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PREFACE 

Researchers  i n  cement chemist ry  have r e c e n t l y  become aware 
t h a t  many of t h e  problems a s s o c i a t e d  w i th  t h e  dimensional  s t a -  
b i l i t y  of  conc re t e  a r e  due t o  t h e  f a c t  t h a t  t h e  g r e a t  ma jo r i t y  
o f  t h e  h y d r a t i o n  produc ts  o f  cement, which i n c l u d e  t e t r a c a l c i u m  
a lumina te  h y d r a t e ,  a r e  made up of  l a y e r e d  c r y s t a l s .  

A g r e a t  v a r i e t y  of  o rgan ic  compounds a r e  now be ing  used a s  
admixtures  t o  improve c e r t a i n  p r o p e r t i e s  o f  cements. Th is  pape r  
d e s c r i b e s  how t h e s e  o r g a n i c  compounds r e a c t  and form complexes 
by a t t a c h i n g  themselves between t h e  l a y e r s  o f  t e t r a c a l c i u m  
aluminate  h y d r a t e ,  and how t h i s  r e s u l t s  i n  s w e l l i n g .  

The D iv i s ion  i s  g r a t e f u l  t o  M r .  D. A .  S i n c l a i r  of t h e  
T r a n s l a t i o n s  S e c t i o n ,  Na t iona l  Research Counc i l ,  f o r  t r a n s l a t i n g  
t h i s  paper  and t o  R.  F. Feldman of t h i s  D iv i s ion  who checked t h e  
t r a n s l a t i o n .  

Ottawa 
October 1971 

N .  B. Hutcheon 
D i r e c t o r  
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THE INTRACRYSTALLINE SORPTION OF WATER A N D  

O R G A N I C  SUBSTANCES I N  TETRACALCIUM ALUMINATE HYDRArI'L 

A b s t r a c t  

T e t r a c a l c i u m  a l u m i n a t e  h y d r a t e s  a r e  known 
as h y d r a t i o n  p r o d u c t s  o f  cement .  The t r u e  c e l l  
i s  u n c e r t a i n ,  b u t  f o r  t h e  p s e u d o c e l l ,  i n c l u d i n g  
t h e  a r r angemen t  o f  i n t e r l a y e r  water a model i s  
g i v e n  b e i n g  i n  good agreement  w i t h  t h e  x-ray 
d a t a  o f  t h e  f i v e  h y d r a t i o n  s t a g e s .  T e t r a c a l c i u m  
a l u m i n a t e  h y d r a t e s  a r e  t h e  f i r s t  example f o r  
l a y e r  s t r u c t u r e d  c r y s t a l s  c o n t a i n i n g  n e u t r a l  
s h e e t s ,  which  a r e  h i g h l y  c a p a b l e  o f  i n t e r l a y e r  
s o r p t i o n  o f  w a t e r  and n e u t r a l  o r g a n i c  compounds. 
S o r p t i o n  complexes w i t h  a p p r o x i m a t e l y  500 
s e l e c t e d  o r g a n i c  s u b s t a n c e s  have  been  i n v e s t i -  
g a t e d .  Basal r e f l e x e s ,  t h e i r  p o s i t i o n  i n d i c a t i n g  
t h e  a r r angemen t  o f  s o r b e d  m o l e c u l e s ,  a r e  g e n e r a l l y  
s h a r p .  R e g a r d i n g  t h e  complexes w i t h  a l c o h o l s ,  
t h e  p o s s i b l e  c o n f i g u r a t i o n  and  b o n d i n g  c o n d i t i o n s  
be tween o r g a n i c s  and  i n o r g a n i c  m a t r i x  are  
e x t e n s i v e l y  d i s c u s s e d .  A s u r v e y  on  numerous 
homologous o r g a n i c  s u b s t a n c e s  shows t h e  r e a c t i v i t y  
o f  t e t r a c a l c i u m  a l u m i n a t e  h y d r a t e .  B e s i d e s  com- 
p l e x e s  w i t h  Van d e r  Waals o r  H b o n d i n g  t h e r e  are 
a l s o  homopolar  bonded i n t e r l a y e r  complexes .  I t  
i s  a l s o  p o s s i b l e  t o  imbed a m i x t u r e  o f  two o r  
more o r g a n i c  compounds. Ano the r  v a r i a n t  i s  t h e  
imbedd ing  o f  water mixed w i t h  o r g a n i c  compounds. 
The de- and r e h y d r a t i o n  r e a c t & o n s  o f  t h e s e  p r o d u c t s  
i n  t h e  r a n g e  f rom -20 t o  + l o 0  C have  b e e n  s t u d i e d .  

