ickening above a certain th ickness of the order of 4 0  a . ,  and  
th is is ju st w h at is observed for th ose m eta ls on w hich  p rotective films 
are form ed.

A¿ ~  iC r^ cA ^ + W ^ cm ^ /sec .

_  =  J T e - h ,

w here K , x0 are constan ts. T his, on integration , gives

e-V fcJ’.
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A ccording to our hypothesis, then, the lim iting th ickness of protec
tiv e  film s is due to  th e  difficulty in  gettin g  electrons from  th e m eta l to  
th e  oxide-gas interface, rather than to  th e  difficulty in  gettin g  ions through. 
T his hyp oth esis is fu lly  borne ou t b y  th e  fact th a t film s thicker than  
1 0 ,0 0 0  a . can be obtained on alum inium  b y  anodic ox id ation ,5 w hich  
show s th a t alum inium  ions can pass through the layer if oxygen  ions 
are supplied a t the free surface.0

3. Detailed Calculations of Film Growth when <f> >  W.
W e shall now  discuss in greater detail the con stan ts occurring in 

these equations. W e m ust first exam ine the parabolic law  of grow th, 
for large th icknesses, w here the rate is governed b y  therm ionic em ission  
of electrons, in order to see how  big <j> m u st be for this process n ot to  
tak e p lace w ith  m easurable v e lo c ity . T his w ill g ive a  necessary condition  
for the form ation  of protective  film s. T he rate is g iven  by  (io ), nam ely

x~ =  A et A e =  2neQ,Dt ,
w here n e is the cpncentration  of electrons in the ox id e in  equilibrium  
w ith  th e  m eta l. T his is g iven  b y  th e vapour pressure form ula 7

2{2^nkT)^ m
e /j3

~  I019e - ^ ,ir cm .-3 .

T he m ob ility  v of electrons in oxides and other ionic crysta ls is know n  
exp erim enta lly  8 to be of th e order 100 cm ./sec. per v o lt/cm . or 3 X io 4 
e .s.u ., and  to  vary  com paratively  slow ly  w ith  T . T he diffusion co
efficient m ay  be deduced from  th e equation  D t  =  k T v /e ; w e obtain  
D t ~ 0 - 2 5  cm .2/sec. W ith  Q, ~  io -22 cm .3 w e see th at

A e ~  5 x  10— cm. 2/sec.

Suppose, th en , w e have a layer  50 a . th ick , the rate of grow th is A /2 x  
or \oooe~^!,iT cm ./sec . T he tim e taken  to  add each a tom ic layer is thus
of the order io ~ 9 e secs. If th is is to  be greater than, for instance,
a day  ( ~  io 5 secs.), w e m u st have

</>JkT >  14 lo g , 10 ~  33.

If no grow th is to  take p lace by  th is process a t room tem perature  
(kT  ~  0-025eV ), cf> m ust thus be greater than about 1 eV, a result 
already obtained  b y  a cruder m ethod in loc. c it.

W e shall exam ine n ex t the assum ption  w hich  g ives the logarithm ic  
law  of grow th (11). T he first assum ption  th a t w e m ake is th a t an  
electron incident on a poten tia l barrier of th ickness x  and h eigh t U has 
a  chance of penetration-given  by  th e  usual quantum  m echanical form ula 9

P  =  P0 exp  {—4771/(2?« £/)#//&} . . ■ (12)

P 0 is a  num erical factor w hich w ith ou t sensib le error m ay be p u t equal
to u n ity . A n electron w ill, how ever, on ly  be able to  penetrate the oxide

3 S u tto n  and  W illstrop , J . In st. M etals, 1928, 3 8 , 259.
0 T h e fa c t  th a t  a lu m in iu m  w ill fu n ctio n  free ly  as a  ca th od e is p rob a b ly  d u e  

to  th e  p resen ce o f  cracks in  th e  o x id e , w h ich , under ca th o d ic  co n d itio n s , are n o t  
healed  up .

7 R . H . F ow ler, Statistical M echanics, 2nd ed n ., C am bridge (1936), p . 345-
8 E n gelh ard , A n n . P hysik , 1933, 17, 501.
9 Cf. for ex a m p le , D u sh m an , Elements of Q uantum  M echanics, p. 67.
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layer from  the m etal if there is an oxygen  atom  th e  other side ready for 
it . N ow  w e are assum ing th a t the rate of growth is controlled  b y  the  
penetration  of electrons. Ions w ill diffuse through th e  layer and react 
w ith  oxygen  a t  th e  surface u n til the p ositive  charge on th e  surface  
prevents further diffusion, u n til th e  arrival of th e  electrons. If F  is the  
field in th e  ox ide layer, then, if there is to be no flow of ions

P u ttin g  iiijx  and v/D  =  e/kT , th is gives

F  =  k T  ¡ex.
T he d en sity  of charge on the surface due to unpaired m eta l ions is 
•F/47T, and thus the num ber of such  ions per un it area is

k T  ¡4ne2x.
T his g ives approxim ately  the num ber of oxygen  a to m s ; thus for the  
proportion of the surface area w hich  can receive an electron w e have

a~kT¡4ne2x  . . . . (13)

(a ~  la ttice  param eter). T his is ab ou t 1 /3000  for layers 50 a .  thick.
T he p robability  th a t  an electron incident on th e  oxide layer should  

penetrate it  is thus g iven  b y  th e  product of P  and (13). T h e num ber of 
electrons in  the m eta l w ith  energies betw een  an y  lim its is g iven  b y  the  
Ferm i-D irac function . W e m ay deduce th at, if N  is th e  to ta l num ber 
of electrons in  th e  m eta l, the num ber passing through un it area o f the  
layer per u n it tim e is

k T t P  3n  r . j r  d ^ u d u d v d u , ’ _  e _ w { 2 m ( , _ i m t t J ; W A

í h í :4vre2X 4mPmax J o  J J - c o  el>n(u, +s, +u>, )/fcr_|_ j

w here wxnaI is th e  m axim um  energy of th e  electrons in  th e  m etal.
T he in tegration  m ay  be carried out in ascending pow ers of T, and  

gives per cm .2 per sec., Me~xlXi>, w here

J f  kT u 2 6 N  ¿ V  r  7r2x2(kT)2 
4Trezx m2u3max x'1 [_ ' 24 <f>2x02

and x0 =  &/47rv/(2»H<£) . . . .  (14)

T o obtain  th e  rate of grow th dx /d t w e  m u ltip ly  b y  th e m olecular volum e
Thus w e ob ta in  the logarithm ic law  (11) a lready given , w here x0

is independent o f tem perature, K {— M C l) increases rather m ore rapidly  
than  th e  first pow er of T, and also varies slow ly  w ith  x.

A s regards num erical va lu es, if is expressed in eV

x0 =  1-2 X iO~8<f>-i cm .

A s w e h ave seen, <f> m ust be greater than  1 eV, for protective  film s to be 
form ed at all, so

x0 <  i-2  X IO-8  cm.

For film s 50 a .  th ick  w e h ave for K  from  form ula (14)

K  1 cm ./sec.

W e m ay take th e  lim itin g  film th ickness to  be th a t a t  w hich  one  
atom ic layer is added in a year  (say i o 7 sec.). T hen d^c/d£ ^  io ~ 15 and

xIxo 15 log« i o ~ 35-
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For x0 =  1-2 X io -8  cm ., th is gives for the m axim um  thickness ob ta in 
ab le -with an y  va lu e  of <f> large enough to  g ive protection  (v iz., ^ ~  I eV),

% 44 x  io -8  cm.

If <f> w ere 4  eV, th e  th ickness w ould be 22 X I 0 ~ 8 cm.
If w e  took  for our lim iting film  th ickness th a t for w hich  one atom ic  

layer w ere added in a day, w e should get va lues of 40 and 20 a .  respec
tive ly .

T hese th icknesses seem , as regards th e order of m agnitude, to be in 
good agreem ent w ith  experim ent. L. T ronstad 10 gives the follow ing  
table for film s w hich  h ave reached a con stan t thickness :

Mercury in dry air . . . . . . .  1 5 - 2 0  A .
Aluminium in dry air . . . . . . .  100-150 A.
Iron in dry air . . . . . . . .  15-40 a .
Austenitic stainless steel . . . . . .  10-30 a .

In loc. cit., w e  deduced a th ickness of about 100 a .  from  m easurem ents 
of V ernon on th e  increase of m ass of alum inium  exposed  to air. Dr. 
V ernon has, how ever, pointed  ou t to  m e th a t if w e introduce E rbacher’s 11 
factor of 2-5 to correct for the ratio of real to  apparent surface, w e obtain  
a  th ickness of 40 a .  in agreem ent w ith  the theory.

A  th ickness of 40 a .  for the ox id e film  form ed on alum inium  at room  
tem perature after an exposure of a  few  m onths has also been found by  
S te in h e il12 from  the progressive increase of transparency of evaporated  
alum inium  film s w hen  exp osed  to  air.

In a recent paper V ernon 13 and his co-workers h ave m easured the  
rate of ox idation  of zinc ; below  2250 C. protective films were form ed, 
and the rate of grow th satisfied approxim ately  th e equation

x  =  a log  (bt -j- 1).

Since w e do n o t ex p ect th e logarithm ic law  to be va lid  in the early 
stages of grow th, w e can not com pare the constan t b in th is equation  
w ith  the con stan ts of our theory. T he constant a, w hich determ ines 
the lim itin g  th ickness, should, how ever, be very  nearly equal to our x0. 
V ernon found  betw een  50° and 2250 C. a va lue of about 0-08 m g./d m .2, 
or assum ing a den sity  of u n ity  for the oxygen  in ZnO, 0-8 X  I 0 ~ 8 cm ., 
w hich  is th e  right order of m agnitude (x0 — 1 - 2 X io -8  cm ., accord
ing to  theory, and <j> >  1 eV).

4. Protective Film s on Alloys.

W e h a v e  in th is section  to  consider the form ation of protective films 
on such a lloys as those of iron w ith  chrom ium  or alum inium .

Wre h ave to  n ote in the first p lace th at protective oxide films can be 
form ed at tem peratures a t  w hich  there is no possib ility  of m etallic  
diffusion w ith in  the a lloy . Therefore, w hen  an oxide film  is form ed, 
both  m eta ls m u st enter into the oxide layer in the sam e proportion as 
th a t  in w hich  th ey  are present in the a lloy . T h at the constitu tion  of 
the m eta l underneath th e  p rotective layer is the sam e as in the interior 
of the m etal is also borne out b y  the fact th at successive form ations

“ Quoted by Evans, M etallic Corrosion, P assiv ity  and Protection, p. 76 
London (1937).

11 Z.  physik. Chemie, 1933, 63 , 215.
12 S te inh eil, A nn. Physik, 1934, i 9> 465-
13 Vernon, Akeroyd and Stroud, J .  Inst. M etals, 1939, 6  (advance copy).
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and rem ovals of the protective  film s do n o t alter the cap acity  of the  
m etal to form  the films.

On the other hand, qu ite sm all additions of a  second m etal are 
sufficient to  g ive  considerable resistance to corrosion (e.g. 7 per cent, 
of A 1 in  iron,14 or 3 per cent, of A 1 in  Cu a t  8oo° C.15). It is un likely  
th a t 7 per cent, of alum inium  in ferrous ox ide w ould be sufficient to  
alter the w ork function  </> of the oxide-iron interface sufficiently to  
prohibit the passage of electrons. W e therefore suggest th a t in itia lly  
a m ixed oxide is form ed, b u t as th e  film  th ickens the part o f the film  
n ex t to the m etal becom es rich in  alum inium  (or chrom ium  in chrom ium  
steels) u n til it  becom es im pervious to  electrons, w hile an iron ox id e film  
is form ed outside it. T he la tter film is w ith ou t influence on th e  pro
tec t iv e  properties.

T he w a y  in w hich  th is m ay be expected  to  happen is the follow ing : 
so far w e h ave  considered the m eta llic  ions as leav ing  th e  surface 
layer of the m eta l and m oving in  the oxide from  one in terstitia l position  
to  another u ntil th ey  reach the ox ide-oxygen  interface. A nother process 
m ay possib ly  be occurring a t th e  sam e t im e ; a m eta l ion in  an in ter
stitia l position  m ay  change places w ith  a  m etal ion in  the ox id e la ttice . 
In an ox ide of a  single m eta l th is process w ill n o t h ave  an y  observable  
e f f e c t ; b u t in  the m ixed oxide the d iva len t ferrous ion  w ill leave  its 
la ttice  position  w ith  the expenditure of less energy than the triva len t 
alum inium  or chrom ium  ions. Therefore, in  the layers n ex t to  the  
m etal th e  ferrous ions w ill frequently  be replaced b y  th e  tr iva len t ions, 
w hile m ain ly  ferrous ions w ill succeed in penetratin g  to  the surface and  
form ing new  oxide layers.

It m ay be m entioned th a t Fröhlich,15 in his in vestiga tion s of films 
of the order io -4 to  io -3 cm . th ick  form ed on copper and its a lloys at 
800° C., has found  an effect of th is typ e ex p er im en ta lly ; h e finds th at  
alloy ing  2 or 3 per cent, of alum inium , beryllium  or m agnesium  w ith  the  
copper g ives a  very  considerable protection  against oxid ation , the  
p rotective film  bein g  form ed betw een the m etal and the m ain oxide  
layer, and consisting  predom inantly  of the oxide of th e alloyed  m etal.

It should be em phasized th a t our theory applies prim arily to  ox id a 
tion  a t low  tem peratures, a t w hich diffusion of one m eta l through the
other is im possible. A t high tem peratures, on the other hand, it is
possib le th a t th e  proportions of th e  tw o m etals in th e  oxide layer  m ay  be 
different from their proportions in th e a lloy . T h at this is the case is 
suggested  b y  experim ents of Iitak a  and M iyake,16 w ho find th a t the  
p rotective film s form ed on copper-beryllium  alloys contain ing 1 per cent, 
of beryllium  h eated  to a red h eat g ive  th e  electron diffraction rings 
characteristic of BeO alone. In order to exp lain  these results w e m ay  
assum e th a t diffusion w ith in  the m etal takes p lace readily, and also th a t  
the beryllium  ions diffuse through th e  ox ide layer m uch faster than the  
larger copper ions, so th a t a  p rotective film  of BeO is form ed before an y  
appreciable am ount of Cu20  appears.

5. Thick Film s.

So far w e h a v e  considered film s so th in  th a t the space charge set up 
b y  the diffusing ions and electrons is negligible. T he critical thickness,

11 P o rtev in , P r e te t  an d  J o liv e t , J . Iron Steel Inst., 1934, 130, 219.
15 K . W . F röh lich , Z. M etallkunde, 1936, 2 8 , 368.
16 Nature, 1936, 137, 457.
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if g iven  b y  (7), w hich m ay be w ritten
=  ^ /{kT aD Irre-A )  

w here A  is the constan t in the grow th equation . For a film  th at grows 
to  IO-4  cm. in an hour, A  i o -5 , and, if th e  grow th is governed b y  the  
diffusion of electrons, D  <-̂  o-2 cm .2/sec. P u ttin g  in num erical va lu es, 
w e obtain

* c ~ 3  X io -5 cm.

If th e  rate of grow th is controlled b y  the rate of diffusion of p ositive  
ions, D  and hence x c w ill be sm aller.

W e consider, th en , th e  lim iting  case of film s th ick  com pared w ith  x c.
If the film  w hen  of stoichiom etric com position is a  conductor (e.g. 

an ion ic conductor, as are silver halides above room tem perature), then  
no space charges can be set up, and th e  law s of grow th are the sam e as 
for th in  film s. For insulators, how ever, since w e m ust h ave no large 
space charge set up, w e m ay  assum e th a t the concentration  of ions and  
electrons is equal, excep t in the ox ide film  a t a  d istance com parable w ith  
xc from  th e m etal. M oreover, th e  constan t n0 w hich occurs in equation  
(10) in  the form ula for A  w ill no longer be N e~^kT, N e~n’'hT, w hichever 
is the sm aller, b u t N  eAti>*W)lkT _ T hus, unless </> and W  happen to be 
ex a ctly  equal, the va lu e  of A  appropriate to  th ick  film s is greater than  
for th in  film s. W e thus exp ect

x2 == A t (thin  films) 

x2 - = A 1(t +  t0) (th ick  films)

w ith
XI1 >  A .

T he p lot of x2 aga in st t should thus be as in  F ig. 3.
T here is, how ever, one case in  w hich  th ick  film s should grow m ore 

slow ly  than  th ick  ones. Suppose th a t m eta l ions go into in terstitia l 
positions in  th e  oxide, b u t 
electrons are n ot transferred  
through th e  conduction  band  
of the oxide, b u t as positive  
holes through the full band.
T his w ill be the case if, in 
F ig. I, >p <  <p. T hen the  
diffusing particles, p ositive  
ions and positive  holes, w ill 
both  produce a positive  space  
charge in th e  oxide.

It follow s th at the con
centration  n of neither elec
trons nor ions can reach a 
va lu e great enough to set up 
a field large enough to stop  
th e  diffusion of either. Since
the field is proportional to n$c, w e deduce th a t n0 near a boundary, 
instead  of rem aining constant as the film  thickens, decreases as i /x .  
T hus the equation  governing the grow th w ill be of the form

dx _  const, 
d i  ~  " x 2"

or x3 =  at -f- b.

F ig . 2.—Theoretical growth law- for 
insulating oxides.
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A t present w e do n o t know  of an y  reaction to w hich  these considera
tions are applicable.

6 . A  Logarithmic Law of Growth due to Recrystallisation.
Som e m etals, e.g. copper, form  com pact ox ide film s of an y  thickness, 

th e  rate of grow th fo llow ing the parabolic law . T hese film s give in ter
ference colours a t su itab le  th icknesses. N o interference colours are 
obtained  w ith  th e  p rotective  film s on alum inium  or chrom ium , probably  
because th ey  are n ot th ick  enough. T here is a  third ty p e  of ox ide film, 
such as th a t form ed on z in c 13 above 225° C., w hich  follow s a logarithm ic  
law  of grow th, bu t reaches m uch greater th icknesses (<■'-> 500 a . )  than  
the p rotective films, and w hose grow th rate is v ery  sen sitive  to  tem 
perature. T hese film s do n o t g ive  interference colours, and show  a 
granular structure under the m icroscope. It is suggested  th a t in 
these cases the original com pact film  breaks up and recrystallises, a  
h yp oth esis confirm ed b y  electron diffraction results due to  Shearer.17

It m ay be w orth  w h ile  to  sta te  a  se t o f assum ptions applicab le to
these thicker film s from  w hich a

c h

( a )
MeTa!

logarithm ic law  can be derived. 
B efore recrystallisation  w e im agine  
a th in  film  (Fig. 3 (a)), during re
crystallisation  w e im agine th a t the  
m etal is covered b y  a num ber of 
islands of oxide, as in  F ig. 3 (b). 
W e assum e th a t a t an y  part of the  
surface w hich is n ot already covered  
there is a  probability  p  per sec. per 
cm .2 th a t an island w ill begin to

F ig . 3.
(a) Compact film before recrystal

lisation.
(b) Film after recrystallisation.

form , and th a t once started  it  w ill 
grow rapidly to  a w eigh t w, w hich  
w e assum e to b e independent of th e  
presence of neighbouring islands. 
W e also assum e th a t each island  

w ill cover an area a, som e of w hich m ay, how ever, already be covered  
b y  other islands.