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

The u n i d i m e n s i o n a l  i n t e r l a m e l l a r  s o r p t i o n  o f  o r g a n i c  mole- 

c u l e s  on  i n o r g a n i c  l a y e r  l a t t i c e s  i s  a fami l ia r  phenomenon t o  c l a y  

s p e c i a l i s t s .  S i n c e  i t s  d i s c o v e r y ,  ' a voluminous  l i t e r a t u r e  h a s  

a p p e a r e d  on  t h e  o r g a n i c  compounds o f  c l a y ,  which  ~ a h i n ' l )  d e s c r i b e d  

as " h y b r i d  u n i o n s  o f  o r g a n i c  and i n o r g a n i c  mater ia l s f f .  Compre- 

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

I l e r  ~ a u s e r ' ~ ) ,   rim'^) and ~ a s m u n d ' ~ ) ,  and  i n  p a p e r s  by 

McEwan") , ~ o r d a n ' ~ ) ,  Nahin 'I) and Weiss '*j9). F o r  t h e  s t a t e  o f  



r e s e a r c h  a t  a  g i v e n  t i m e  one  may c o n s u l t  t h e  t e c h n i c a l  p r e s s  and  

t t l t .  Nortll A m e r i c a r l  "Sympo.;ia on C lay -Orcan ic  Complexes", w h i c ! ~  

; ~ r ' c :  I tc ld  d u r i n g  t h e  a n n u a l  N a t i o n ; ~ l  Confr~rer iccs  and a r e  put)li:<hr:d 

i t 1  "Clay:; and Clay M i n e r a l s  E ' roccc:uin~~~sl '  . 

The s u b s t a n c e  i n  which Hofmann and  F r e n z e l  ( lo )  o b : j i r v e d  t h e  

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

f i r s t  t i m e  i n  1930 was n o t  a c l a y  m i n e r a l  b u t  g r a p h i t i c  a c i d .  

With i n c r e a s i n g  knowledge a b o u t  t h e  o r g a n i c  compounds o f  c l a y ,  

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

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

m i n e r a l s .  A s  T a b l e  I ( a f t e r  McEwan (6)) shows,  t h i s  q u e s t i o n  h a s  

a l s o  been b r o a c h e d  many t i m e s .  The T a b l e  c o u l d  be  expanded  

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

on t h e  s w e l l i n g  o f  d i t i t a n a t e s  (I1) a n d  p o l y p h o s p h a t e s  ( 1 2 )  

A common c h a r a c t e r i s t i c  o f  t h e s e  d i f f e r e n t  s w e l l i n g  compounds 

i s  t h e i r  c o n s t r u c t i o n  f rom macro ions  which  a r e  bound by i n t e r -  

c h a n g e a b l e  g e g e n i o n s  . * I n  g e n e r a l ,  t h e  mac ro ions  ( a n i o n s  o r  ca t ion : ;  ) 

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

a l l y ,  t h e y  form c h a i n s .  The mechanism o f  i n t e r l a m e l l a r  s o r p t i o n  

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

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

s t a t e  o f  h y d r a t i o n  o f  t h e  g e g e n i o n s  ' 1 5 ) .  The g e g e n i o n s  may 

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

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

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

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

c o l l a g e n  (16,17) o r  d e s o x y r i b o n u c l e i c  a c i d  (DNA) (13), i n  which  

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

a c i d s  o r  p h o s p h a t e  i o n s  o f  DNA can  be s a t u r a t e d .  

I t  i s  t h e r e f o r e  i n t e r e s t i n g  t o  n o t e  t h a t  t h i s  l a r g e  group  o f  

s u b s t a n c e s ,  whose i n t r a c r y s t a l l i n e  s w e l l i n g  can  be c o n t r o l l e d  by 

o r  may even  be  c a u s e d  by i o n  p r o c e s s e s ,  can  a l s o  b e  compared t o  

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

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



tile C O O B ~ U X  c y a n i d e s  o f  t h e  t ran : : i  t i o n  metal:;,  : : tudied t:y Wei:;:; ( '  . 
I n  t h e s e  compounds, t h e  consumpt ion  of n e u t r a l  p o l a r  m o l e c u l e s  

on  s w e l l i n g  a p p e a r s  t o  be  due  t o  t h e  t e n d e n c y  o f  t h e  t r a n s i t i o n  

m e t a l s  t o  undergo  a change  f rom 4 - c o o r d i n a t i o n  t o  6 - c o o r d i n a t i o n .  

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

which i s  t h e  s u b j e c t  o f  t h e  p r e s e n t  p a p e r  and which i s  a l s o  made 

up o f  n e u t r a l  s h e e t s ,  t a k e s  a g r e a t e r  v a r i e t y  o f  forms  t h a n  t h a t  

o f  t h e  complex c y a n i d e s .  

The g r e a t  m a j o r i t y  o f  t h e  h y d r a t i o n  p r o d u c t s  o f  cemen t ,  which  

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

o f  o r g a n i c  compounds by t h e  p r o d u c t s  o f  cement h y d r a t i o n  e v e n  

though  cements  had  been  t r e a t e d  w i t h  a l a r g e  number o f  o r g a n i c  

s u b s t a n c e s ,  somet imes  i n  o r d e r  t o  d e t e r m i n e  t h e  cor ro : ; lveness  o f  

t h e s e  s u b s t a n c e s ,  somet imes  as a d m i x t u r e s  t o  improve  c e r t a i n  

p r o p e r t i e s  o f  t h e  cements  ( c f .  (18'19)). I n  t h e  p r e s e n t  p a p e r ,  we 

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

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

The a u t h o r  h a s  s o  f a r  p r o d u c e d  a b o u t  500 d i f f e r e n t  s o r p t i o n  

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

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

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

r e a c t i v i t y  o f  t e t r a c a l c i u m  a l u m i n a t e  h y d r a t e .  B e f o r e  t a k i n g  up 

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

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

p o s s i b l e ,  i t s  s k r u c t u r e .  The p o s s i b l e  c o n f i g u r a t i o n  and b i n d i n g  

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

u s i n g  t h e  monovalent  a l c o h o l s  a s  a n  example .  The s o r p t i o n  complexes  

i n  which  one o r  more o r g a n i c  m o l e c u l e s  t a k e  p a r t  a r e  t a k e n  up one  

by o n e .  Ano the r  c l a s s i f i c a t i o n  i s  g i v e n  by t h e  f a c t  t h a t  t h e  

o r g a n i c  components are l i n k e d  t o  t h e  i n o r g a n i c  h o s t  l a t t i c e  n o r m a l l y  

by Van d e r  W a a l l s  f o r c e s  o r  H b i n d i n g ,  b u t  somet imes  a l s o  i n  homo- 

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

w i t h  s o r p t i o n  complexes  a r e  d e a l t  w i t h .  



( a )  P r e p a r a t i o n  o f  t e t r a c a l c i i l n ~  a l u m i n a t e  h y d r a t e  : For  the 

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

p r o d u c t ,  a s o l u t i o n  o f  sodium a l u m i n a t e  which  was f r e e  o f  CaO and  

Ca02 was c o n v e r t e d  by t h e  method d e s c r i b e d  by z u r  S t r a s s e n  and  

Dos ch ( 2 0 )  

( b )  The o r g a n i c  r e a g e n t s  were  o b t a i n e d  f rom F l u k a  A G ,  Buchs,  

S w i t z e r l a n d .  Samples  marked "pur i ss imum" were u s e d  d i r e c t l y .  