C onsidering un it area of surface, the probability  th a t a g iven  point 
is covered b y  a g iven  island is a ; therefore the probability  th a t it  is not 
covered is (1 — a). If there are n  islands per un it area, the fraction of 
th e  surface w hich  is n ot covered is thus

(1 -  a )”.

T he num ber of islands form ed per second is thus p ( 1 — a )n, so th a t if 
W  is the m ass of oxide per un it area,

d W  
df

: p w (I — a)".

B u t W  — nw, so th is equation  becom es

=  p w {  i  — a i w lw

' p w e - W a /w

17 Unpublished ; quoted by Vernon, e.a. loc. cit.
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since a is sm all, W /w  large. Integrating this, w e obtain

w
w  = T lo g  ^ at +  1'>’

w hich is the required equation .
T he author w ould  like to express his thanks to Dr. W . H . J . Vernon  

for va luab le discussions of the experim ental m aterial.

H. H. W ills Physical Laboratory,
U niversity of Bristol.
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P olym erisation  reactions h ave  long attracted  a tten tion  b y  reason  
both  of their scientific in terest and their industrial im portance. M ost 
of these reactions, how ever, hard ly  adm it o f a  com plete theoretical 
treatm ent. In fact, the different stages in polym erisation , viz. form ation  
of active  centres or nuclei, d evelopm ent and breaking of the chain, etc., 
cann ot be adequ ately  explained b y  experim ental data  alone, b u t need  
also the p ostu lation  of certain  h yp oth eses u sually  difficult to verify. 
T hus, th e  active  centres are often  supposed to be activa ted  m olecules or 
b iva len t radicals, the ex istence of w hich has n ot been proved by  in 
d ependent m ethods. A gain , th e  question  w hether it  is the activation  
energy, or the steric factor th a t p lays an im portant part in the progress 
and stopp ing  of the chain, is still open to discussion. F inally , the re
action  products are, in m ost cases, com plex  m ixtures or polym ers not 
easy  to analyse. T h e com p lex ity , therefore, of the question , w hile  
rendering fu tile  an y  a ttem p t at form ulating a general so lu tion  to all the  
problem s raised in polym erisation , suggests, a t the sam e tim e, a d elim ita
tion  of th e  field of in vestiga tion  to one of the m any groups and su b
groups into w hich polym erisation  reactions m a y  be con ven ien tly  divided, 
and th e  choice from  it  of one particular case for theoretical treatm ent. 
W e selected  for our stu d y  the polym erisation  of e th y len e b y  radicals for 
a tw o-fold  reason. F irst, because e th y len e appears to be the unit in the 
build ing-up of radicals and m olecules, from  the fact th a t com plex m ole
cules decom pose, under certain experim ental conditions, into sim ple ones 
and ethylene, w h ile  sim ple radicals add up w ith  ethylene to  g ive com plex  
ones, thus poin ting  to the ex istence of an equilibrium  of the type

c3h 7 - c h 3 +  c 2h 4 
R -  C ,H 4 2  R  +  C2H 4

Secondly, because eth y len e polym erisation , for th e  reason ju st given , 
offers a very  good m eans of stu d y in g  the inter-relations betw een different 
radicals from  the p o in t of v iew  of polym erisation  efficiency.

P revious researches h ave show n th a t polym erisation  could be induced  
b y  free radicals from  acetone, azo-m ethane, m ercury-d im ethyl, e tc .1

1 See e.g., T ay lo r and  Ju n g ers, Trans. Faraday Soc., 1937, 33, 1353.
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More recently , Joris and J u n g e r s2 polym erised eth y len e w ith  e th y l 
radicals produced from  e th y l iodide in  th e  presence of m ercury. T he  
alkyl iodides exh ib it in the u ltra -v io let an absorption band w ith  a m a x i
m um  a t abou t 2600 a .  corresponding to th e d issociation  of the m olecu le  
into a radical and an atom  of iodine. T he tech n ique devised  in th e  case  
of eth y l iodide perm its, therefore, of the production  of a lkyl radicals for 
stu d y  under com parable conditions. T he radicals studied  in the present 
research are m ethyl, e th y l, n- and iso-propyl. S ince the m echanism  
proposed for eth y len e polym erisation  is a  succession  of bim olecular  
ad d itive  reactions,

C H 3 +  C2H 4 - >  C3H 7 
C3H 7 +  C 2H 4 CSH U  . . .

it  should be possible to  verify  it  w ith  the help of the above series of 
radicals in w hich  the first and last m em bers differ b y  a m olecu le of e th y 
lene. A lso, valuab le inform ation  m ay  be obtained  concerning the varia
tion  of steric factor and activa tion  energy in  the course of the reaction, 
and the m echanism  of the chain breaking.

1. Experimental Procedure.
T h e  m e th y l  a n d  « - p r o p y l  io d id e s  u se d  w e r e  M e r c k ’s, t h e  e t h y l  a n d  is o -  

p r o p y l,  F r a e n k e l’s  p r o d u c ts . T h e  a p p a r a tu s  w a s , in  p r in c ip le , t h e  sa m e  
a s  t h a t  o f  J o r is  a n d  J u n g e r s .2 A lk y l  io d id e s , a f te r  b e in g  fr e e d  fr o m  a ll  
v o la t i l e  im p u r it ie s ,  w e r e  in tr o d u c e d  in to  a d e q u a te  v e s s e ls  a n d  w e r e  k e p t ,  
w h e n  n o t  a c t u a l ly  in  u se , in  liq u id  a ir  t o  a v o id  d e c o m p o s it io n  o r  c o n ta m in a 
t io n  b y  fo r e ig n  p r o d u c ts . M ix tu r e s  o f  e t h y le n e  a n d  io d id e , in  v a r y in g  
p r o p o r t io n s , c o u ld  b e  in tr o d u c e d  in to  th e  r e a c t io n  c h a m b e r  c o n s is t in g  o f  
a  s i l ic a  t u b e  o f  3 c m . in  d ia m e te r  a n d  2 0  c m . in  le n g th  a n d  f i t t e d  in s id e  
w it h  a  p y r e x  t u b e  h a v in g  s m a ll  r e c e p ta c le s  fo r  t h e  m e r c u r y  w h a t  is  n e c e s 
s a r y  t o  t a k e  u p  t h e  io d in e  lib e r a te d  fr o m  t h e  a lk y l  io d id e s  d u r in g  t h e  r e 
a c t io n .  T h e  u p p e r  e n d  o f  t h e  c h a m b e r  w a s  c o n n e c te d  w it h  a  s id e  t u b e  
t e r m in a t in g  in  a  s m a ll  b u lb  in  w h ic h  g a s e o u s  r e a c t io n  p r o d u c ts  c o u ld  b e  
c o n d e n se d  w it h  fr e e z in g  m ix tu r e s  o f  k n o w n  t e m p e r a tu r e  a n d  a n a ly s e d  for  
m e th a n e  a n d  h y d r o g e n . T o  m a in ta in  t h e  r e a c t io n  c h a m b e r  a t  a n y  d e sir e d  
te m p e r a tu r e , i t  w a s  e n c lo s e d  in  a  c y lin d r ic a l  e le c tr ic a l  fu r n a c e  o f  th ic k  
a lu m in iu m  w o u n d  r o u n d  w it h  r e s is ta n c e  w ir e  a n d  p r o v id e d  w it h  a n  a p e r tu r e  
c lo s e d  w it h  a  q u a r tz  t u b e  p e r m it t in g  t h e  e n tr a n c e  o f  l ig h t .

T h e  so u r c e  o f  l ig h t  w a s  a  m e r c u r y  a r c  o f  t h e  H e r a e u s  t y p e  o p e r a te d  
a t  h ig h  te m p e r a tu r e  a t  n o  v .  a n d  3-5  a m p ., t h e  d is ta n c e  fr o m  t h e  c e n tr e  
o f  th e  a r c  t o  t h a t  o f  t h e  r e a c t io n  v e s s e l  b e in g  14 c m . F o r  c e r ta in  e x p e r i
m e n ts , v o l t a g e  a n d  d is ta n c e  w e r e  c h a n g e d  t o  1 5 0  v .  a n d  10-5  c m ., a n d  75 v .  
a n d  22  c m . r e s p e c t iv e ly ,  t h e  a m p e r a g e  r e m a in in g  c o n s ta n t ,  in  o rd er  t o  se c u r e  
v a r y in g  l ig h t  in te n s i t ie s .  T h e  l ig h t  w a s  f ilte r e d  th r o u g h  u v io l  g la s s  b e fo r e  
e n te r in g  t h e  r e a c t io n  v e s s e l .

P r e ssu r e  v a r ia t io n s  w e r e  m e a su r e d  m a n o m e tr ic a l ly  a t  r o o m  te m p e r a tu r e .  
A n y  n o n -v o la t i le  p r o d u c ts  d e p o s it e d  o n  t h e  w a lls  o f  t h e  s i l ic a  v e s s e l  w e r e  
b u r n t  a w a y  a t  t h e  e n d  o f  t h e  r e a c t io n  a t  a  d u ll r ed  h e a t  w it h  a  b lo w -p ip e .

2. Experimental Results.
S e v e r a l s e r ie s  o f  m e a su r e m e n ts  w e r e  m a d e  s o  a s  t o  c o m p a r e  t h e  e ff ic i

e n c ie s  o f  r a d ic a ls  u n d e r  d if fe r e n t  e x p e r im e n ta l  c o n d it io n s . T h e  r e s u lts  a r e  
r e c o r d e d  in  T a b le  I .  C o lu m n  1 r e p r e s e n ts  t h e  se r ia l n u m b e r  o f  t h e  e x 
p e r im e n t  ; 2 , t h e  r a d ic a l  u n d e r  c o n s id e r a t io n  ; 3 , 4 , 5 , r e s p e c t iv e ly ,  p r e ssu r e
o f  io d id e , o f  e t h y le n e  a n d  p r e s su r e  v a r ia t io n  A P  r e s u lt in g  fr o m  t h e  r e a c t io n  ;
6 , t h e  y ie ld , i.e .  r a t io  b e tw e e n  t o t a l  p r e s su r e  v a r ia t io n  a n d  io d id e  p r e ssu r e

2 Jo ris  an d  Ju n g ers, Bull. Soc. Chim. Belg., 1938, 47, 135.
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A P / P , ; 7 , t h e  t im e  o f  h a lf -r e a c t io n  ; 8 , r e m a r k s . T h e  r e s u lts  a re  a lso  r e p r e 
s e n te d  g r a p h ic a l ly  b y  p lo t t in g  d e c r e a se  o f  p r e s su r e  a g a in s t  t im e . In  a ll  
t h e  e x p e r im e n ts , t h e  r e a c t io n  w a s  fo llo w e d  t o  c o m p le t io n , i.e .  t i l l  n o  fu r th e r

TABLE I.

No. of p  Iodide p  ethylene A P
Experi Radical. in in in A P IP i . t  J Reaction. Remarks.
ment. cm. cm. cm.

A .— I n f lu e n c e  o f  I o d id e  P r e s s u r e  a n d  B ,  o f  T e m p e r a t u r e .  

245° C .

I C H a 6-50 11-S3 IO-3 1-59 17'
2 c 2h 5 6-50 12-03 IO-X 1-54 16'
7 c h 3 2-92 12-23 6-oo 2-03 15'
8 c 2h 5 2-90 11-70 4-90 1-69 I I '
9 c 3h 7 (i) 3-17 12-03 2-97 o -95 6'
3 C H 3 t -75 12-08 3-71 2-12 13'
4 C2H 6 x-6o I2-IO 2-80 1-75 8'
5 c 3h ,  <«) 1-90 12-15 2-28 1-20 7'
6 C3H 7 (¿) t -95 12-15 2-00 1-02 5 '

2 0 0 ° C .

130° C .

G .— I n f lu e n c e  o f  L ig h t  I n t e n s i t y .  

2 45 ° C .

0-45 (CHj) 

o-iz (CHJ

0-06 (CH4)

10 c h 3 3‘°3 12-42 6-90 2-30 31'
11 C jH s 3- n 12-07 5-98 I-92 26'
12 C3H , (i) 2-97 12-03 4-00 i -35 16'
16 c h 3 1-89 12-41 4-60 2-44 32'
17 C 2H 5 2-00 12-20 4 '00 2-00 25'
18 C3H 7 (m) i-8 o 12-15 3 -4° 1-89 22'
19 c 3h ,  (i) 2-15 12-42 2-89 I-42 13'

< o-oi (CHJ

20 c h 3 1-90 12-65 4-75 2-50 ~  275'
26 c 3h 7 («) 2-03 12-15 3-88 1-90 ~  235'
21 CaH , («) 2-05 12-20 2-75 t -34 80'

7 c h 3 2-92 12-23 6-oo 2-03 I 5 '
14 c h 3 3-08 12-20 7-33 2-38 50'

9 c 3h 7 (i) 3-17 12-03 2-97 o -95 6'
13 C3H , (*) 2-95 12-02 3-02 1 0 2 14'

I
I I I

I
I I I

2 0 0 ° G .
12 I c 3h , W 1 2-97 I 12-03 1 4 -0 °  1 i -35 (
15 1 c 3H , (i) 1I 3-02 1 12-03 1 3-82 1 1-26 1

16'
10'

D .— I n f lu e n c e  o f  E th y le n e  P r e s s u r e .  

2 00° G.

I
II

24 c h 3 2-10 6-20 3-52 1-67 33'
25 C3H 7 (n) I-78 6-82 2-68 1-50 27'
16 c h 3 1-89 12-41 4-60 2-44 32'
18 CsH 7 (n) x-8o 12-15 3-40 1-89 22'
22 c h 3 2-03 24-75 6-90 3-4° 32'
23 C3H 7 (») 2-00 26-70 495 2-47 29'

p r e s su r e  v a r ia t io n  t o o k  p la c e . I t  is , th e r e fo r e , fro m  e x p e r im e n ta l ly  o b 
s e r v e d  c h a n g e s  o f  p r e s su r e  t h a t  th e  y ie ld s  h a v e  b e e n  c a lc u la te d .  Y ie ld s  
h a v e  b e e n  c h o s e n  t o  e v a lu a t e  th e  p o ly m e r is a t io n  e f f ic ie n c ie s  o f  r a d ic a ls .
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a s  t h e y  e l im in a te  t h e  fa c to r  o f  t h e  s l ig h t  p r e s su r e  v a r ia t io n s  u n a v o id a b le  in  
a  se r ie s  o f  e x p e r im e n ts .

A .  In f lu e n c e  o f  I o d id e  P r e s s u r e .

T h e  e f fe c ts  p r o d u c e d  o n  p o ly m e r is a t io n  y ie ld s  b y  v a r ia t io n s  in  io d id e  
p ressu re , a t  a n  a p p r o x im a te ly  c o n s t a n t  p r e s su r e  o f  e th y le n e ,  h a v e  b e e n  
s tu d ie d .  T h e  e x p e r im e n ta l  d a ta  a re  r e c o r d e d  in  T a b le  I  A  a n d  B , a n d

Fig. i a—Polymerisation of Ethylene at 2450 C.

r e p r e s e n te d  b y  F ig s .  1 a, b, c, fr o m  w h ic h  t h e  fo l lo w in g  c o n c lu s io n s  m a y  b e  
d r a w n . T h e  y ie ld ,  a t  a  g iv e n  p r e ssu r e , d e c r e a se s  d o w n  th e  s e r ie s  o f  io d id e s  
m e th y l ,  e t h y l ,  n -  a n d  is o -p r o p y l.  T h is  is  t o  b e  a sc r ib e d  t o  t h e  d iffe r e n c e  
in  t h e  s t e r ic  fa c to r s  o f  t h e s e  r a d ic a ls , a s  w all b e  e x p la in e d  in  d e t a i l  in  t h e  
d isc u s s io n . S e c o n d ly , fo r  a n y  r a d ic a l, t h e  y ie ld  in c r e a s e s  w it h  d e c r e a s in g  
io d id e  p r e s su r e . T h is  m a y  b e  e x p la in e d  in  t h e  fo l lo w in g  m a n n e r . T h e  
r a d ic a ls  c a n  r e a c t  n o t  o n ly  w ith  e t h y le n e  m o le c u le s  p r e s e n t  b u t  a ls o  a m o n g  
t h e m s e lv e s ,  a n d  s in c e  t h is  la t t e r  r e a c t io n  in c r e a s e s  in  im p o r ta n c e  a t  h ig h e r
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r a d ic a l  c o n c e n tr a t io n s  b r o u g h t  a b o u t  b y  h ig h e r  io d id e  p r e s su r e s  w h i ls t  t h e  
e t h y le n e  r a d ic a l  r e a c t io n  d e c r e a s e s , t h e  p o ly m e r is a t io n  y ie ld  d e c r e a s e s  a t  
h ig h e r  io d id e  p r e s su r e s . A t  lo w e r  io d id e  p r e ssu r e s , o n  th e  c o n tr a r y , t h e  
m u t u a l  r a d ic a l  c o m b in a t io n  i s  fa v o u r e d  le s s  t h a n  t h e  m a in  e t h y le n e  p o ly 
m e r is a t io n  r e a c t io n  ; t h e  m o r e  so  a s  t h e  r e la t iv e  c o n c e n tr a t io n  o f  e t h y le n e  
b e c o m e s  p r o p o r t io n a te ly  g r e a te r , a n d  c o n s e q u e n t ly  t h e  y ie ld  in c r e a se s . 
I n  a g r e e m e n t  w it h  t h is  t h e  y ie ld  u n d e r g o e s  a  fu r th e r  in c r e a s e  w h e n  th e  
r e la t iv e  p r e s su r e  o f  e t h y le n e  is  r a is e d  s t i l l  m o r e  a s  in  t h e  e x p e r im e n ts  r e 
c o r d e d  in  T a b le  I  D . F in a l ly ,  t h e  r e la t iv e  d iffe r e n c e s  in  y ie ld s  fo r  th e  
s e v e r a l  io d id e s  in c r e a s e  w it h  d e c r e a s in g  io d id e  p ressu re , a n d  t e n d  t o  l im it in g  
v a lu e s  a t  lo w  p r e ssu r e , n e a r  a b o u t  2 c m ., a s  m a y  b e  s e e n  in  t h e  c a s e  o f  
m e th y l  a n d  e t h y l  io d id e s  a t  2 4 5 0 C. T h is  l im it in g  r e g io n  o f  io d id e  p re ssu r e

Fig. lb .—Polymerisation of Ethylene at 200° C.

i s  o f  p a r t ic u la r  im p o r ta n c e  fo r  t h e  s t u d y  o f  t h e  sp e c if ic  in flu e n c e  o f  th e  
in d iv id u a l  r a d ic a ls  in  t h e  p o ly m e r is a t io n  o f  e th y le n e , b e c a u se  s in c e  t h e y  
a r e  a t  su c h  a  lo w  p r e ssu r e , in  v e r y  d i lu te  c o n c e n tr a t io n s , t h e y  u n d erg o  
m u c h  le s s  m u tu a l  c o m b in a t io n  a n d  c o n tr ib u te  m o r e  e f fe c t iv e ly  t o  p o ly 
m e r isa t io n , e a c h  fu r n is h in g  i t s  c h a r a c te r is t ic  y ie ld .  F o r  t h is  r e a so n , e x 
p e r im e n ts  w e r e  c a r r ie d  o u t  in  t h a t  io d id e  p r e ssu r e  r e g io n  w ith  in c r e a s in g  
e t h y le n e  p r e ssu r e s , t h e  r e s u lts  o f  w h ic h  w ill  b e  g iv e n  la te r .