Those marked " t echn icum" ,  and i n  c a s e s  o f  d o u b t  t h o s e  marked "purum" 

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

( c )  P r e p a r a t , i o n  o f  o r g a n i c  complexes :  I f  t h e  o r g a n i c  sub-  

s t a n c e s  a r e  l i q u i d  a t  room t e m p e r a t u r e ,  s u s p e n s i o n s  were  made w i t h  

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

4 C a O  - A1203 11 H20.  Powder p r e p a r a t i o n s  f o r  x-ray a n a l y s i s ,  

t e x t u r e d  t o  a l a r g e  e x t e n t  w i t h  r e s p e c t  t o  001 ,  were  p r o d u c e d  by 

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

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

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

o r  do s o  o n l y  v e r y  s l o w l y .  I n  a  few s p e c i a l l y  n o t e d  c a s e s ,  w a t e r  

o r  benzene  was used  as t h e  s o l v e n t .  

( d )  X-ray methods :  

( a )  S i n c e  p u r e  t e t r a c a l c i u m  a l u m i n a t e  h y d r a t e s  

a r e  e x t r e m e l y  s e n s i t i v e  t o  a t r n o s p h e r i c  C02,  t h e  x-ray 

" c l i m a t e - c o n t r o l  chamber'' d e v e l o p e d  by Dosch ( 2 1 )  ( F i g u r e  l a )  

was u s e d  t o  h o l d  t h e  powder .  A f t e r  t h e  chamber i s  b r o u g h t  

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

i n t o  i t  i n  a " g l o v e  box" .  A t  t h e  bo t tom Is  a s m a l l  d i s h  

c o n t a i n i n g  a i r - c o n d i t i o n i n g  a g e n t s  w i t h  which d e s i r e d  

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

can be p r o d u c e d .  

( B )  F o r  t h e  s t u d y  o f  m o i s t  p r e p a r a t i o n s ,  f i l t e r  

p a p e r  was cemented  i n t o  t h e  d e p r e s s i o n  i n  t h e  c i r c u l a r  

mic roscope  s t a g e ,  as shown i n  F i g u r e  l c .  The p r o j e c t i n g  



s t r i p  o f  p a p e r  i s  d i p p e d  i n t o  the disk1 c o n t a i n i n g  

t h e  s o l v e n t  and  a c t s  as a w i c k .  

( y )  X-ray p i c t u r e s  o f  s u s p e n s i o n s  were made 

i n  a s p e c i a l l y  d e s i g n e d  compar tment  ( 2 2 )  shown i n  

F i g u r e  l b .  T h i s  compar tment  can  a l s o  b e  t e m p e r a t u r e -  

c o n t r o l l e d .  The s u s p e n s i o n  i s  s t i r r e d .  

3 .  T e t r a c a l c i u m  Alumina t e  H y d r a t e s ,  S t a g e s  o f  H y d r a t i o n  

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

T h e r e  are  a t  l eas t  f i v e  d i f f e r e n t  h y d r a t e s  o f  t h e  g e n e r a l  

c o m p o s i t i o n  4 C a O  A 1 2 0 9  w a t e r .  They c o n s t i t u t e  h e x a g o n a l  

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

a number o f  q u a t e r n a r y  compounds may a l s o  b e  d e r i v e d ,  e . g . ,  w i t h  

C02 o r  SO 3 ( 2 3 ) .  Thus t h e  t e t r a c a l c i u m  a l u m i n a t e  h y d r a t e s  are 

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

d i o x i d e  i n  t h e  a i r .  The s i m i l a r i t y  o f  t h e  l a t t e r  t o  t h e  compounds 

t h a t  are f ree  o f  C02 h a s  l e d  t o  a number o f  c o n t r a d i c t i o n s  and  

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

Zur  S t r a s s e n  and  Dosch ( 2 0  ) s t u d i e d  t h e  r e l a t i o n s h i p  b e t w e e n  

t h e  i n d i v i d u a l  t e t r a c a l c i u m  a l u m i n a t e  h y d r a t e s  and  t h e  t e t r a c a l c i u m  

a l u m i n a t e  c a r b o n a t e  h y d r a t e s .  The h y d r a t e s  were c h a r a c t e r i z e d  by 

w a t e r  c o n t e n t  and  v e r y  l o n g  b a s a l  r e f l e c t i o n s  ( F i g u r e  2 ) .  The 

f i v e  t e r n a r y  h y d r a t e s  h a v e  b a s a l  s p a c i n g s  o f  1 0 . 6 ,  8 . 2 ,  7 . 9 ,  7 . 4  

a n d  7 . 2  8 c o r r e s p o n d i n g  t o  h y d r a t e  s t a g e s  w i t h  1 9 ,  1 3 ,  1 2 ,  11 a n d  

7 H20/4 C a O  A1203. From t h e  cornpound 3  C a O  A1203  CaC03 

water w e  g e t  two  h y d r a t e s  w i t h  do0 1 = 7 .6  8, 11 H20 a n d  doe 1 = 

7 . 1 5  8 ,  6 H z O ,  The " q u a r t e r  c a r b o n a t e s "  a r e  p o o r e r  i n  C02 

( 3  C a O  A1203 3/4 C a O  1 / 4  CaC03 water w i t h  d o o l  = 8 . 2  8 ,  

1 2  H20 a n d  do 0 1 = 7.7  8,  9 H 2 0 ) .  Q u a r t e r  c a r b o n a t e  h y d r a t e  h a s  

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

s p a c i n g  o f  which  ( o n l y  a 1 2  h y d r a t e  i s  known) i s ,  howeve r ,  7 . 9  8. 
Q u a r t e r  c a r b o n a t e  h y d r a t e  ( 8 . 2  8 )  a n d  4 C a O  A1203 1 3  H20 h a v e  

t h e  same b a s a l  s p a c i n g  and are t h e r e f o r e  e a s i l y  c o n f u s e d .  However,  

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



d e h y d r a t i o r i  p r o c e s s .  1{oberts9 ( ' l ' )  two po1yrr1orpl~ou:: 1n0dif.i c a t  i u : l s  

a a n d  B - 4 C a O  A1203 1 3  I120 ( d o 0 1  = 8 .2  and 7 . 9  8 r e s p i J c -  

t i v e l y )  a r e  a c t u a l l y  two d i f f e r e n t  h y d r a t e s  w i t [ ]  1 3  a n a  1 2  ;j2\) 

r e s p e c t i v e l y .  

I n  t h e  p r e s e n t  s t u d y ,  C02 w a s  c a r e f u l l y  e x c l u d e d  by means o f  

a g l o v e  box  and  t h e  c l i m a t e - c o n t r o l l e d  x-ray chamber.  T h e r e f o r e ,  

o n l y  Ltie t e r n a r > y  h y d r a t e s  o c c u r ,  s e e  Fi{.;ure 2, ri[:ht hand  c o i u m n .  

'Yhe s t r u c t u r e  o f  t e t r a c a l c i u m  a l u m i n a t e  h y d r a t e ,  h ~ - ' r e i n ; i f ? ; e r  

a b b r e v i a t e d  t o  C b A H T r n ,  h a s  n o t  been  c l a r i f i e d .  I t  nas been  i n -  
n 

v e s t i g a t e d  by B r a n d e n b e r g e r  (25), T i l l e y ,  Megaw and iley ( 2 6 ) ,  ~ ~ t t l e r ,  

Dent G l a s s e r  and  T a y l o r  ( 2 7 )  and Grudemo ( * * ) .  common t o  a l l  a t t e m p t s  

a t  i n t e r p r e t a t l o n  i s  t h e  a s s u m p t i o n  of  a l a y e r  s t r u c t u r e  and hydroxy l  

b i n d i n g  o f  t h e  t o t a l  oxygen i n  t h e  s t r u c t u r a l  e l e m e n t  Ca.rA1(OH)t 

o f  t h e  C 4 A H 7  compound c o n t a i n i n g  no w a t e r  o f  c r y s t a l l i z a t i o n .  