H e r e  i t  sh o u ld  b e  a d d e d  t h a t  o n ly  in  t h e  c a s e  o f  m e th y l  io d id e  is  th e r e  
e v id e n c e  o f  f o r m a t io n  o f  m e th a n e , b e c o m in g  a p p r e c ia b le  a t  h ig h e r  io d id e  
p r e s su r e s  a n d  te m p e r a tu r e s  (see  c o lu m n  7  o f  T a b le  I  A , B ) , a lth o u g h  i t  is , 
e v e n  u n d e r  t h e s e  c o n d it io n s , n e g lig ib le  w ith  w h a t  w a s  o b ta in e d  b y  T a y lo r  
a n d  J u n g e r s  1 w h e n  u s in g  a c e to n e  a s  s e n s it is e r .
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B . I n f lu e n c e  o f  T e m p e r a t u r e .

E x p e r im e n t s  m a d e  a t  2 4 5 , 2 0 0  a n d  1 3 0 °  C . s h o w  t h a t  t h e  b e h a v io u r  
o f  r a d ic a ls  j u s t  d e sc r ib e d  is  l i t t l e  m o d if ie d  b y  te m p e r a tu r e  v a r ia t io n , e x c e p t  
t h a t  t h e  y ie ld  fo r  a ll  o f  t h e m  in c r e a s e s  s l ig h t ly  w it h  lo w e r in g  te m p e r a tu r e .  
T h e  r e a so n  fo r  t h i s  i s  t h a t  t h e  r a d ic a l  c o n c e n tr a t io n  i s  s l ig h t ly  sm a lle r  a t  
lo w e r  t e m p e r a tu r e  d u e  t o  a  lo w e r  r a t e  o f  io d id e  d e c o m p o s it io n  a n d , a s  w a s  
p o in te d  o u t  in  t h e  p r e c e d in g  s e c t io n , a  lo w e r  r a d ic a l  c o n c e n tr a t io n  fa v o u r s  
th e  y ie ld .

G . In f lu e n c e  o f  L ig h t  I n t e n s i t y .

T o  e x a m in e  t h e  in f lu e n c e  o f  l ig h t  in t e n s i t y  o n  y ie ld s ,  e x p e r im e n ts  w e r e  
c o n d u c te d  w it h  v a r y in g  in te n s i t ie s  b y  m o d ify in g  t h e  v o l t a g e  a n d  t h e  d is 
ta n c e  o f  t h e  a r c  fr o m  t h e  r e a c t io n  v e s s e l : (I) n o  v . ,  14  c m . ; (II )  1 5 0  v . ,  
10-5 c m . ; ( I I I )  75  v . ,  2 2  c m ., a m p e r a g e  in  a l l  c a s e s  b e in g  p r a c t ic a l ly  c o n 
s t a n t .  T h o u g h  t h e  l ig h t  in t e n s i t y  in  e a c h  c a s e  w a s  n o t  q u a n t i t a t iv e ly  
d e te r m in e d , a  fa ir  id e a  o f  i t  m a y  b e  g a th e r e d  fr o m  t h e  s lo p e s  o f  t h e  c u r v e s

K-
« 26 .
*8
5
6 VJ• Ç v + S -

.-•?r

Y"

Time in muute s.

150 300  450  600  J 50  300
F ig . ic .—Polymerisation of Ethylene at 130° C.

in  F ig .  2 . C h a n g e  o f  c o n d it io n s  fr o m  (I) t o  ( I I I )  p r o d u c e s  a  c le a r  c h a n g e  
in  t h e  y ie ld s  fo r  m e th y l  a n d  iso -p r o p y l r a d ic a ls  (T a b le  I  C ). L o w e r  l ig h t  
in t e n s i ty ,  th e r e fo r e , in c r e a s e s  t h e  y ie ld  fo r  a l l  t h e  r a d ic a ls , w i t h o u t  a t  th e  
sa m e  t im e  m a s k in g  t h e  c h a r a c te r is t ic  y ie ld  d iffe r e n c e s  e x is t in g  b e tw e e n  
t h e  s e v e r a l  r a d ic a ls .  T h is  in c r e a s e  w it h  d e c r e a s in g  in t e n s i t y  m a y  b e  e x 
p la in e d  in  te r m s  o f  a  lo w e r  r a d ic a l  c o n c e n tr a t io n , a s  in  t h e  p r e c e d in g  
s e c t io n s .

D .  I n f lu e n c e  o f  E th y le n e  P r e s s u r e .
I n  t h e  a c e t o n e  p h o to s e n s it is e d  p o ly m e r is a t io n  o f  e th y le n e ,  T a y lo r  a n d  

J u n g e r s  1 o b s e r v e d  t h a t  t h e  y ie ld  in c r e a s e d  w it h  e t h y le n e  p r e s su r e  a n d  
t h a t  a t  a  c o n s t a n t  a c e to n e  p r e s su r e  o f  1-3 c m . i t  r e a c h e d  a  l im it in g  v a lu e  
w h e n  e t h y le n e  w a s  a b o u t  25  c m . p r e ssu r e . W it h  a  v ie w  t o  s t u d y in g  t h e  
b e h a v io u r  o f  o u r  r a d ic a ls  u p  t o  t h is  l im it in g  p r e s su r e  o f  e th y le n e ,  e x p e r i
m e n t s  wrere  m a d e  w it h  m e th y l  a n d  « -p r o p y l  io d id e s  a t  t h a t  io d id e  p r e s su r e  
a t  w h ic h , a s  m e n t io n e d  in  s e c . 2 A , t h e  r e la t iv e  y ie ld  d iffe r e n c e s  fo r  r a d ic a ls  
w e r e  t e n d in g  t o  a  l im it ,  v iz .  a t  a b o u t  2 c m . p r e ssu r e . F r o m  t h e  e x p e r i
m e n ta l  d a ta  in  T a b le  I  D , i t  i s  o b v io u s  t h a t  t h e  y ie ld s  fo r  b o th  r a d ic a ls



in c r e a s e  w it h  e th y le n e  p r e ssu r e , a n d  in  t h e  n e ig h b o u r h o o d  o f  25  cm . 
e t h y le n e  p r e ssu r e , t h e  y ie ld  fo r  t h e  m e th y l  is  3 -4  a n d  fo r  th e  « -p r o p y l  
r a d ic a l  2 -4 7 , t h e  d iffe r e n c e  b e in g  n e a r ly  u n ity .  T h is  m e a n s  t h a t  t h e  m e th y l  
r a d ic a l  h a s  b e e n  a b le  t o  a d d  o n  o n e  e th y le n e  m o lc e u le  m o r e  t h a n  « - p r o p y l ;

J .  C. J U N G E R S  A N D  L . M . Y E D D A N A P A L L I  4 89 .

F ig . 2.—Influence of light intensity on the polymerisation yield.

bu t the fact th at the tw o radicals differ in structure also by  one ethylene  
molecule, leads us to  believe th a t the polym er in either case is similar in  
form and results from  a  direct addition of ethylene molecules to  radicals.

3. General Discussion.
T he d iscussion m ay  be divided in to  three sections dealing w ith  (a) 

the prim ary process of ligh t absorption b y  a lk y l iodides, (b) th e  form ation, 
of the polym er, (c) the m echanism  of disappearance of radicals.
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(a) The Primary Process.
Since the photodecom position  of a lkyl iodides provides the radicals 

necessary for the subsequent p olym erisation  reaction, in teresting in 
form ation about it  m ay  be secured b y  treating it  separately , even  though  
it takes p lace in our experim ents in the presence of eth ylene. T he 
prim ary process in the absorption of ligh t b y  alkyl iodide is know n to be 
the rupture of the C— I bond, liberating the radical.3 D ue to the occur
rence, under ordinary conditions, of the reverse reaction , i.e . recom bina
tion of the radical and iodine atom , the apparent iodide decom position  
is very  low .4 In order to increase this, Joris and Jungers 2 carried out 
the decom position  in the presence of m ercury w hich takes up the liberated  
iodine p artly  to  an ex ten t depending on its  own vapour pressure a t the  
experim ental tem perature.

R I +  hv  - >  R  +  I . . . . ( i)
R  +  I - *  R I . . . . (2)

I + H g ^ H g l  . . . . (3)

N ow  P orret and G oodeve 5 h ave show n th a t the absorption coefficient,
i.e .  the num ber of light q uan ta  absorbed per sec., is the sam e for the  
iod ides in question , so th a t equal pressures should, for a g iven  ligh t in 
ten sity , furnish the sam e num ber of radicals per sec. E xperim ent, 
how ever, show s th a t the tim e of half-reaction  decreases dow n th e  series 
of iodides m ethyl, e th y l, « - and w o-propyl (cf. T able I A, B ). This 
difference in tim e cannot be accounted  for b y  the presence of m ercury, 
w hose influence is the sam e for all the iodides. N or can a satisfactory  
exp lan ation  be g iven  in term s of eth ylene, since a four-fold increase of 
its pressure does n ot appreciably affect the half-reaction  tim e for m eth y l 
and «-propyl iodides, as m ay  be seen from  the results in T able I D . On 
th e  other hand, since the iodide decom position  appears to be the rate  
determ in ing process, th e  observed difference m u st be ascribed to the  
iodide regenerating step  (2) w hich  com petes w ith  m ercury for iodine, 
thus p artia lly  opposing th e  decom position  step  (1). N ow  th e  rate of the  
back-reaction  (2) is faster in the case of the m eth y l than  in th a t of the  
eth y l radical, because the form er ow ing to  its larger steric factor (see 
sec. 3B ) reacts w ith  iodine faster than  the latter, and consequently , an  
apparently  slow er decom position  rate is observed for m eth y l than for 
eth y l iodide. T he sam e exp lan ation  holds good for the w hole series of 
iodides, as th e  steric factor decreases w ith  the com p lex ity  of each m em ber  
of the series.

(b) Polymer Formation.
In the section s 2 A  and B , it  w as show n th a t w ith  decreasing iodide  

pressures the polym erisation  y ields for th e  several radicals and their  
relative differences increased a t first and then , a t  ab out 2 cm . pressure, 
tended to  lim itin g  va lu es due to  the progressive suppression of m utual 
radical com bination  in favour of the m ain eth y len e polym erisation . In 
•section 2D , th e  y ie ld s for m eth y l and « -p ropyl iodides a t a pressure of

3 (a) H erzberg an d  Scheibe, Z . p h ysik . Chem., 1930, 7, 390 ; (b) P orret and  
G oodeve, Trans. Faraday Soc., 1937, 3 3 , 690.

‘ (a) B a te s  an d  Spence, J . A m er. Chem. Soc., 1931, 53, 1689 ; (6) Spence an d  
W ild , Proc. Leeds P hil. Soc., 1935, 3 , 141 ; (c) Iredale and  D ap h n e S teph an , 
T ra n s . Faraday Soc., 1937, 33> ®°°-

5 P orret and G oodeve, Proc. R oy. Soc., 1938, 31 , 165.
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2 cm . w ith  an ethylene pressure gradually increasing up to its own lim it 
of 25 cm. were discussed. In all these lim iting cases, the y ields differ 
for m eth y l and eth yl radicals b y  values tending to 0-5, and for m ethyl 
and w-propyl b y  un ity . On the other hand, the radicals them selves  
differ from one another in structure b y  half an ethylen e m olecule CH2. 
T hese facts lead us to believe th a t the polym er in the case of all the  
radicals is sim ilar in form , and th at it m ay be regarded as being form ed  
by su ccessive additions of ethylene m olecules to radicals through bi- 
m olecular reactions of the typ e

C H 3 -f- C 2H .[ —> C3H 7 
C3H 7 -f- CoH .j - ¥ ■  C ,H U . . .

the v e loc ity  constan t of each of these successive steps being given  by  the 
general form ula

Jy -----  7) c  p —E  I R TKn — y n "

where ze~ElRT represents the num ber of collisions w ith  sufficient energy  
to bring about reaction, and p  is a factor accounting for the fact th a t not 
all collisions w ith  the required energy lead to reaction. If the velocity  
constant k for any one of these successive steps is very  sm all, it  m eans 
th at th a t particular step  w ill take p lace w ith  extrem e difficulty, and the  
step follow ing it w ill practically  n ot take p lace at all. N ow  the fact that  
the y ie ld s for all the radicals are lim ited  to a va lu e  w, as w e ju st remarked, 
show s eth y len e is added up to  the n th step  inclusively  of the above series, 
and n ot beyond it, because for the in -f- i ) th step  kn+1 is alm ost zero. 
T he reason for th is m ay be sought in the variables p , E  and Z. The 
changes of Z  w ith  each successive step  are m uch too sm all com pared to 
its  abso lu te va lue to accou n t for the van ish ing  value of kn+1. If a high  
activation  energy E n+1 were necessary for the (n +  i ) th step to take place 
an increase in tem perature should bring it about and thus increase the  
yield . B u t the fact th a t the y ield  is approxim ately  the sam e, despite  
an increase of tem perature from  130 to 2450 C ., excludes E  from  prim ary  
responsib ility  for the above sta te  of affairs. On the contrary, th e steric  
factor p , w hose theoretical significance has been explained b y  B aw n ,6 
is know n to decrease m arkedly w ith  com p lex ity  of the radical and to  
reduce correspondingly its reactiv ity  in association  reactions of the type  
w e are concerned w ith . It is, therefore, the steric factor w hich largely  
affects and accounts for th e  lim iting step of th e  ab ove series of addition  
of ethylene to radicals.

It m ay be added th a t the steric factor for w<?-propyI radical is sm aller 
than th a t for w-propyl, due to the more com plex structure of the former, 
and consequently  the polym erisation  y ield  for the wo-radical is sligh tly  
low er. T his show s th a t the n- and w o-radicals w hen free do n ot lose  
their in d iv id u a lity  but reveal the influence of their structural differences 
in polym erisation .

(c) Disappearance of Radicals.
R egarding the disappearance of radicals, w hich w e h ave several tim es  

m entioned  here, three m echanism s m ay be envisaged, (I) saturation by  
capture of an hydrogen atom  from a neighbouring m olecule, (II) bi- 
m olecular com bination  of radicals am ong them selves, and (III) d issocia
tion into an hydrogen atom  and an olefine m olecule.

8 B aw n, Trans. Faraday Soc., 1936, 32, 178.
18
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R +  XPI ->  R H  +  X  . . . . I)
R +  R  ->  R R  . . . . (II

R ^ X  +  H  . . . (H I)

According to m echanism  (I) as established b y  W est and his co-workers 7 
for eth y l iodide decom position , the reaction schem e w ill be

C2H 3I ^  C ,H 5 +  I 
C2H 5 +  C2H 5I C2H 6 +  C2H J

c 2h 4i  ->  C2H 4 +  I 
I -|- I -f- X  — Io "f X

and the reaction w ill take p lace w ith ou t affecting the pressure of the 
system . M echanism  (II) w ill g ive, as end-products, dim ers of the radical 
and reduce the pressure, a t the end of the reaction, to half its in itial 
value.

2C2H 5I ->  2C2h 5 -f- I2 
Q H 5 +  c 2h 5 c4h 10

This m echanism , in volv in g  bim olecular com bination , w ill becom e less 
im portant a t low  radical concentrations, or n ot take p lace a t all, in  w hich  
case the rad ica ls.m ay  disappear through m echanism  (I). In favour of 
both  these m echanism s w e cite the w ork o f Joris and Jungers 2 w ho found  
th a t th e photodecom position  of eth y l iodide in presence of m ercury  
(when the radical concentration  w as high), took  p lace w ith  a pressure 
variation , and in the absence of m ercury, w ith ou t pressure variation . 
A sim ilar observation  w as m ade b y  V an T assel,8 also in th is laboratory, 
stu d y in g  the sam e reaction therm ally. It is no dou bt to the exclusive  
occurrence of m echanism  (I) th at the end-products, ethane and eth y len e  
obtained b y  W est and G in sb u rg7 in eth y l iodide decom position , and  
propane and propylene b y  Glass and H inshelw ood ,9 and Jon es and Ogg 10 
in propyl iodide decom position , are to be attributed . In the m ercury  
photosensitised  hydrogenation  of ethylene, w here radical com bination  
m ust have been appreciable, Jungers and T aylor 11 got alm ost exclu sively  
butane due to  the occurrence of m echanism  (II).

Our results do n ot confirm m echanism  (III), i.e. d issociation  of the  
radical into an atom  of hydrogen and olefine, w hich has been frequently  
suggested  b y  several authors, since w e do n ot find even  traces of hydrogen  
in the reaction products.

C onsequently, w e suggest th at in our case m echanism  (I) and (II) are 
b oth  responsible for the disappearance of radicals, the form er at low , the  
la tter a t high, and both  together a t interm ediate radical concentrations. 
Further experim ents are in progress to  analyse com pletely  th e  products 
of decom position  of, and the products resulting from the polym erisation  
induced b y  alkyl iodides conta in ing  upw ards of five carbon atom s, in 
order to throw  m ore light on the proposed m echanism s.