Compos i t i on  and  s e q u e n c e  o f  i n d i v i d u a l  l a y e r s  have  b e e n  v a r i o u s l y  

i n t e r p r e t e d .  B r a n d e n b e r g e r ,  T i l l e y  e t  a l .  and Grudemo a l l  p o s t u l a t e  

d i f f e r e n t  two- shee t  a r r a n g e m e n t s  f o r  t h e  p s e u d o c e l l ,  b u t  none o f  

t h e s e  i s  d i r e c t l y  con ipa t ib l e  i n  i t s  geometry w i t h  t h e  measured  

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

b e h a v i o u r  o f  t h e  C 4 A  h y d r a t e s .  

Uu t t l e r . ,  Dent G l a s s e r  and T a y l o r  have  shown tha t ;  t h e  pseudo-  

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

s iml l a r  t o  t h a t  o f  p o r t l a n d i t e ,  Ca(OH2). Imagine  one i n  a p o r t -  

l a n d i t e  s h e e t  r e p l a c e d  by A I I +  f rom 3  ca2+  p o s i t i o n s ,  F i g u r e  3a .  

The c h a r g e  of t h e  o c t a h e d r a l  s h e e t  i s  n o t  y e t  b a l a n c e d ;  t h e  

s e v e n t h  OH i o n  o f  t h e  s t r u c t u r a l  e l e m e n t  [Ca2A1(OH)6]0H, h e r e i n -  

a f t e r  c a l l e d  " o u t e r  OH" ,  i s  p r e s e n t  i n  t h e  O H  o c t a h e d r o n  v a c a n c i e s  

o v e r  t i ie A 1  p o s i t i o n s ,  F i g u r e  3b.  

The r e a l  c e l l ,  which i s  c o m p l i c a t e d  by d i f f e r e n t  i n s e r t i o n  

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

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

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

a p p l i e s  o n l y  t o  t h e  p s e u d o c e l l .  The unid i .mens iona1  s w e l l i n g  ( 1 c 

* A b b r e v i a t e d  n o m e n c l a t u r e :  C = C a O ;  A = A1203; H = H20. 



i:; c o r ~ r e c t l y  d c s c r i b c d  by t k ~ c u e  d a t a .  ' l ' t ~ ~ .  0 0 1  intlir:c:::  o f '  t t ~ c  

t r u e  c e l l  may be t h r e e  t i m e s  o r  morc ~ r e a t e r  tkian t h o s e  of' t k l e  

p s e u d o c e l l ,  c f .  Kuzel  ( 2 9 )  

From t h e  d a t a  o f  B u t t l e r  e t  a l .  i t  a p p e a r s  t h a t  t h e  o u t e r  

O H ' S  occupy o n l y  one s i d e  o f  t h e  o c t a h e d r o n  l a y e r .  The b a s a l  

s p a c i n g  o f  t h e  compound C 4 A H 7  w i t h o u t  w a t e r  of  c r y s t a l l i z a t i o n  

was d e t e r m i n e d  by t h e r m a l  d e h y d r a t i o n  t o  be 5 . 8  t c  6 . 5  8 (wide  

r e f l e c t i o n s ) .  However, a t  t h e  d e h y d r a t i o n  t e m p e r a t u r e  o f  1 2 2 ' ~  

t h e  l a t t i c e  was a t t a c k e d .  L i n e s  o f  Ca(OH)2 a p p e a r e d  i n  t h e  x-ray 

d iag ram o f  C b A H 7 .  