T he authors w ish to express their thanks to Professor H . S. T aylor  
of Princeton U n iversity  for opportu n ity  afforded to discuss certain prob
lem s raised in th is paper.

7 W est an d  G insburg, / .  Am er. Chem. Soc., 1934. 5 >̂ 2626 ; W est and  Sch les- 
singer, J .  A m er. Chem. Soc., 193S, 60, 961.

8 V an  T assel, N aiuurw et, Tydschrift, 1938, 20 , S3.
8 G lass an d  H inshehvood , j .  Chem. Soc., 1929, 1817.
10 Jon es and  Ogg, / .  A m er. Chem. Soc., 1937, 59 , I93I-
11 Jungers and  T aylor, J .  Chem. Physics, 1938, 6, 325.
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Summary.
1. T h e  p o ly m e r is a t io n  o f  e th y le n e  b y  a lk y l r a d ic a ls  h a s  b e e n  e x a m in e d .  

T h e  y ie ld  fo r  a n y  o n e  r a d ic a l in c r e a se s  w ith  in c r e a s in g  e t h y le n e  p ressu re , 
d e c r e a s in g  io d id e  p r e ssu r e  a n d  l ig h t  in t e n s i ty .  F o r  th e  r a d ic a ls  ta k e n  
to g e th e r , i t  d e c r e a se s  d o w n  th e  se r ie s  m e th y l ,  e th y l ,  n- a n d  iso -p r o p y l.

2 . T h e  p o ly m e r  is  fo r m e d  b y  b im o le c u la r  a d d it io n s  o f  e th y le n e  m o le 
c u le s  t o  r a d ic a ls . T h e  d iffe r e n c e s  in  th e  p h o to d e c o m p o s it io n  r a te s  o f  t h e  
a lk y l  io d id e s  a n d  th e ir  p o ly m e r is a t io n  y ie ld  d iffe r e n c e s  a r e  e x p la in e d  in  
te r m s  o f  s te r ic  fa c to r .

3 . T h e  s t r u c tu r a l d iffe r e n c e s  b e tw e e n  n- a n d  iso -p r o p y l io d id e s  are  
c le a r ly  r e v e a le d  b o th  in  th e ir  p h o to d e c o m p o s it io n  r a te s  a n d  p o ly m e r isa t io n  
y ie ld s .

4 . T w o  m e c h a n ism s  a c c o u n t  fo r  t h e  d isa p p e a r a n c e  o f  r a d ic a ls  in  th is  
p o ly m e r is a t io n , i.e. sa tu r a t io n  th r o u g h  c a p tu r e  o f  a n  h y d r o g e n  a to m  a n d  
b im o le c u la r  r e c o m b in a tio n  o f  r a d ic a ls .
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der Universiteit te Leuven (Louvain),

Belgium.

T H E  S U R F A C E  T E N S IO N S  O F  M E T H Y L  
A C E T A T E  S O L U T IO N S .

B y  J . W . B e lto n .

Received 2y d  November, 1939.

There appear to be no accurate data  available for the surface tensions 
of aqueous so lu tions of m ethyl acetate— those quoted in the Inter
national Critical T ables, for exam ple, are on ly  given to w ith in  2 % 
M easurem ents w ere therefore m ade on m ixtures of w ater and redistilled  
m eth y l aceta te  b y  the m axim um  bubble pressure m ethod, bu t using  
the procedure previously  described b y  the w riter,1 it  w as found im 
possible to obtain  reproducible results, although no difficulty had been  
experienced w ith  other organic liqu ids.2 B y  taking su itable precautions, 
how ever, it  w as finally  found possib le to  obtain  values w ith  a m axim um  
error of 0-3 % .

T h e  e x p e r im e n ta l c e l l  w a s  m o d if ie d  b y  se a lin g  in to  th e  s id e  w a ll  (F ig . i ,  
r e f. 1), a  p ie c e  o f  p la t in u m  w ir e  b e n t  a t  r ig h t  a n g le s  a n d  sh a r p e n e d  so  t h a t  
i t s  p o in t  w a s  a b o u t  0 -5  c m . a b o v e  t h e  je t .  T h e  su r fa c e  o f  t h e  liq u id  u n d er  
o b s e r v a t io n  w a s  a lte r e d  b y  a  f in e ly  a d ju s ta b le  p re ssu r e  h e a d  so  t h a t  i t  
w a s  c o in c id e n t  w it h  t h e  p la t in u m  p o in t  w h e n  o b se r v e d  w it h  t h e  c a th e to -  
m e te r  te le s c o p e . T h e  m e a su r e d  m a x im u m  b u b b le  p r e ssu r e  m u s t  b e  
c o r r e c te d  b y  t h e  h e a d  o f  l iq u id  b e tw e e n  t h e  j e t  a n d  t h e  p o i n t ; t h is  c o r 
r e c t io n  in v o lv e s  t h e  d e n s ity  o f  t h e  so lu t io n  a n d  t h e  (d ir e c t ly  m ea su red )  
d is ta n c e  b e tw e e n  j e t  a n d  p o in t , a lso  g iv e n  b3r m e a su r e m e n ts  o f  th e  m a x im u m  
b u b b le  p r e s su r e  fo r  w a te r  w it h  i t s  su r fa c e  a t  t h e  j e t  a n d  th e n  w ith  it s  
su r fa c e  a t  t h e  p o in t  ( th e  p o s it io n  o f  th e  j e t  r e la t iv e  t o  th e  p o in t  w a s  
c o n s t a n t  fo r  a l l  d e te r m in a t io n s ) .

S o m e  d if f ic u lty  w a s  e x p e r ie n c e d  in  o b ta in in g  a  u n ifo r m , s lo w  r a te  o f  
b u b b le s  (a b o u t  1 p e r  10  se c .) .  T h e  p r e ssu r e  t e n d e d  t o  m o u n t  t o  a  v a lu e  
g r e a te r  th a n  t h a t  fo r  t h e  m a x im u m  b u b b le  p r e ssu r e  a n d  t h e n  t o  b e  r e le a se d

1 B elton , Trans. Faraday Soc., 1935, 3 1 , 1413- 1 Ibid., 1642.
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in  a  b u r s t  o f  f iv e  o r  s ix  b u b b le s . B y  c a r e fu l a d ju s tm e n t  o f  t h e  p r e ssu r e ,  
h o w e v e r , a  u n ifo r m  r a te  w a s  o b ta in e d , b u t  o n ly  b e lo w  t h e  m a x im u m  c o n 
c e n tr a t io n  r e c o r d e d  b e l o w ; a b o v e  t h i s  v a lu e  t h e  b u b b le s  a p p e a r e d  in  
b a tc h e s  a t  irreg u la r  in te r v a ls ,  w ith  c o n s e q u e n t  o s c i lla t io n  in  t h e  m a n o m e te r  
a n d  ir r e p r o d u c ib il ity  o f  r e s u lts .

A t t e m p t s  w e r e  m a d e  t o  m e a su r e  t h e  s u r fa c e  t e n s io n s  b y  t h e  c a p il la r y  
r ise  m e th o d . T h e  j e t  w a s  r e p la c e d  b y  a  c a p il la r y  t u b e  ; t h e  liq u id  w a s  
k e p t  a t  a  f ix e d  le v e l  b y  m e a n s  o f  t h e  p la t in u m  p o in t , a n d  t h e  p r e ssu r e  
n e c e s s a r y  t o  d e p r e s s  t h e  m e n isc u s  in s id e  t o  t h a t  o u ts id e  w a s  m e a su r e d  w it h  
t h e  a id  o f  t h e  c a th e to m e te r  t e le s c o p e . T h e  r e s u lts  a g r e e d  w it h  t h e  b u b b le  
p r e s su r e  m e th o d , b u t  fo r  t h e  m o r e  c o n c e n tr a te d  s o lu t io n s  w h ic h  h a d  
g iv e n  p r e v io u s  tr o u b le , i t  w a s  n o t  fo u n d  p o s s ib le  t o  k e e p  t h e  le v e ls  in s id e  
a n d  o u t  t h e  sa m e . T h e  fa ilu r e  o f  t h e  tw o  m e th o d s  fo r  t h e  s tr o n g e r  s o lu t io n s  
is  p r o b a b ly  l in k e d  w it h  t h e  h ig h  v o la t i l i t y  o f  m e th y l  a c e ta te .

T h e  m e th y l  a c e t a t e  u se d  in  th e s e  e x p e r im e n ts  h a d  b e e n  c a r e fu lly  
p u r ifie d  b y  t h e  m e th o d  o f  Y o u n g  a n d  T h o m a s ,3 a llo w e d  t o  s ta n d  r e p e a te d ly  
o v e r  p h o sp h o r u s  p e n to x id e  (w h ic h  r e m o v e s  b o th  w a te r  a n d  a lc o h o l)  a n d  
d is t i l le d . I t s  d e n s i t y  a t  2 5 0 C. w a s  0 -9 2 9 6  g . / c .c .  T h e  w a te r  u s e d  w a s  
d is t i l le d  fr o m  q u a r tz  a n d  w a s  s to r e d  in  a  q u a r tz  v e s s e l .  A ll  m e a su r e m e n ts  
w e r e  m a d e  a t  2 5 °  C.

Methyl Acetate-Water Mixtures.
T h e  m e a su r e d  su r fa c e  t e n s io n s  a re  g iv e n  in  T a b le  I , in  w h ic h  h is  t h e

m a x im u m  b u b b le  p r e s su r e  in  c m s . o f  
b u t y l  p h th a la t e  a n d  t h e  c o n c e n tr a t io n s  
a re  e x p r e s se d  a s  m o le  fr a c t io n s  o f  
m e th y l  a c e t a t e .  T h e  p lo t  o f  y  — N jseAc 
g iv e s  a  s m o o th  c u r v e  w h ic h  b e c o m e s  
le s s  s t e e p  a s  t h e  c o n c e n tr a t io n  o f  
m e th y l  a c e t a t e  in c r e a s e s . T h e  v a p o u r  
p r e s su r e s  o f  m e th y l  a c e t a t e  so lu t io n s  
h a v e  b e e n  d e te r m in e d  b y  M c K e o w n  
a n d  S to w e l l ,4 a n d  th e  p lo t  o f  th e ir  
d a ta  s h o w s  t h a t  o v e r  t h e  c o n c e n tr a t io n  
r a n g e  in v e s t ig a t e d  h e r e  H e n r y ’s  la w  is  
o b e y e d . A s s u m in g  t h a t  t h e  su r fa c e  

e x c e s s  o f  w a te r  is  zero , t h a t  o f  m e th y l  a c e t a t e  m a y  th e n  b e  c a lc u la te d  fro m

d y  =  — r Me A c i? T d  In YMeAc. . . . ( l )

T h e s e  a re  g iv e n  in  m o le s /s q .  c m . fo r  r o u n d e d  c o n c e n tr a t io n s  in  T a b le  I I .

T A B L E  II .

ArMeAc O-OOI 0-002 0 0 0 3 0 0 0 4 0 0 0 5 0-006 0 0 0 7 5

r  X IO10 . 0-58 0-S1 i - i 6 1*41 1-58 1-27 1-25

T he m axim um  surface excess w hich  occurs a t a concentration  of 
m eth y l aceta te  of AfjieAc =  0-005 corresponds to  an area per m olecule  
of 105 a 2. T he va lu e  of r  ca lcu lated  here is th a t according to the con 
ven tion  of Gibbs, b u t for low  concentrations it  is approxim ately  the 
sam e as th a t based on a com parison of equal volum es of liqu id .5 T he  
area per m olecule calculated  for the to ta l num ber of m olecules in the

3 Y o u n g  an d  T h om as, / .  Chem, Soc., 1893, 6 3 , 1191.
4 M cK eow n and S tow ell, ib id ., 1907, 97.
6 G uggenheim  and  A dam , Proc. Roy. Soc., A ,  1933, 139, 227.

T A B L E  I.

•^MeAc. k. y.

72-01
0-00161 13-525 66-33
0-00321 12-83 62-92
0-00567 11-87 58-22
0-00904 11-235 55-oS
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surface is then  79 a 2 ; and the corresponding figure for a concentration  
of m ethyl aceta te  of N mka.c — 0-001 is 220 a 2. T he area per m olecule  
for insoluble long chain esters is g iven  b y  A dam  as 22 a 2. T here is thus 
am ple space for the m eth y l aceta te  to b e accom m odated in the surface 
layer.

Methyl Acetate-W ater-Sucrose Mixtures.
T h e  in f lu e n c e  o f  su c r o se  o n  t h e  a d so r p t io n  o f  m e th y l  a c e ta te  i s  o f  

in te r e s t .  T h e  su r fa c e  t e n s io n s  o f  a  se r ie s  o f  m e th y l  a c e ta te -w a te r - s u c r o se  
m ix tu r e s  in  w h ic h  t h e  m e th y l  a c e ta te  c o n t e n t  w a s  k e p t  c o n s ta n t  w h ile  
•w ater a n d  su c r o se  w e r e  a d d e d  in  e q u im o la r  q u a n t it ie s ,  w e r e  m e a su r e d  b y  
t h e  m e th o d  d e sc r ib e d  a b o v e . T h e  su r fa c e  t e n s io n  in c r e a s e d  w ith  su c r o se  
c o n c e n t r a t io n  a n d  d e c r e a se d  w it h  t h a t  o f  m e th y l  a c e t a t e .  T h is  is  s im ila r  
t o  t h e  e f fe c t  o f  b o th  t h e s e  s u b s ta n c e s  o n  p u r e  w a te r . T h e  r e s u lts  are  
g iv e n  in  T a b le  I I I ,  w h ic h  g iv e s  t h e  n u m b e r  o f  m o le s  o f  m e th y l  a c e ta te ,  th e  
m o le  f r a c t io n  o f  e a c h  c o m p o n e n t , t h e  m a x im u m  b u b b le  p ressu re , th e  su r fa c e  
t e n s io n  a n d  t h e  s u r fa c e  e x c e s s e s  o f  m e th y l  a c e t a t e  ( T J  a n d  o f  w a te r  (T 3).

T hese surface excesses were calculated  from  the Gibbs equation , in 
w h ich  it  has been assum ed th a t the activ ities of the com ponents m ay be 
replaced b y  their m ole fractions. T his procedure is p artly  justified  by  
th e  d ata  of M cK eown and S to w e ll; 4 the partial pressure of m ethyl 
aceta te  is proportional to  its m ole fraction and th at of w ater nearly  
proportional over the concentration  range in vestigated  here. W e have  
.then

dy =  — r i R T  d In iVj — T 3 R T  d In N 3 . . (2)

T A B L E  I I I .

A'l. X,. N,. h. y- A  X to'“. r ,  x to10.

m  j  =  0- 00446 .

0-001604 0004962 0-9935 13-59 66-65
0-001590 0-009800 0-9890 13-69 67-14
0-001574 0-01455 0-9840 13-73 67-60 1-9
0-001559 0-01922 0-9793 13-87 68-05
0-001544 0-02379 o-9745 13-905 68-20

m x =  0-00892 .

0-003223 0-004984 0-9915 12-895 63-25
0-003193 0-009842 0-9870 12-99 63-75
0-003161 001462 0-9823 13-03 63-90 2-6
0-003132 0-01931 0-9777 13-07 64-09
0-003095 0-02385 0-9730 13-165 64-57

j n ,  =  0-01581 .

0-005758 0005023 0-9890 ix -94 58-56
0-005705 0009917 0-9845 12-015 58-92

16-80-005646 001472 0-9795 12-055 59-13 4-3
0-005594 0-01945 0-9750 12-145 5955
0-005539 0-02407 0-9703 12-27 60-17

w here N x and N 3 are the m ole fractions of m eth yl acetate and w ater  
resp ectively  ; the surface excess of sucrose has been p u t equal to  zero. 
T h is expression m ay be d ifferentiated w ith  respect to  mx and m 2, the  

18 *
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num ber of m oles of m eth y l aceta te  and sucrose present, and w e ob ta in  

* /  dy \    i p  i p  \ /  “I ^  N \  . T\ . p  / t) In m3

and
v r { t ) „ r  -  K + + 1 + (5>

-  =■ -  <r - + ( t s t ) . , + ( 4 )

w here N  is th e  to ta l num ber of m oles present, w hich  has been  taken a s  
constant for a series, a lthough it does vary , b u t b y  no m ore than  2 % . 
All the slopes in volved  m ay  be calculated  from the data, and the values, 
of 7/  and of F 2 evaluated .

B oth  m eth y l aceta te  and w ater are p ositive ly  adsorbed a t the surface  
in  con stan t am ounts for each series (actually  1 /  show s a decrease and  
r ,  an increase of about 2 % in each series w ith  increasing sucrose 
content). T he effect of sucrose is to increase the am ou n t of m ethyl 
aceta te in the surface, bu t the ex ten t of the increase is in dependent o f  
the am ount of sucrose present. T he am ount of w ater adsorbed is also 
constant, and is approxim ately  independent of the am ount of sucrose, 
although  for aqueous sucrose so lu tions the adsorption of w ater varies 
from  ab ou t 29 to 17 io ~ 10 m oles/sq . cm . for the sam e range of sucrose 
concentration . A s the m eth yl aceta te  adsorption increases w ith  
increasing m eth y l aceta te  con ten t, th a t of w ater is reduced, w hich  
suggests th a t w ater is pushed ou t o f the surface layer and m eth y l aceta te  
com es in to take its place.

Summary.
T h e  s u r fa c e  t e n s io n s  o f  a q u e o u s  m e th y l  a c e t a t e  s o lu t io n s  h a v e  b e e n  

m e a su r e d  t o  w it h in  0-3  % , a n d  th e  su r fa c e  a d s o r p t io n s  c a lc u la te d . T h e  
e f fe c t  o f  t h e  a d d it io n  o f  su c r o se  h a s  b e e n  in v e s t ig a t e d ,  a n d  i t  is  fo u n d  th a t:  
t h e  a m o u n t  o f  m e th y l  a c e t a t e  in  t h e  su r fa c e  is  in c r e a se d , b u t  t h a t  t h e  
in c r e a s e  i s  in d e p e n d e n t  o f  t h e  a m o u n t  o f  su c r o se  a d d e d  ; t h e  a m o u n t  o f  
w a te r  a d so r b e d  is  a lso  s h o w n  t o  b e  in d e p e n d e n t  o f  t h e  a m o u n t  o f  su c r o se .

Physical Chemistry Department,
The University,

Leeds, 2.

M O N O L A Y E R S  O F  A  L O N G  C H A IN  E S T E R  
S U L P H A T E .

B y  E in a r  S t e n h a g e n .*

Received i j t h January, 1940.

T h e strong w ater affin ity of th e  — 0 — S O / group m akes it  necessary- 
to  a ttach  a v ery  lon g  hydrocarbon chain to it  in order to obtain  an_ 
insoluble m on olayer on w ater. W ith  a chain con ta in ing  22 carbon  
atom s insoluble m onolayers, presenting som e in terestin g  features, are: 
obtained.

* Rockefeller Foundation Fellow, 1938-39.
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Experimental.
T h e  m e a s u r e m e n ts  w e r e  c a r r ie d  o u t  u s in g  a  L a n g m u ir -A d a m  tr o u g h  

a n d  a  p o lo n iu m  e le c tr o d e  in  t h e  u su a l m a n n e r .1 T h e  p o te n t ia ls  w e r e  
m e a s u r e d  w i t h  a  L in d e m a n n  e le c tr o m e te r .

T h e  sp r e a d in g  o f  t h e  so d iu m  d o c o s y l  s u lp h a te  p r e s e n te d  so m e  d if f ic u lty  
a s  t h e  s u lp h a t e  d o e s  n o t  d is s o lv e  in  n o n -p o la r  o r g a n ic  s o lv e n t s .  E t h y l  
a lc o h o l  w a s  th e r e fo r e  u se d  a s  s o lv e n t ,  b u t  a s  t h i s  i s  c o m p le t e ly  w a te r  
m is c ib le  a n d  t h e  s u lp h a te  g r o u p  i s  v e r y  h y d r o p h il ic ,  2 0 -5 0  %  o f  t h e  m a te r ia l  
sp r e a d  is  l o s t  in t o  t h e  s u b s tr a te .  O n  le a v in g  t h e  f ilm  u n d e r  n o  p r e s su r e  
fo r  t w o  h o u r s  a b o u t  9 5  %  o f  t h e  a m o u n t  sp r e a d  i s  fo u n d  in  t h e  su r fa c e .  
O n c e  a  m o n o la y e r  i s  fo r m e d , i t  is  v e r y  s ta b le  a n d  sh o w s  n o  d e te c ta b le  
t e n d e n c y  to  d is s o lv e .

Properties of C22 Ester Sulphate Monolayers.
F ig .  1 s h o w s  t h e  r e s u lts  o b ta in e d  w it h  t h e  s u lp h a te  sp r e a d  o n  M/25 

p h o s p h a te  b u ffe r  (C la rk  a n d  L u b s ) , p H  7-2 a n d  o - o i  n .  H C 1 r e s p e c t iv e ly .
D u e  t o  t h e  lo s s  _____________ _______
o f  m a te r ia l  d u r 
in g  t h e  p r o c e s s  
o f  sp r e a d in g  t h e  
fo r c e -a r e a  c u r v e s  
in  F ig .  1 h a v e  
b e e n  p lo t t e d  a s 
s u m in g  t h a t  t h e  
a r e a  o f  t h e  m o le 
c u le  j u s t  b e fo r e  
c o lla p s e  a t  a b o u t  
65 d y n e s  p r e s 
s u r e  i s  18-5 A.2 
T h i s  i s  t h e  
s m a l le s t  p o s s ib le  
a r e a  t o  w h ic h  a  
h y d r o c a r b o n  
c h a in  in  a  m o n o 
la y e r  c a n  b e  
c o m p r e s s e d  b e 
fo r e  t h e  m o n o 
la y e r  c o l la p s e s  
(c o m p a r e  D e r -  
v ic h ia n  2) a n d  i t  
i s  r e a s o n a b le  to  
a s s u m e  t h a t  t h e  
a r e a  o f  t h e  C 22 
e s te r  s u lp h a te  a t  
t h e  c o l l a p s e  
p o i n t  h a s  
r e a c h e d  t h i s  
v a lu e .  T h e  p ro 
j e c t io n s  o f  th e  
v e r y  s l i g h t l y
c o m p r e s s ib le  F ig . i .
high p re ssu re
r e g io n  b-c o n  b o t h  F -A  c u r v e s  in  F ig .  1 c u t  t h e  a x i s  a t  a n  a r e a  o f  a b o u t  
20-5 a .2 w h ic h  is  t h e  sa m e  a s  t h e  m e a n  v a lu e , 20-5 a . 2, fo u n d  b y  A d a m  3

SODIUM DOCOSYL SULPHATE 
MONCLAYERSONDIFreRertT-SUBSTRATES 

t - is* rc

A V pH 7 2

1 J . H . Sch u lm an  and E . K . R idea l, Proc. Roy. Soc., A , 1931, 130, 259.
2 D . G. D erv ich ian , Thèses, P aris 1936, M asson e t  Cie.
3 N . K . A dam , The physics and chemistry o f surfaces, 2nd ed ition , O xford , 

1938, p. 48.
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fo r  a  la r g e  n u m b e r  o f  lo n g  c h a in  c o m p o u n d s . A t  pH 7-2 , t h e  p r o je c t io n  
o f  t h e  s t r a ig h t  p a r t  o f  t h e  F -A  c u r v e  b e tw e e n  13 a n d  4 3  d y n e s  c u t s  t h e  
a x i s  a t  a b o u t  24 -5  a . 2. T h is  a r e a  (A d a m ’s “ a r e a  o f  z e r o  c o m p r e s s io n  ”  3 
i s  2 4  a . 2 fo r  t h e  C 22 f a t t y  a c id  o n  o - o i  n .  H C 1 a n d  t h e  F -A  c u r v e  fo r  t h e  
C 22 s u lp h a te  o n  p h o s p h a te  s u b s tr a te  a t  n e u tr a l pH th e r e fo r e  r e s e m b le s  t h e  
c u r v e s  o b ta in e d  w it h  c a r b o x y l ic  a c id s  in  t h e  u n d is s o c ia t e d  fo r m . T h e  
p r e s su r e  v a lu e s  a r e  c o n s id e r a b ly  h ig h e r , h o w e v e r , a n d  i t  is  n e c e s s a r y  t o  
a p p ly  m o r e  t h a n  4 0  d y n e s  p r e s su r e  b e fo r e  t h e  in c o m p r e s s ib le  r e g io n  b-c 
is  r e a c h e d  (a b o u t  2 4  d y n e s  in  c a s e  o f  c a r b o x y l ic  a c id s ) . T h e  m o n o la y e r  
is  e x t r e m e ly  s t a b le  a n d  c a n  b e  l e f t  fo r  s e v e r a l  m in u t e s  a t  6 0  d y n e s  
w it h o u t  a p p r e c ia b le  fa ll  in  p r e s su r e . T h e  m o n o la y e r  is  a lr e a d y  s o l id  a t  
a  p r e s su r e  o f  3 d y n e s  a t  a n  a r e a  o f  2 6  a . 2. T h e  su r fa c e  p o te n t ia l  A F  a n d  
t h e  c o r r e sp o n d in g  su r fa c e  m o m e n t  p  a r e  lo w . T h e  p o te n t ia l  is  u n ifo r m  
t o  4  m i l l iv o l t s  a n d  ¡x i s  n e a r ly  c o n s t a n t  a t  a b o u t  1 5 0  m ill id e b y e s , s lo w ly  
r is in g  o n  c o m p r e s s io n  o f  t h e  m o n o la y e r . T h e r e  i s  a  d i s t in c t  s m a ll  r is e  in  
t h e  h ig h  p r e s su r e  r e g io n  a b o v e  4 0  d y n e s .

O n  o - o i  n . h y d r o c h lo r ic  a c id  (F ig . x, pH 2) t h e  m o n o la y e r s  a r e  e x p a n d e d .  
O n  c o m p r e s s io n  s o lid if ic a t io n  o f  t h e  m o n o la y e r  d o e s  n o t  o c c u r  u n t i l  t h e  
in c o m p r e s s ib le  r e g io n  is  r e a c h e d  a b o v e  4 0  d y n e s /c m . T h e  su r fa c e  p o te n t ia l  
i s  n e g a t iv e  a t  la r g e  a r e a s , p a s s e s  t h r o u g h  z e r o  a n d  is  t h e n  r is in g . A s  o n  
n e u tr a l  s u b s tr a te , th e r e  is  a  d i s t in c t  r is e  in  t h e  r e g io n  b-c (F ig . 1 ). A b o v e  
4 5  a .2 t h e  p o te n t ia l  f lu c tu a te s  s o m e w h a t  a n d  r e m a in s  a t  a b o u t  — 4 0  m V . 
o u t  t o  5 5  A.2.

O n  p u r e  d is t i l le d  w a te r  a n d  o n  O'Oi n . N a O H  t h e  s a m e  t y p e  o f  c u r v e  
is  o b ta in e d  a s  o n  t h e  n e u tr a l  p h o s p h a te  b u ffer . I n  b o th  c a s e s  t h e  m o n o 
la y e r  so lid if ie s  a t  2 -4  d y n e s  p r e s su r e . T h e  su r fa c e  p o te n t ia l  is  s o m e w h a t  
lo w e r  t h a n  o n  t h e  p h o s p h a te  b u ffe r  w it h  i t s  h ig h e r  s a l t  c o n c e n tr a t io n .  
I n  v ie w  o f  t h e  e s te r  n a tu r e  o f  t h e  s u lp h a te  e x t r e m e  a c id  o r  a lk a l in e  s u b 
s t r a t e s  h a v e  n o t  b e e n  u se d .

B a + +  in  a  c o n c e n tr a t io n  o f  o -o o x  n . (n e u tr a l s u b s tr a te )  d o e s  n o t  a f fe c t  
t h e  F -A  c u r v e , t h e  c o n d e n s in g  e f fe c t  o f  B a + +  a n d  C a++ fo u n d  fo r  c a r 
b o x y l ic  a c id s  b e in g  e n t ir e ly  a b s e n t .  T h is  m u s t  b e  a t t r ib u t e d  t o  t h e  f a c t  
t h a t  b a r iu m  s a l t s  o f  e s te r  s u lp h a te s  a r e  w a te r  s o lu b le , i.e., t h e  p r e s e n c e  
o f  B a + +  d o e s  n o t  a f fe c t  t h e  io n is a t io n  a n d  h y d r a t io n  o f  t h e  e s te r  s u lp h a te  
h e a d  g r o u p .

A t t e m p t s  t o  b u ild  m u lt i la y e r s ,  u s in g  t h e  L a n g m u ir -B lo d g e t t  t e c h n iq u e ,  
w e r e  n o t  s u c c e s s fu l ,  th e  c h r o m iu m  s l id e  c o m in g  o u t  w e t  fr o m  a l l  s u b 
s t r a t e s  t r ie d . T h is  s h o w s  o n ly  t h a t  t h e  e s te r  s u lp h a t e  i s  v e r y  h y d r o p h il ic .

Discussion.

T he fa c t th a t the m onolayer on neutral and a lkaline substrates  
solidifies even  a t a pressure of a few  d ynes and an area per m olecu le of 
ab ou t 26 a . 2, ind icates a  stron g in teraction  betw een  th e  (hydrated) 
su lp hate head groups in  the ionised  sta te . A t pH 2, w hen the head  
group d issociation  is d im inished th is in teraction  is decreased and the  
m onolayer is expanded  and does n o t so lid ify  on com pression u n til the  
high  pressure region b-c is reached, i.e., n o t u n til th e  chains are c lose ly  
packed. T he pressure needed to  reach th is p o in t probably  represents  
th e  w ork needed to  dehyd rate and reorientate th e  head  group. In 
general, m onolayers are expanded  or gaseous w hen  th e  head groups 
are fu lly  d issociated , as show n b y  carboxylic  acids on v ery  alkaline  
so lu tion s 4 and prim ary am ines on acid solu tions. In the case of the  
form er the p artly  d issociated  sta te  in th e  neutral pH range m akes the  
m onolayers condensed, due to  ion-dipole in teraction . T he behaviour

* N . K . A dam  a n d  J .  M iller, Proc. Roy. Soc., A, 1933, 142, 401.
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o f  t h e  s u lp h a t e  is  c o n tr a r y  to  t h is  g e n e r a l b e h a v io u r  a s  th e  io n is e d  
m o n o la y e r  is  s o l id  a t  a  f e w  d y n e s  p r e s su r e  a n d  a n  a r e a  o f  2 6  a .2.

V ery long  hydrocarbon chains tend to  m ake the film s solid, b u t the 
nature o f the head group is still m ore im portant, for instance, pyridinium  
brom ide, w ith  a 22 carbon chain form s gaseous films.® Long chain  
ureas 6 below  a certain tem perature are solid a t 2 6  a .  T he urea differs 
from  th e su lphate in th at the m onolayer is ex trem ely  incom pressible  
w hereas the la tter  can be com pressed to the area occupied b y  the closely  
packed chain.

T he vertica l com ponent of the dipole m om ent of the com plicated  
head group decreases on decreasing ion isation , w hich can be com pared  
w ith  th a t of fa t ty  acids w hich  increases under the sam e condition  and  
th a t of prim ary am ines, w hich is fa irly  con stan t irrespective of the  
degree of ion isation .

In th e  case of carboxylic  acids, the decrease in p. is a ttributed  7 to  
th e  in troduction  of an additional dipole on ion isation , consisting of the  
p ositive  ion below  and the n egative  oxygen  above, w hich  neutralises 
th e  d ipole present in the fa t ty  acid. For the su lphate, th is w ould  require 
th a t th e  p ositive  ion had an average position  above th e  n ega tive ly  
charged oxygen . T his, how ever, is som ew hat difficult to  con ceive and  
it  is perhaps m ore probable th a t the change in  poten tia l is due to som e  
reorientation  of the head group on ionisation .

T h e sym m etrical tetrahedral arrangem ent of the oxygen  atom s 
around th e  sulphur atom  exp lains the very  low  surface p o ten tia l o f the  
unionised  su lphate.

It is v ery  uncom m on in an insoluble m onolayer for the surface 
p oten tia l to change sign on com pression, w hich  occurs w ith  th e  su lphate  
on O-OI n. HC1 su b stra te  ; b u t it has been  observed, for instance, w ith  
adsorbed layers of sodium  b en zo a te .8 W hen the surface concentration  
is increased, th e  p o ten tia l changes from  n egative  to  positive , as in the  
case of th e  su lphate.

T h e au thor is indebted  to Professor E . K . R ideal for his interest 
and advice, and 10 Dr. T . M alkin, B ristol, for a very  pure specim en of 
sodium  d ocosyl su lphate.

Summary.
The properties of monolayers of sodium docosyl sulphate on different 

substrates are described and discussed.

Department o f Colloid Science,
Cambridge.

s A d am , I.e. 3, p . 129. 6 Ib id ., p . 55. 7 Ib id ., p. 72.
s F ru m k in , cf. A d am , I.e. 3, p . 136.
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T he conversion of parahydrogen  b y  param agnetic gases, and b y  
param agnetic gases and ions in solu tion , w as discovered  b y  F arkas and  
Sach sse.1» 2 A  theoretical trea tm en t b y  W igner 3 show ed th a t under 
th e  in fluence of an inhom ogeneous m agnetic  field a parahydrogen m ole
cule exh ib its an observable p rob ab ility  for the para-ortho transition , 
th e  ca lcu lated  collision efficiency of IO-12 to  IO-14 agreeing w ith  experi
m ent. Such a m echanism  is also considered to accou n t for th e  conversion  
a t low  tem peratures on m an y heterogeneous ca ta ly sts , such  as charcoal,4» 5 
and m eta ls, m eta llic  oxides and sa lts .6 T he conversion  on those ca ta ly sts  
w hich are d iam agnetic  is a ttribu ted  to  a surface param agnetism . W e  
h a v e  exam ined  a num ber of com pounds of the porphyrin typ e, b oth  as 
heterogeneous ca ta ly sts  and in solu tion , w hich  m igh t be exp ected  to  be 
free from  such com plications, and find th a t the p aram agnetic com pounds  
show  a conversion  of th e  kind d iscussed . T he absence of an y  true 
activ a tio n  of hydrogen  is n o t u n expected , since in b iochem ical sy stem s  
th e  hem e com pounds appear to  be u su a lly  associated  w ith  an a c tiv a tio n  
of oxygen  through  th e  ferric-ferrous ch an ge.7 Som e experim ents on the  
c lose ly  related  structures, m etal-free p h th a locyan in e and copper phth alo- 
cyan in e, are included.

Experimental.
A ll  e x p e r im e n ts  w e r e  m a d e  u n d e r  s t a t ic  c o n d it io n s .  T h e  h e te r o g e n e o u s  

c a t a ly s t s  w e r e  e x a m in e d  in  g la s s  v e s s e ls  o f  1 5 0  c .c . ,  w h ic h  c o u ld  b e  e v a c u a t e d  
t o  i o ~ ‘ m m ., a n d  w h ic h  w e r e  c o n n e c te d  t o  a  s y s t e m  c o n s is t in g  o f  m a n o 
m e te r s , s to r a g e  b u lb s  fo r  t h e  g a s e s  u se d , a n d  t h e  t h e r m o c o n d u c t iv i ty  
a p p a r a tu s . T h e  s o lu t io n s  w e r e  p la c e d  in  a  1 0 0  c .c .  v e s s e l ,  w h ic h  w a s  
a t ta c h e d  t o  t h e  a p p a r a tu s  b y  a  f le x ib le  g la s s  sp ir a l  t u b e ,  s o  t h a t  i t  c o u ld  
b e  s h a k e n  a t  4  t o  5 v ib r a t io n s  p e r  s e c o n d . T h e  para  H a a n d  t o t a l  D - c o n te n t  
a n a ly s e s  w e r e  m a d e , o n  s m a ll  s a m p le s  w ith d r a w n  fr o m  t h e  r e a c t io n  v e s s e l  
b y  t h e  m e th o d  o f  F a r k a s ,8 a n d  t h e  H .  +  D ,  =  2 H D  a n a ly s e s  b y  th e  
m e th o d  o f  M e lv il le  a n d  B o l la n d .9

T h e  b lo o d  c o r p u sc le s , o b ta in e d  b y  c e n tr ifu g in g  o x -b lo o d , w e r e  w a s h e d  
w it h  R in g e r ’s  s o lu t io n ,  a n d  su s p e n d e d  in  t h is  s o lu t io n  fo r  a n  e x p e r im e n t .  
T h e  h e m a t in  w a s  t h e  b r o w n  a m o r p h o u s  p o w d e r  s u p p lie d  b y  B . D . H .  
T h e  h e m in  c o n s is te d  o f  w e ll- fo r m e d  c r y s ta ls  p r e p a r e d  a c c o r d in g  to  
G a t te r m a n n ’s  Laboratory Methods of Organic Chemistry, 1 9 3 2 , p a g e  3 9 5 .

1 Farkas and Sachsse, Z. physikal. Chemie B , 1933, 23, r. * Ib id ., 19.
3 Wigner, ibid., 2S. 4 BonhoeSer, Farkas and Rummel, ib id ., 2 1 ,  223.
5 Rummel, ibid., 167, 221.
6 Taylor and Diamond, / . A m er. Chem. Soc., 1935, 57 , 125.
7 Warburg, Biochem. Z ., 1924, 152, 479.
8 Farkas. Z. physikal. Chemie B , 1933, 22, 344 ; Eley and Tuck, Trans. 

F araday Soc., 1936, 32, 1425.
9 Melville and Bolland, ib id ., 1937, 33, 1316.
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T h e  h e m a to p o r p h y r in  w a s  o b ta in e d  fr o m  D r . T h e o d o r e  S c h u c h a r d t . T h e  
m e ta l- fr e e  p h th a lo c y a n in e  a n d  c o p p e r  p h th a lo c y a n in e  w e r e  k in d ly  su p p lie d  
b y  P r o fe s s o r  R . P .  L in s te a d  ; a  s e c o n d  sa m p le  o f  c o p p e r  p h th a lo c y a n in e  
w a s  p r e p a r e d  b y  tw ic e  e x t r a c t in g  w i t h  q u in o lin e  a  sa m p le  o f  I .C .I .  
“  M o n a s tr a l  f a s t  b lu e  ”  p o w d e r , p r e v io u s ly  b a k e d  o u t  in  vacuo fo r  3 0  h o u r s  
a t  3 0 0 °  C. T h e  h y d r o g e n s  w e r e  p u r if ie d  b y  p a lla d iu m .

Heterogeneous Conversion.
In th is paper conversions are expressed b y  th e  con stan t k =  I ¡t In C0ICt, 

w here C0 is th e  effective con centration  of parahydrogen a t the beginning  
of th e  exp erim en t (i.e. excess over the equilibrium  value) and Ct is the  
effective  concen tration  a t tim e t. In agreem ent w ith  earlier work, th is 
equation  w as found applicable for all the heterogeneous and dissolved  
ca ta ly sts  exam ined . Care w as taken to outgas all ca ta ly sts  a t  tem 
peratures w ell below  those at w hich decom position  starts. T able I. 
show s th a t a t room  tem perature and low er tem peratures a conversion  
is ca ta lysed  b y  th e  p aram agnetic solids, b u t n o t b y  the d iam agnetic  
solids. It also show s an absence of an y  H 2 +  D 2 reaction , in the case 
of th e  h em e com pounds a t th e  m axim u m  w orking tem perature. T hese

T A B LE  I.

Catalyst. n, Bohr 
Magnetons. T° C. p mm. t Hours. k Hours-1.

Hematoporphyrin o-o“
14 PU2100 mg. 22 24 —

200 mg. IOO 100 H 2D 2 288 —
Hematin y 6 b 20 65 P*7 17-3 0-036

200 mg. 20 6 p n 2 3-1 0-039
60
9-o

22-0

0-036
0036
0035

20 o-8 3-1 0038
400 mg. . 20 l6  PHj 23-8 0-075

IOO 40 H 2D 2 480 —
Hemin 100 mg. 5* ” 185 20 pH, -- 0-012

20 20 pH 2 -- O-OII
700 mg. . 120 40 H ,D 2 288

0-066121 33 £Ha 17-7
- 8 0 30pHj 35 0063

Metal-free Phthalocyanine
-80 63150 mg. o o e 27 pH2 —

Copper Phthalocyanine
— 80 16-2390 mg. i>7* 21 pH j 0-004

400 mg. — 80 40 Ph2 — 0003
20 40 pHj — 0-001

4-4 g. (from Monastral
3o H 2D 2blue) 20 144

0186— 80 28 pH 2 3-2
O 26 i 6'9 0082

20 23 24-0 0-02 r
20 23 230 0-023

112 27 16-5 0-014

a Inferred from measurements on related porphyrins, by Haurowitz and 
Kittel, Ber., 1933, 66, 1046.

b Pauling and Coryell, Proc. Nat. Acad. Sei., 1936, 22, 159. 
c Lonsdale, J .C .S ., 1938, 364.
d Klemm and Klemm, J .  prak. Chemie, 1935. *43. 82.
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d ata  estab lish  th e  conversions as of the param agnetic typ e. A t
200°-300° C. an H , +  D 2 reaction  has been  observed on a num ber o f
ph th a locyan in es, b u t since th is property  w ould  appear to in v o lv e  som e  
activa tion  of the ca ta ly st,10 w e are n o t concerned w ith  it  here.

In T ab le I. and F ig . I w e g ive  som e d a ta  on th e  k inetics, sh ow ing  th e  
ap p licab ility  of k  and its  independence o f pressure. F or hem atin  and  
copper p h th a locyan in e th e  tem perature coefficients are n ega tive , corres
ponding resp ectively  to  apparent a c tiva tion  energies o f — 1300 and  
ab ou t — 2300 cals. T h is behaviour is sim ilar to  th a t p reviou sly  
observed, and from  th e published con stan ts a t tw o tem peratures for 
charcoal, N i, Cu and N aCl in  th e  low  tem perature region w e estim ate

apparent a c tiv a tio n  energies 
of — 400 to — 1600 cal. 
B o n h o e f f e r ,  F a r k a s  a n d  
R um m el consider th a t on 
charcoal th e  reaction  of the  
H , m olecu les in th e  adsorbed  
layer proceeds w ith  zero true  
activ a tio n  energy, and  the  
apparent a c tiva tion  en ergy is 
to  be associa ted  w ith  th e  h ea t  
of V an  der W aa l’s ad sorption  
of H 2 on th e  ca ta ly sts . T hat 
such is n o t necessarily  th e  case  
is show n b y  th e  d ata  for 
hem in , w here k is independent 
of tem perature over — 8o° C. 
to  1800 C .; th e  absence of an y  
H 2 -f- D 2 reaction  rules o u t th e  
p ossib ility  th a t th e  ca ta ly st is 
in th e  in term ed iate range b e 
tw een  low  and  h igh  tem p era
ture m ech an ism s such as w as  
observed for charcoal. Such  
an independence of tem p era
ture w ou ld  be observed if every  
m olecule during its  s ta y  in  the  
adsorption  layer  w ere co n 
verted , w hen  th e  reaction  v e lo 
c ity  w ould  be g iven  b y  the  
num ber desorbing per second. 
If w e ap p roxim ate the a d 

sorbed layer as a  tw o-d im ensional gas, th en  th e  desorption  v e lo c ity  is 
equal to  th e  classical num ber of collisions w ith  th e  surface.11 From  a 
m icroscopic m easurem ent o f th e  average size o f crystal, w e roughly  a t 
tr ib u te  to  th e  hem in a surface of 100 cm .2 per 100 m g. Such a q u a n tity  
of hem in  converts 3-0 X  io 14 m olecu les of para  H 2 per second a t 2 0 °  C. 
and  20 m m . pressure. S ince th e  collision  num ber is 2-9 X  io 24 m olecules  
sec.-1 , it  is clear th a t desorption  is n o t the rate-determ in ing step , and in  
fa c t th e  collision  y ie ld  of IO”10 is sim ilar in order to th a t found  for gaseous  
0 2 as ca ta ly st, w here it  is ab out IO-12.1 W e are inclined to  a ttr ib u te  
th e  b ehaviour of hem in to th e  fa c t th a t an actu al a c tiv a tio n  energy is

10 P o la n y i, Trans. F araday Soc., 1938, 3 4 , 1x91.
11 K im b all, J . Chem. Physics, 1938, 6 , 447.

F ig . x.— P arah ydrogen  con version  on  
Solid  H em a tin . (X  o-04g. sp ec im en . 
O o-o2g. sp ec im en .)
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required for reaction  in th e  adsorption  layer, in  m agnitude fortu itiou sly  
equal to  the energy  
of adsorption . Such an  
energy  m igh t w ell be  
required to  bring the  
H 2 m olecule su fficiently  
close to  th e  m agn etic  
centre for th e  ordinary  
tran sition  p rob ab ility  to  
be reached. A  sim ilar  
a ctiv a tio n  m igh t be  
exp ected  for th e  para
m agn etic  ions, w here a 
partia l penetration  of 
th e  h yd ration  shell 
is considered n eces
sary .12* 13 T he te m 
perature coefficients of 
th ese  reactions h ave  
n ot been  m easured, 
how ever. T he stru c
tures o f hem in  and  
hem atin  b ein g  so a n a 
logous, it  is d ifficult to  
see a p rio r i w h y  th ey  
should  show  th is differ
ence in  behaviour, 
w hich m igh t indeed  be  
a fu n ction  of th e  m ode  
of preparation  (on ly  
one hem in  preparation  
w as exam ined). E ven  
if th is is so, th e  s ig n i
ficance of the ob serva 
tion  stands, and a d e 
ta iled  in vestiga tion  of 
th e  tem perature co 
efficients of conversion  
and of th e  adsorption  
w ill be n ecessary  to  
clear up th e  m atter.

■94

86

ZÛ 40 60  80 '00  120
Fig. 2.—Parahydrogen conversion by 0-05 g. Hemin 

in 10 c.c. n/ io KOH. (P  is the resistance value 
of the pH 2, and is proportional to C(.)

Conversion in Solution.
H em oglob in , hem in and  hem atin  so lu tion s w ere exam ined. A  

sterile so lu tion  of b lood corpuscles show ed no in terchange on being  
shaken  for 20 hours w ith  D 2 gas ; w e can therefore conclude th a t the  
d ehydrogenases present in b lood w ill n o t ca ta lyse  the in terchange  
betw een  D 2 and w ater. T he p a ra  H 2 reaction  observed w as a ttributed  
to  th e  hem oglob in , w hich  is the m ain param agnetic su b stan ce present 
in  th e  corpuscles. H em olysis o f the corpuscles, b y  freezing and  thaw ing, 
produced no appreciable a lteration  in  k. In th e  absence of a  sm all

12 Sachsse, Z. physikal. Chemie B , 1934, 24, 429.
13 Sachsse, Z. Electrochemie, 1934, 4° . 531-
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add ition  of boric acid or th ym ol, p u trefaction  se t in  after 2-3 d a y s’ 
shak in g  in hydrogen . T his w as accom panied  b y  a rapid increase in the  
rate of para  H 2 conversion , w hich  ev en tu a lly  reached a v a lu e  1 0  to 4 0  
tim es th a t for sterile b lood . A n  in terchange betw een  D 2 gas and the  
putrified solu tion  equal in rate to  th e  para  H 2 conversion  w as also  
observed (half-life ~  0 -5  hours for 4 c.c. corpuscles in 1 0  c.c. so lu tion ). 
T his w as a ttr ib u ted  to the grow th  o f anaerobic bacteria , as certain  b ac
terial suspensions are know n to  ca ta ly se  th e  in terchange b etw een  D 2 and  
H 20 .14 In T able II w e presen t th e data , in the la st colum n g iv ing  
values of the b im olecular con stan t

K ,  _  k_ (vB + v , . s )
6 0 s ' vs . c ’

w here s =  so lu b ility  coefficient of H 2 in th e so lven t, v„ — vo lu m e of 
gas phase, vs =  vo lu m e of so lu tion , and c — con centration  of p ara
m agn etic  m olecu le in m oles per litre. T he ap p lication  of such  a form ula  
to  th e  conversion  b y  ions in w ater has been  dem onstrated  b y  Sachsse.12 
For hem oglob in  w e h ave tak en  th e  m olecular w eigh t as 1 7 ,0 0 0 ,  th e  Fe- 
eq u iva len t va lu e  (since F e is assum ed to be the param agnetic  centre of 
th e  hem oglobin).

T A B L E  I I .— T o t a l  R e a c t i o n  S p a c e  = 1 1 0  c .c . ,  H y d r o g e n  P r e s s u r e
~  1 0 0  MM.

Solution. T° C. t Hours. k Hours-1. K ' mol.-1 1. min-1.

H em o ly sed  corpuscles, containing'! 22 19-7 0 0 2 3 4 9 6
0-7 g. h em oglob in , in  15 c .c. >
R in ger so lu tio n  . . . J O 21 0-023 42-5

A b o v e  so lu tio n  con verted  in to  h em a
t in  (0-04 g.) b y  ad d itio n  o f  15 c .c.
4 n  a cetic  acid  . . . . 22 — 0-0042 4-7

0*05 g. h em a tin  in  10 c .c . n / i o  K O H 20 44 0-004 4'4

0*03 g. h em a tin  in  15 c .c . acid  E tO H 20 18-5 0-007 2-7

0-05 g. h em in  in  10 c .c . n / i o  K O H  . 20 --- 0-0058 6 4
O

~
0-0055 5'2

V alu es o f  s, H 2/ H 20  o '  C. =  0-021 
,. 20° C. =  0-018

H j /C aH 5O H 2o0 C. =  0 0 8 6 .
(L an d olt-B orn stein )

Our va lu es o f k for hem in  and h em atin  agree w ell w ith  those found  
for 0 2 in  H 20  o f 10-5,1 and for Fe+++ in H 20  o f 7-5 13 On th e  sim ple  
assum ption  of id en tica l transition  probabilities, th is m eans th a t there is 
no appreciable ster ic  factor for th e  reaction  w ith  hem atin . S ince the  
porphyrin  m olecu le is ap p rox im ately  fla t and con ta in s th e  a ctiv e  centre, 
Fe+++, in  th e  m iddle of the structure, w e m igh t ex p ect th e  num ber of 
collisions b etw een  F e+++ and the sm all H 2 m olecu le to  be n o t very  
restricted  below  th e  v a lu e  for the free ion in w ater. T h e v a lu e  of k  for 
hem oglob in  is sign ifican tly  larger than  th a t for hem in  and hem atin . 
Since hem oglob in  is p ictured  as a  spherical m olecu le of m olecular w eigh t

11 C avanagh , H o riu ti a n d  P o lan y i, Nature, 1934, >33. 797-
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-64,000, w ith  the four hem es on th e  surface,15 the ordinary classical 
co llis ion  num ber can on ly  b e ap p roxim ately  va lid . T he reaction  rate is 
probably  assisted  b y  adsorption of H 2 on th e  surface of the colloid  
particle, a  rise in reaction  probability  being occasioned b y  the tim e  
sp en t in th e  adsorption  layer. For hem in and hem oglobin  k is bu t 
l it t le  influenced b y  tem perature, b u t a  discussion  m u st aw ait m ore 
accurate and ex ten siv e  m easurem ents. W e m igh t exp ect a  rather  
larger effect than w as observed for gaseous 0 2 as ca ta lyst, because an 
a ctiv a tio n  energy w ill b e required to  bring th e  H 2 in to  the h ydration  
la y e r ; th e  resu lts listed  are in agreem ent w ith  this.

T h e exp erim en ts described here w ere carried ou t a t  the U n iversity  
o f  M anchester, and the au thor’s b est thanks are due to Professor M. 
P olan y i for h is in terest in them .

The Department of Colloid Science,
The University,

Cambridge.
15 Pauling, Proc. Nat. Acad. Set., 1935, 21, 186.
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O n  p a g e  171 T h o m a s c h e k  r e fe r r e d  t o  a  p a p e r  p u b lis h e d  b y  T ie d e  a n d
H . T h o m a s c h e k  in  1 9 2 5 .13 T h is  le d  t o  t h e  d is c o v e r y  o f  a  g r o u p  o f  p a p e r s  
w h ic h  r e p r e s e n t  a  v e r y  im p o r ta n t  c o n tr ib u t io n  t o  t h e  w o r k  o n  t h e  s u b je c t ,  
a n d  a r e  h e r e  su m m a r is e d . F u r th e r m o r e , t h e  c la im  fo r  p r io r ity  in  d is c o v e r 
in g  t h e  p h e n o m e n o n  m u s t  n o w  b e  g iv e n  e ith e r  t o  D o n a u ,40 w h o  d e sc r ib e d  
i t  s e v e n  y e a r s  b e fo r e  N ic h o ls  a n d  W ilb u r , o r  t o  B a lm a in , w h o  d e sc r ib e d  i t  in  
1 8 4 2 .44

C o n d it io n s  o f  E x p e r im e n t  (p . 1 6 4 ) .— T h e  s t a t e m e n t  t h a t  a  h y d r o g e n  
f la m e  i s  e s s e n t ia l  i s  n o t  in  a c c o r d a n c e  w it h  t h e  e x p e r im e n ts  o f  T ie d e  a n d  
B u s c h e r ,41 w h o  fo u n d  B N  e x c i t e d  t o  ln m in e s c e n c e  b y  f la m e s  o f

h 2, c 2h 5o h , h 2s , C S 2

a n d  o th e r  s u b s ta n c e s  ; a ls o  b y  t h e  f la m e  o f  C l2 b u r n in g  in  e x c e s s  H 2. I f  
a  “  f la m e -se p a r a to r  ”  i s  e m p lo y e d , t h e  e d g e  o f  t h e  in n e r  c o n e  is  fo u n d  
s o m e w h a t  m o r e  e f fe c t iv e  in  p r o d u c in g  lu m in e s c e n c e  t h a n  t h e  o u te r  m a n t le  
o f  t h e  H 2-in -a ir  f la m e .

T h e  lu m in e s c e n c e  c a n  b e  o b se r v e d  o n  a  b e a d  in  a  lo o p  o f  p la t in u m  
w ir e  b y  p a s s in g  i t  s lo w ly  th r o u g h  t h e  f la m e . U n d e r  t h e s e  c o n d it io n s  th e  
lu m in e s c e n c e  o f  C aO  +  tr a c e  B i  (c y a n id e  b lu e  c o lo u r )  a n d  o f  C aO  +  tr a c e  
M n  (d e e p  y e l lo w )  h a s  b e e n  o b se r v e d  b y  t h e  a u th o r  (L . T . M .) .

S u b s t a n c e s  s h o w in g  L u m in e s c e n c e  (p . 1 6 5 ) .— T o  th e s e  m u s t  b e  
a d d e d  e le m e n t s  fr o m  t h e  o d d  s e r ie s  o f  G ro u p  5 , S b , a n d  B i  e s p e c ia l ly ,  a s  
a c t iv a t o r s  in  C aO , a n d  a lso  M n  u n d e r  t h e  s a m e  c o n d it io n s .  B o r o n  n itr id e  
i s  a ls o  lu m in e s c e n t  w h e n  c r y s ta l l in e ,  a  c o n d it io n  u s u a l ly  a s s o c ia t e d  w ith  
t h e  p r e s e n c e  o f  b o r ic  a c i d /  X - r a y  sp e c tr a  s h o w  t h a t  t h e  p h e n o m e n o n  
d e p e n d s  o n  t h e  b o r o n  n itr id e  b e in g  c r y s ta l l in e .39 I t  i s  a lso  d e m o n s tr a te d

* Trans. Faraday Soc., 1939, 35» 163 .
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t h a t  p e r f e c t ly  p u r e  B N  i s  o n ly  v e r y  f a in t ly  f la m e - lu m in e s c e n t  b u t  a d d it io n  
o f  t r a c e  o f  c a r b o n  ( i  in  5 0 0  t o  1 in  1 0 ,0 0 0 ) m a k e s  i t  s t r o n g ly  lu m in e s c e n t .  
I t  i s  s u g g e s t e d  t h a t  C b e in g  c lo s e  in  p e r io d ic  t a b le  t o  B  a n d  t o  N  i s  a  s u i t 
a b le  a t o m  t o  fo r m  a c t iv e  c e n tr e s  in  t h e  l a t t i c e  o f  t h e  c r y s ta l  (cf. C u  in  
Z n S ) .43 Z in c  s u lp h id e  a n d  s i l ic a t e  (W ille m ite )  a r e  s t r o n g ly  lu m in e s c e n t .41

V a r ia t io n  o f  L u m in e s c e n c e  w i t h  T e m p e r a t u r e  (p . 1 6 6 ) .— P a n e th
a n d  W in te r n it z  42 s u g g e s t  t h a t  f la m e  p e r fo r m s  t w o  fu n c t io n s — t o  h e a t  a n d  
t o  a c t iv a t e .  I f  s p e c im e n  h a s  b e e n  a c t iv a t e d  b y  f la m e , e le c t r ic a l  h e a t in g  
im m e d ia t e ly  a f te r w a r d s  w il l  p r o d u c e  lu m in e s c e n c e . B o r o n  n itr id e  is  
lu m in e s c e n t  u p  t o  a  b r ig h t  r ed  h e a t ; w h e n  p la c e d  in  a  c a r b o n  b o a t  h e a te d  
e le c t r ic a l ly  t o  r e d n e s s , a  f la m e  c a u s e d  i t  t o  lu m in e s c e  b lu e  w i t h  m u c h  g r e a te r  
in t e n s i ty .  T h e r e  is ,  h o w e v e r , n o  r e fe r e n c e  t o  lu m in e s c e n c e  a t  h ig h e r  
t e m p e r a tu r e s  th a n  t h is .

Q u a l i ty  o f  L ig h t  E m it t e d  (p . 1 6 7 ) .— T ie d e  a n d  T o m a s c h e k  39 c la im  
t o  h a v e  e s ta b l is h e d  t h e  id e n t i t y  o f  t h e  lu m in e s c e n t  r a d ia t io n  e m it t e d  b y  
B N  u n d e r  s t im u lu s  o f  f la m e  a n d  o f  c a th o d e  r a y s . T h e  s im i la r i ty  o f  t h e  
sp e c tr a l  d is t r ib u t io n  o f  t h e  l ig h t  e m it t e d  u n d e r  t h e s e  s t im u l i  fr o m  

C aO  +  t r a c e  B i ,  o r  C aO  +  t r a c e  M n , 
h a s  a ls o  b e e n  d e m o n s t r a te d .41 T ie d e  a n d  T o m a s c h e k  in  a  la t e r  p a p e r  43 
s h o w e d  t h a t  t h e  e f le c t  o f  v a r y in g  t h e  p r o p o r t io n  o f  a c t iv a t in g  C  in  b o r o n  
n itr id e  w a s  t o  a lt e r  t h e  in t e n s i t y  o f  t h e  s p e c tr a l  b a n d s  b u t  n o t  t h e ir  p o s it io n .  
C a refu l c o m p a r is o n  is  m a d e  b e tw e e n  t h e s e  r e s u lt s  o b ta in e d  b y  e x c i t a t io n  
w it h  u l t r a -v io le t  l ig h t ,  c a th o d e  r a y s  (in  a ir) a n d  h y d r o g e n  f la m e . I n  t h e  
la t t e r  c a s e  b a n d s  a r e  le s s  w e l l  d e f in e d  a n d  a p p e a r  t o  b e  d is p la c e d  5 -1 0  m /t  
to w a r d s  t h e  lo n g -w a v e  e n d .43

P o s s i b l e  M e c h a n is m s  (p . 1 6 7 ) .— D o n a u  s u s p e c te d  a n  o x id a t io n - r e d u c t io n  
p r o c e s s  w a s  r e s p o n s ib le  fo r  t h e  lu m in e s c e n c e , b u t  a d m it t e d  t h a t  a  
s p e c im e n  o f  C aO  sh o w e d  n o  lo s s  in  w e ig h t  o n  a  m ic r o -b a la n c e  a f te r  
e x p o s u r e  t o  f la m e . T h e  t h r e e  s u b s e q u e n t  p a p e r s , h o w e v e r , a l l  r e j e c t  t h i s  
e x p la n a t io n ,  a n d  P a n e th  s u g g e s t s  b o m b a r d m e n t  o f  fr e e  io n s , o r  p e r h a p s  
e le c t r o n s , fr o m  t h e  f la m e  m a y  w e l l  b e  r e s p o n s ib le . T ie d e  a n d  B u s c h e r  
c la im e d  t h a t  Z n S  a n d  W il le m it e  w o u ld  lu m in e s c e  e v e n  w h e n  a  t h in  w a ll  
o f  fu s e d  s i l ic a  w a s  in te r p o s e d  b e tw e e n  t h e  s p e c im e n  a n d  t h e  f la m e . T h is  
s u g g e s t s  u l tr a -v io le t  r a d ia t io n  a s  t h e  e x c i t in g  a g e n t ,  b u t  n o  d e f in it e  c o n 
c lu s io n s  a r e  a r r iv e d  a t .

S e v e r a l w o r k e r s  h a v e  a lso  o b s e r v e d 45 t h a t  a  m o m e n ta r y  lu m in e s c e n c e  
is  c a u s e d  b y  t h e  im p in g e m e n t  o f  a  j e t  o f  a c t iv e  n itr o g e n  o n  so m e  su b s ta n c e s ,  
a n d  T ie d e  a n d  S c h le e d e  p o in te d  o u t 48 t h a t  t h e  p h e n o m e n o n  r e s e m b le d  
f la m e -e x c it e d  lu m in e s c e n c e . W it h  b o th  fo r m s  o f  e x c i t a t io n  so m e  w e ll-  
k n o w n  lu m in e s c e n t  s u b s ta n c e s , e .g . ,  S id o t  B le n d e , f a i l  t o  r e sp o n d , a n d  in  
g e n e r a l t h e  e f fe c t  is  m o s t  n o t ic e a b le  w it h  c o m p o u n d s  o f  e le m e n ts  o f  lo w  
a t o m ic  w e ig h t ,  e .g . L iF , B e C 0 3, B N , C a (N 3)2. F r o m  t h is  a n a lo g y  i t  w o u ld  
a p p e a r  t h a t  a  fu r th e r  p o s s ib le  e x p la n a t io n  o f  t h e  p h e n o m e n o n  is  t o  b e  
fo u n d  in  t h e  s p e c if ic a t io n  o f  t h e  s u b s ta n c e s  in  d e - a c t iv a t in g  t h e  a c t iv e  g a s  
m o le c u le s  in  t h e  f la m e .

In th e  ligh t of these papers, it  is no longer possib le to d ou b t the  
rea lity  of this phenom enon, a t lea st as far as the transitory  phenom enon  
a t low  tem peratures is concerned.

R ea lly  sa tisfactory  ev idence for th e  ex isten ce  of a perm anent lu m in 
escence a t tem peratures above red h eat is still, how ever, lacking.

39 T iede and H . T om aschek , Z . Elektrochem., 1923, 29, 303.
40 D on au , M onatsheft Chem., 1913, 34, 9 4 9 ; W ien: S it., 1913, 122, 335.
41 T ied e  and  B u sch er, Ber., 1920, 53, (2), 2206.
42 P a n e th  an d  W in tern itz , Ber., 1918, 51 , (2), 1728.
“ T ied e  an d  H . T om aschek , Z . anorg. Chem., 1925, 147, i n .
44 B alm ain , P hil. M ag., 1842, 21, 270 an d  su b seq u en t papers u p  to  I.e. 1846,

25, 87.
45 L ew is, N ature, 1923, i n ,  529. J ev o n s, ib id ., p. 705.
48T ied e an d  S ch leed e, N aturw iss, 1923, I I ,  765.
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In a previous paper 1 the isom orphous relationships of a num ber of 
heterocyclic  com pounds of sim ilar con stitu tion  w ere in vestigated , the  
a b ility  of b inary m ixtures of these substances to y ield  solid solutions  
being  chosen as the criterion of isom orphism . T he w ork has now  been  
exten d ed , th e  com pounds exam ined  including phenoxazin e (I), phenthia- 
zine (th iod iphenylam ine) (II), d iphenylene d ioxide (III), ph enoxth ion ine  
(IV), and th ianthren  (V). T he results ind icate th a t analogously  con
stitu ted  d erivatives of elem ents of sim ilar ty p e  form  solid solutions, 
provided th a t their sp atia l structures are also alike.

H  H

Sim u ltan eou sly  w ith  th is w ork an X -ray , crystallographic, and  
optical in vestiga tion  of these substances is being carried ou t b y  M r. 
R . G. W ood and h is collaborators of the P h ysics D epartm ent of this 
College, and their results w ill sh ortly  be published elsewhere.

Experimental.

Preparation and Purification of Materials.
P h e n o x a z in e  w a s  p r e p a r e d  b y  c o n d e n s in g  c a te c h o l  a n d  o -a m in o p h e n o l  

in  th e  p r e se n c e  o f  a  l i t t l e  o f  t h e  a m in o p h e n o l h y d r o c h lo r id e .2 R e c r y s t a l 
l is a t io n  fr o m  h o t  d i lu te  a lc o h o l, f o l lo w e d  b y  s u b lim a t io n , y ie ld e d  c o lo u r le s s  
le a f le ts ,  m .p . 1 5 6 -7 ° .

T h e  c o m m e r c ia l  sa m p le  o f  p h e n th ia z in e  w a s  v e r y  im p u r e , b u t  w h e n  
i t  w a s  b o ile d  fo r  3 h o u r s  w it h  3 0  %  a q u e o u s  so d iu m  h y d r o x id e , w a s h e d  
w it h  w a te r , t h e n  s u b lim e d  a n d  r e c r y s ta l lis e d  fr o m  a lc o h o l, a  p u r e  p r o d u c t  
w a s  o b ta in e d , c o n s is t in g  o f  p a le  y e l lo w  le a f le ts , m .p . 184 -4 °. P r e v io u s
in v e s t ig a t o r s  3 g iv e  t h e  m .p . a s  1 8 0 ° .

T h e  p u r if ic a t io n  o f  d ip h e n y le n e  d io x id e  (m .p . 1 1 9 -9 ° ), t h ia n th r e n  
(m .p . 1 5 6 -7 ° ), a n d  d ip h e n y le n e  o x id e  (m .p . 8 2 -4 ° )  h a v e  b e e n  a lr e a d y  
d e s c r ib e d .1

1 C ullinane and  P lum m er, / .  Chem. Soc., 1938, 63.
2 K eh rm an n  an d  N eil, Ber., 1914, 4 7 , 3107.
3 H olzm ann , Ber., 1888, 2 1 , 2065 ; K n oeven agel, / .  prakt. Chem., 1914, [ii],

8 9 , 12.
5°7
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P h e n o x t h io n in e ,  p r e p a r e d  b y  t h e  a c t io n  o f  s u lp h u r  o n  d ip h e n y l  e th e r  
in  t h e  p r e s e n c e  o f  a n h y d r o u s  a lu m in iu m  c h lo r id e ,1 w a s  e x t r a c t e d  th o r o u g h ly  
w it h  3 0  %  a q u e o u s  so d iu m  h y d r o x id e  s o lu t io n ,  w a s h e d  w it h  w a te r , re-  
c r y s ta l l is e d  fr o m  a lc o h o l,  su b lim e d , a n d  a g a in  r e c r y s ta l l is e d  fr o m  t h e  s a m e  
s o lv e n t ,  g iv in g  w h i t e  n e e d le s , m .p .  5 5 -7 ° .

T h e  c o m m e r c ia l  s p e c im e n  o f  c a r b a z o ie  w a s  r e c r y s ta l lis e d  fr o m  b o il in g  
a c e to n e , s u b lim e d , a n d  a g a in  r e c r y s ta l l is e d .  C o lo u r le s s  le a f le ts ,  m .p .  
2 4 5 -8 ° , w e r e  o b ta in e d .

Results.
T h a w  p o in t s  ( 7\ )  a n d  m e lt in g  t e m p e r a tu r e s  ( T a) w e r e  d e te r m in e d  b y  

t h e  m e th o d  d e sc r ib e d  in  a  p r e v io u s  m e m o ir .1 F o r  t h e  p u r if ie d  c o m p o u n d s  
T x a n d  T 2 d id  n o t  d iffe r  b y  m o r e  t h a n  i ° .

A  s e le c t io n  o f  t h e  r e s u lts  i s  s h o w n  g r a p h ic a l ly  in  F ig s .  1 -5 , a n d  t h e  
c o m p le te  d a ta  a r e  t a b u la t e d  b e lo w .

S y s t e m  P h e n o x a z in e - D ip h e n y le n e  D io x id e  ( F ig .  1) .

P h en o x a z in e , m ois. % 0 9-7 16-5 22-6 29-7 35-2
T x . 119-4° 105-2° 100-4° 96-0° 90-1° 90-3'
T t  . 1X9-9 117-2 I I 4'3 ix i -8 107-9 93-9

P h en oxaz in e , m ois. % 39-2 51-4 70-9 79-2 87-9 100
r x . 90-2° 89-8° 91-5° 98-2° 114-1° 156-0'
r ,  . I0 I-2 123-2 140-1 145-3 150-6 156-7

I t  is  e v id e n t  fr o m  t h e  d ia g r a m  t h a t  a  p a r t ia l  s e r ie s  o f  s o l id  s o lu t io n s  
i s  fo r m e d , c o r r e sp o n d in g  t o  3 0  a n d  7 0  m o is . %  o f  p h e n o x a z in e .  T h e  
e u t e c t ic  l ie s  a t  9 0 ° .

S y s t e m  P h e n t h ia z in e - P h e n o x t h io n in e  ( F ig .  2 ) .

P h en th ia z in e , m ois % o  11-3 29-2 53-7 66-r 83-2
T x . . . 55‘3° 57-6° 62-3° 70-9° 79-4° 100-3°
T t . . . 55-7 87-3 123-6 151-8 163-8 175-9

P h en th ia z in e , m ois. %  97-2 100
T x . . . 140-2° 183-6°
T t . . . 183-3 184-4

T h e  c u r v e  r e v e a ls  a  c o m p le te  s e r ie s  o f  s o lid  s o lu t io n s , t h e  m e lt in g -p o in t s  
o f  a l l  m ix tu r e s  ly in g  b e tw e e n  t h o s e  o f  t h e  p u r e  c o m p o n e n ts .

S y s t e m  P h e n o x a z in e - P h e n t h ia z in e  ( F i g .  3 ) .

P h en o x a z in e , m ois. % 0 n*8 17-6 36-0 48-3 68-9
T i ■ 183-6° 148-3° 143-7° 139-8° 140-4° 139-9°
T t  . 184-4 178-8 176-3 164-9 156-9 142-6

P h en o x a z in e , m ois. % 73-5 74-4 87-1 94-x 100
r ,  . 139-7° 140-0° 139-8° 142-1° 156-0°
r ,  . 142-0 143-5 151-1 I54-I 156-7

T h e  s y s t e m  e x h ib i t s  a  e u t e c t ic  a t  1 4 0 ° , w it h  a  p a r t ia l  s e r ie s  o f  s o lid  
s o lu t io n s ,  o f  c o m p o s it io n s  2 2  a n d  9 3  m o ls . %  o f  p h e n o x a z in e .

S y s t e m  D ip h e n y le n e  D io x id e - P h e n o x t h io n ln e  ( F ig .  4 ) .

P h e n o x th io n in e , m ois. % 0 5-7 26-1 43-9 66-3 73-o
r ,  . 119-4° 46-7° 46-8° 46-7° 46-5° 46-5°
r .  . H 9'9 117-7 106-9 94‘4 75-0 62-6

P h en o x th io n in e , m ois. % 78-2 90-4 94-8 100
r x . 46-4° 46-6° 4 6 7 ° 55-3°
T t . 47-2 52-3 5 3 9 55-7

A  s im p le  e u t e c t ic  i s  s h o w n  h e r e , w it h  n e g l ig ib le  so l id  s o lu t io n  fo r m a t io n .  
T h e  e u t e c t ic  p o in t  i s  4 6 -5 ° , c o r r e sp o n d in g  to  78  m o is . %  o f  p h e n o x th io n in e .

* Suter, M cK enzie an d  M axwell, J. Amer. Chem. Soc., 1936, 58, 718.



N . M . C U L L IN A N E  A N D  W . T . R E E S 509

S y s t e m  P h e n o x t h io n ln e -T h ia n t h r e n .

P h e n o x th io n in e , m ois. % 0 10-0 30-1 48-7 69-2 8 i -i
r x . 155-9 52-0° 51-9° 5 i - 7° 51-2° 51-6'
T .  . 156-7 153-6 142-1 126-3 i ° 5-5 84-2

P h e n o x th io n in e , m ois. % 90-0 93-° 95-4 100
T \ • 5t -4° 51-9° 51-8° 55-3°
T t . 64-0 52-9 55-1 55-7

T h is  c u r v e  a lso  s h o w s  a  s im p le  e u te c t ic ,  a t  5 2 0, c o r r e sp o n d in g  t o  9 3
m o is . %  o f  p h e n o x th io n in e ,  w i t h o u t  a n y  fo r m a t io n  o f  s o lid  s o lu t io n .
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P h en oxaz in e , m ols. % 0 2-6 6-7 10-2 i6-6
T t . 55-3° 5° -3° 50-5° 50-1° 50-x'
T 2 . 55-7 55-3 54-0 51-2 65-1

P h en o x a z in e , m ols. % 22-9 49-2 78-9 94-3 100
Ti ■ 50-2° 49-9° 50-6° 50-4° 156-0'
T , . 76-6 115-2 142-7 153-3 156-7

T h e  s y s t e m  r e v e a ls  a  s im p le  e u t e c t ic ,  t h e  e u t e c t ic  t e m p e r a tu r e  b e in g  
5 0 ° , c o r r e sp o n d in g  t o  10  m o ls . %  o f  p h e n o x a z in e .

S y s t e m  P h e n t h la z in e - T h ia n t h r e n .

/o u
T 1 . . . 155-9°
r 2 . . . 156-7

P hen th ia z in c , m ois. % 56-1
• • • 130-1°

T 2 . . . 151-3

9-4 16-2 26-0 38-2 44-Ï
141-5° 132-8° 129-4° 130-0° 1 3 0 0 °
153-2 149-5 144-8 135-8 134-4

70-9 89-4 95-9 100
129-5° 131-2° 148-0° 183-6°
164-6 178-5 182-2 184-4

A  p a r t ia l  s e r ie s  o f  so lid  s o lu t io n s  i s  p r e s e n t , c o r r e s p o n d in g  t o  2 0  a n d  
8 9  m o ls . %  o f  p h e n th ia z in e .  T h e  e u t e c t ic  t e m p e r a tu r e  is  1 3 0 ° .

S y s t e m  P h e n o x a z ln e - T h la n t h r e n .

T h ian th ren , m ols. % 0 3-3 24-1 439
Z \  . 156-0° i i 8 - o ° 117-6° i i 7-5°
T 2 . 156-7 154-9 139-0 120-2

T h ia n th ren , m ols. % 74-9 94-6 100
T , . 117-7° 117-8° 155-9°
T 2 . 143-2 X54-3 156-7

45-3 53-1
117-7° 117-5°
n 8-8  126-2

T h e  s y s t e m  p h e n o x a z in e - th ia n th r e n  s h o w s  a  s im p le  e u t e c t ic ,  w ith  n o  
o b s e r v a b le  s o lid  s o lu t io n  fo r m a t io n . T h e  e u t e c t ic  p o in t  is  n 8 ° ,  c o r r e s 
p o n d in g  t o  4 5  m o ls . %  o f  t h ia n th r e n .

S y s t e m  P h e n t h la z in e -D lp h e n y le n e  D io x id e .

D ip h en y len e  D io x id e ,
m ols. % . . o  5-0 21 -i 48-5 78-0
T x . . . 183-6° io 8 -x °  108-3° 108-4° 108-3°
T j . . . 184-4 182-8 174-2 151-8 n 6 - 6

D ip h e n y le n e  D io x id e , 
m ols. % .
3\  .
T t .

T h e  s y s t e m  fo r m s  a  s im p le  e u t e c t ic ,  w it h  n e g l ig ib le  s o lid  s o lu t io n  fo r m a 
t io n .  T h e  e u t e c t ic  l ie s  a t  1 0 8 -5 ° , a n d  c o r r e sp o n d s  t o  16  m o ls . %  o f  
t h ia n t h r e n .

0 5 - 0 2 X - I 4 8 - 5
i 8 3 - 6 ° i o 8 - i ° I o 8 - 3 ° 1 0 8 - 4 '

I 8 4 - 4 1 8 2 - 8 I 7 4 - 2 1 5 1 - 8

8 3 - 2 8 9 - 2 9 8 - 1 I O O

1 0 8 - 5 ° 1 0 8 - 6 ° 1 0 8 - 7 ° I I 9 -4 '

I I O - O 1 1 4 - 3 1 X 9 - 6 H 9 ' 9

S y s t e m  C a r b a z o le - D ip h e n y le n e  O x id e  ( F ig .  5 ) .

-Carbazole,
o 10-2 24-7 43-8 66-9 85-9 100

Ti . Si-5° 83-5° 87-5° 95-4° 109-5° 141-2° 245-1°
T , . 82-4 128-4 166-0 196-3 219-6 236-8 245-8

A n  u n in te r r u p te d  s e r ie s  o f  so lid  s o lu t io n s  is  r e v e a le d , t h e  m e lt in g -p o in t s  
o f  a l l  m ix tu r e s  ly in g  b e tw e e n  t h o s e  o f  t h e  p u r e  c o m p o n e n t s .
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Discussion of Results.
R ecen t in vestiga tion s suggest th at the phenom enon of isom orphism  

is connected  w ith  sim ilarity  in m olecular configuration rather than  
chem ical con stitu tion . Thus in the v iew  of N iggli 5 the ab ility  to form  
solid  so lu tions is due to sim ilarity  rather of geom etrical form  than of 
chem ical behaviour. H e points out th at on ly  in so far as atom s are 
sufficiently closely  related chem ically  to  y ield  geom etrically  sim ilar types  
of com pounds w ill isom orphism  be predom inantly connected w ith  groups 
of related elem ents in the Periodic System . M oreover Pirsch 6 states  
th a t th e real criterion of the isom orphous m iscib ility  of com pounds is 
sim ilarity  in the shape of th e space occupied b y  the m olecules. H e  
concludes, and supports his conclusions by  m eans of a num ber of 
exam ples, th a t  if com pounds, though differing in chem ical constitu tion , 
approach each other in spatia l configuration, m ixed crystals w ill be 
form ed. T he results obtained in the present w ork are of in terest in this 
connection .

From  considerations of electric dipole m om en t,7 and the yields  
obtained in the form ation  of cyclic ethers by  ring closure of the type 8 
(VI) ->  (VII)

OH 0 (CH2)„Br O--------- (CH2)„--------- 0

it  is concluded th a t th e  va len cy  angle of oxygen  in diphenyl ether has 
a va lu e  som ew hat greater than 120°, w hile a value of 118 i  30 for the  
o xygen  angle in p  : p '-d iiod od iphenyl ether w as obtained b y  M axwell, 
H endricks and M osley 9 from electron diffraction m easurem ents. In 
d im eth y l ether, on th e  other hand, th e  oxygen  va len cy  angle approxi
m ates to  the tetrahedral va lu e  of IO90 28'.10 T he enlargem ent of the 
angle in the case of d iphenyl ether m ay  be due to m utual repulsion  
b etw een  the phenyl groups, as suggested  b y  Stuart,11 or to resonance 
betw een the norm al m olecule and the tw o possible excited  sta tes, as 
envisaged  b y  S u tton  and H am pson .12

T urning now  to the case of d iphenyl sulphide, w e find from  the 
dipole m om ent m easurem ents of S u tton  and H am pson ,12 and the X -ray  
experim ents of K ohlhaas,13 confirm ed b y  the y ield s obtained in the  
form ation  of cyclic  ethers of the typ e m entioned above (w ith sulphur 
as the central a tom ),8 th a t the sulphur va lency  angle in diphenyl sulphide 
is in the neighbourhood of 112°. T his appears to be larger than the

6 N ig g li, Z . K rist., 1921, 56 , 167 ; cf. Ferrari an d  B aroni, A tti. Accad. L incei 
1928, [v i], 7 , 848.

8 P irsch . Ber., 1936, 69, 1323.
7 Coop an d  S u tto n , J . Chem. Soc., 1938, 1869.
8 L tittringhaus, Ber., 1939, 72 , [B ], 887, 907.
8 M axw ell, H en d rick s and  M osley, J . them . Physics, 1935. 3 . ^99-
10 S u tto n  and B rock w ay, J . Amer. Chem. Soc., 1935, 57 , 477.
11 S tu art, Z. physikal Chem., 1937, B, 36, 155.
17 S u tto n  and H am pson , Trans. Faraday Soc., 1935. 3 1. 953-
13 K oh lh aas an d  L iittr in gh au s, Ber., 1939, 72 > [-B], 897.
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corresponding angle in hydrogen su lphide 11 or d im ethyl su lph ide,15 and 
can be accounted  for in the sam e w ay  as in the case of d iphenyl ether.

Apropos of th is stereo-chem ical d issim ilarity  betw een  d iphenyl ether 
and sulphide, the fact th a t these substances form  on ly  a lim ited  series 
of solid so lu tions m ay be noted . Furtherm ore, according to T hom pson  
and Turner,16 the preferred va len cy  angle of selenium  is v ery  close to  
th a t of sulphur, and P a s c a l17 has show n th a t d iphenyl su lphide and  
selenide g ive a continuous series o f solid  so lu tions (type III, R oozeboom ).18

In d iphenylene oxide and su lphide the heterocyclic atom s form  part 
of a  rigid system , and a closer sim ilarity  in  th e  v a len cy  angles than in  
the corresponding d iphenyl d erivatives is probably enforced. T he  
system  diphenylene oxide-sulphide thus exh ib its a com plete series of 
m ixed  c r y s ta ls1 (type III, R oozeboom ).18

D iphenylene d iox ide possesses a planar m olecule, as evidenced  by  the  
fact th a t it  has zero dipole m om en t.10 T his is confirm ed b y  the experi
m ents of W ood, w hich  show  th a t the m olecu le probably has a centre of 
sym m etry , w hich  w ould  be im possib le if it w ere folded. T he corres
ponding sulphur com pound th ianthren, on the other hand, w ith  a large 
m om ent, is folded along th e S— S ax is .20 In th is connection  it  m ay  be 
noted  th a t Cullinane and P lum m er 1 found th a t the sy stem  diphenylene  
dioxide-d isu lph ide form ed a eu tectic  w ith  negligible solid -solu tion  
form ation , w hile th ianthren and selenanthren, w hich are considered to 
be folded  to a sim ilar ex ten t,18 gave an uninterrupted  series of m ixed  
crysta ls (type I, R oozeb oom ).18

If w e now  consider phenoxth ion ine, and assum e th a t in  all possib le  
configurations th e  centres of the oxygen  and sulphur angles rem ain in 
the plane of the tw o benzene rings, and th a t the 0 — C and S— C bonds 
m ake angles o f 120° w ith  the adjacen t bonds of th e  arom atic nucleus,16 
tak in g  the radii of arom atic carbon, oxygen , and sulphur to be 0 7 ,  0-66, 
and 1-05 a .  respectively , w e obtain  the fo llow ing relationships betw een  
th e  oxygen  angle, th e  sulphur angle, and the angle of fold  about the  
0 — S axis :

O an gle  . . . .  io o °  110° 120* 130° 1330
S an gle . . . . 8 4 °  92° 99° 105° 107°
A n gle  o f  fo ld  . . . 1130 1270 142° 162° 180°

A s it is un likely  th a t oxygen  w ould to lerate a greater angle than  130°, 
w e conclude th a t the m olecule is folded.

T he results obtained  in the present w ork show  th a t the planar d i
phenylen e d iox ide form s a eu tectic  w ith  phenoxth ion ine (F ig. 4) w ith ou t  
an y  appearance of m ixed crystal form ation . M oreover, W ood ’s experi
m ents show  th a t there is a  pronounced d issim ilarity in th e  structures of 
the tw o substances.

N o t m uch is know n concerning the preferred va len cy  angle of

11 Cross, Physical Rev., 1935, 4 7 , 7 ; D ad ieu  an d  K ohlrausch , Physikal. Z .,
1932, 33, 165.

15 P a i, Ind. J . Physics, 1934, 9 , 121 ; B rock w ay  and Jenk ins, J . Amer. Cheni.
Soc., 1936, 5 8 , 2040.

16 T h om p son  and  Turner, J . Chem. Soc., 1938, 30.
17 P asca l, Bull. Soc. chitn., 1912, I I ,  30.
18 R oozeb oom , Z . physikal. Chem., 1899, 3 0 , 385.
18 B e n n ett, E arp  and G lasstone, J . Chem. Soc., 1934, 1180.
20 B e n n e tt  and  G lasstone, J . Chem. Soc., 1934. 128 ; cf. B ergm ann , Ber.,

1932, 65 , 457.
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nitrogen, a lthough in am m onia 21 and trim ethylam ine 22 it  appears to 
approxim ate to the tetrahedral value. In d iphenylam ine the sam e  
typ e of resonance can occur as in d iphenyl ether, and this w ould cause an 
enlargem ent of the nitrogen angle, though to  w hat ex ten t is not know n. 
In 9 : io -d ihydrophenazine and its derivatives, where resonance can  
also occur, S u tton  and H am pson 12 suggest th at the m olecule is planar 
as in d iphenylene dioxide. On the other hand Cam pbell, Le Fevre, 
Le F £vre and T u rn er23 are of opinion th at 9 : 10-dihydro- and 9 : 10- 
d im eth y l dihydro-phenazine, w hich appear to h ave definite though sm all 
dipole m om ents, are folded.

P henazine itself, how ever, w hich possesses zero dipole m om ent, is 
undoubted ly  fia t,23 as w ould be expected  from  the w idening of the 
nitrogen angle due to the presence of the double bond, a  conclusion  
confirm ed b y  W ood.

M aking the sam e assum ptions in the case of phenthiazine as for 
phenoxth ion ine, and tak ing the radius of the nitrogen atom  as 0 7  a . ,  we 
obtain  the fo llow ing relationships betw een the n itrogen angle, the  
sulphur angle, and the angle of fold about the N— S axis :

N  an gle  . . . io o °  n o 0 120° 130° 132°
S an gle . . . .  85° 93° io o °  107° 108°
A n gle  o f fo ld  . . . 1140 128° 143° 1660 180°

As a va len cy  angle greater than 130° is scarcely likely for nitrogen, 
a folded m olecule seem s to be the m ost plausible structure for phen
th iazine. A  nonplanar m olecule is show n to be com patib le w ith  W ood’s 
results, though definite proof of such a configuration has n ot been ob
tained . In the present work, th e tem perature-concentration diagram  
(F ig. 2) show s th at the system  phenth iazine-phenoxth ion ine exh ib its an 
unbroken series of m ixed crystals (type I, R oozeboom ).18 Moreover, the 
system  d iphenylene d ioxide-phenth iazine form s a eutectic, no solid  
solu tion  being present.

In the case of phenoxazine, w e obtain  the follow ing relationships 
b etw een  the nitrogen angle, the oxygen  angle, and the angle of fold  
about the N— 0  axis :

N  a n g l e ................................................................................ 100° n o 0 119°
O angle . . . . . . .  102° 112° 121°
A n gle  o f fo ld  . . . . . .  126° 1450 180°

T he above results suggests th at there is on ly  slight, if any, fold ing of 
the m olecule. T he system s d iphenylene d ioxide-phenoxazine (Fig. 1) 
and phenth iazine-phenoxazine (Fig. 3) both  reveal a lim ited series of 
solid so lu tions (typ e V , R oozeboom ).18

Referring now  to th e  corresponding carbon com pounds, in  m ethane  
the carbon va len cy  angle has the tetrahedral value of 109° 28'. Further
more L iittringhaus 8 concludes from  his ring closure experim ents that 
the central carbon angle in d iphenyl m ethane is 1 10 ±  3°> so th at there 
is no appreciable enlargem ent. T he fact th a t no resonance effect is 
possib le in th is com pound, such as th at proposed, for exam ple, in the  
case of d iphenyl ether, w ould account for the absence of any pronounced

51 D en n ison  and TJhlenbeck, Physical Rev., 1932, 4 1 , 313 ; L ueg and  H ed feld . 
Z . Physik, 1932, 75 , 599.

22 B rock w ay  and  Jen k in s, loc. cit.n
25 C am pbell, L e F 6vre, L e F evre  and Turner, / .  Chem. Soc., 1938, 407 ; cf. 

B ergm ann , E n g e l and  M eyer, Ber., 1932, 65, 446.
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alteration  in the angle. In th is connection  the fact th at d iphenyl 
m ethane and d iphenyl ether form  a eu tectic , w ith ou t any m ixed crystals 
being form ed, is notew orth y .24

N ow  9 : io -d ih ydroanth racen e appears to have a m easureable dipole  
m om ent,23 ind ica tin g  that its m olecule is folded about the CH2— CH2 
axis, as is to  be exp ected  if th e  carbon va len cy  angles are less than 120°. 
On the other h and , anthracene possess a  planar structure,25 and th is can  
be exp lained  b y  the carbon angles of the centre ring being increased  
ow ing to the double bond s a ttached  to them . M oreover, anthracene 
and its d ihydro-derivative g ive  a eu tectic , no solid so lu tion  being  
observed .26

A s already m entioned, com pounds of the typ e (V III) 
possess a fa irly  rigid structure, and though X  m ay  
vary , a sim ilar v a len cy  angle is probably  enforced.
T hus the sy stem s fluorene-diphenylene ox id e ,24 car- 
bazole-d iphenylene oxide, d iphenylene oxide-di- 
phenylen e su lph ide,1 and d iphenylene sulphide-di- 
phenylen e selen ide 1 all y ield  continuous series o f solid so lutions.

T he authors acknow ledge their indebtedness to the C om m ittee of the  
v a n ’t H off Fund and to the C hem ical S oc ie ty  for grants.

Tatem Laboratories, University College,
Cardiff.

24 L ü ttr in gh au s, Annalen, 1937, 5 2 8 , 229.
25 R ob ertson , Proc. Roy. Soc., 1933, 140, 79.
28 G rim m , G ünther and T ittu s , Z. physikal. Chem., 1931, B , 14, 210.
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(D r e sd e n  a n d  L e ip z ig  : T h e o d o r  S te in k o p f . P p . v i  +  2 4 0 , w it h  45  
i l lu s t r a t io n s . P r ic e , R .M . 7 .5 0  : b o u n d , R .M . 8 .6 2 .)

T h is  b o o k  s e t s  o u t  t o  d is c u s s  t h e  n a tu r e  o f  “  im p u r ity  ”  in  t h e  so lid  
s t a t e ,  a n d  th e r e fo r e  d e a ls  in  c o n s id e r a b le  d e ta i l  w it h  t h e  p r o p e r t ie s  o f  t h e  
“  r e a l ”  a n d  t h e  “  id e a l  ”  c r y s ta l .  B o r d e r la n d  p h r a se s  lik e  a m o r p h o u s  
b o d ie s  a n d  s u p e r -c o o le d  l iq u id s  r e c e iv e  a t t e n t io n  in  m u c h  th e  sa m e  w a y .  
T h e r e  is  a lso  a n  in te r e s t in g  s e c t io n  u p o n  v e lo c i t y  o f  c r y s ta l l is a t io n , b o th  
s p o n ta n e o u s  a n d  lin e a r . T h e  fo r m e r  i s  o f  d im e n s io n s  N u m b e r  o f  g r a in s /  
T im e , w h e r e a s  t h e  la t t e r  i s  L e n g th /T im e , a n d  th u s  m o r e  t r u ly  a  v e lo c i t y  
in  th e  n o r m a l s e n s e .

A  g o o d  fe a tu r e  is  th e  resu m d  a t  t h e  e n d  o f  e a c h  c h a p te r , w h ic h  h e lp s  
t o  b a la n c e  t o  so m e  e x t e n t  th e  t e n d e n c y  t o  “  w r ite  r o u n d  t h e  r e f e r e n c e s .”  
B u t  t h e  s p e c ia li s t  w i l l  w e lc o m e  P r o fe s so r  B a la r e w ’s  w o r k  fo r  r e fe r e n c e  
p u r p o se s , a n d  fo r  i t s  th o r o u g h n e s s .
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