Zur S t r a s s e n  and Dosch g o t  s h a r p l y  c r y s t a l l i z e d  C 4 A H 7  w i t h  

d o o l  = 7.2  8 a t  room t e m p e r a t u r e  i n  t h e  x-ray c l i m a t e - c o n t r o l  

chamber v i a  P 2 0 5 ,  ( c f .  F i g u r e  2 ) .  T h i s  v a l u e  f o r  t h e  d e h y d r a t i o n  

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

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

t h e  o u t s i d e  OH groups  a r e  d i s p o s e d  on b o t h  s i d e s  o f  t h e  o c t a h e d r o n  

s h e e t  o r  a r e  d i s t r i b u t e d  s t a t i s t i c a l l y ,  F i g u r e  3b. I t  i s  assumed 

t h a t  t h e  o u t s i d e  O H  groups  a r e  e x t r e m e l y  p o l a r i z e d  r e l a t i v e  t o  

t h e  ~ l l +  and p e n e t r a t e  ve ry  d e e p l y  i n t o  t h e  s h e e t  o f  o c t a h e d r a l  

h y d r o x y l  i o n s .  

On t h e  b a s i s  o f  t h i s  model o f  t h e  o c t a h e d r o n  s h e e t  w i t h  two 

d i f f e r e n t l y  a r r a n g e d  t y p e s  o f  OH g r o u p s ,  we can  c o n s t r u c t  a p l a n  

of t h e  p o s s i b l e  s t r u c t u r e  o f  t h e  h y d r a t e  s t a g e s  o f  C 4 A H x ,  F i g u r e  4. 

A c c o r d i n g l y ,  o c t a h e d r o n  s h e e t s  a r e  p i l e d  up i n  C 4 A H 7  i n  s u c h  a 

way t h a t  t h e  o u t s i d e  OH groups  l i e  v e r t i c a l l y  one  above t h e  o t h e r .  

(A d i s c r e t e  a r r angement  of  t h e  o u t s i d e  OH groups  o f  two s h e e t s  

r e l a t i v e  t o  e a c h  o t h e r  i s  r e q u i r e d  on ly  f o r  t h i s  h y d r a t e . )  T h i s  

i s  p o s s i b l e  because  a t e t r a h e d r a l  c h a r g e  d i s t r i b u t i o n  may be  

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

h y d r o x y l  b i n d i n g ,  s imi la r  t o  t h a t  found by B e r n a l  and Megaw (30  

f o r  t h e  s e r i e s  o f  l a y e r s  i n  h y d r a r g i l l i t e .  Water  o f  c r y s t a l l i z a t i o n  

i s  a c q u i r e d ,  a c c o r d i n g  t o  F i g u r e  4 ,  i n  s u c h  a way t h a t  f u l l y  o c c u p i e d  

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

s i d e  O H  groups  f o r  a l l  s t a g e s  o f  h y d r a t i o n .  I n  t h e  segment  o f  

t h e  o c t a h e d r o n  s h e e t  b e i n g  o b s e r v e d  ( 2  "molecu les"  o f  4  C a O  A1203 

w a t e r  as i n  F i g u r e  3 ) ,  a maximum of  12  OH- o r  H20 can  b e  accommodated. 



I n  C 4 A H l  1 ,  t h i s  i n t e r l a y e r  con ip r i s e s  4 o u t s i d e  OH + 8 H20 = 1 2 ;  

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

b a s a l  s p a c i n g  i n c r e a s e s  by o n l y  0 . 2  a ,  s i n c e  the l a y e r  i r l  C b A H : ,  

a l r e a d y  expanded  by o u t s i d e  13H i s  s u b s t a r l t i a l l y  f i l l e d  o n l y  b y  

t h e  a c q u i s i t i o n  o f  w a t e r .  F o r  C 4 A H 1 3 ,  a f u l l y  o c c u p i e d  l a g e r  o f  

1 2  H z 0  i s  o b t a i n e d  w i t h o u t  p a r t i c i p a t i o n  o f  t h e  o u t s i d e  O H .  I n  

C4AII19, t h e r e  a r e  two f u l l y  o c c u p i e d  l a y e r s  o f  w a t e r .  C 4 A H I 2  

c a n n o t  be  f i t t e d  d i r e c t l y  i n t o  t h i s  scheme.  P o s s i b l y  l a y e r s  o f  

t h e  11 and  1 3  h y d r a t e  a r e  p r e s e n t  i n  t h i s  h y d r a t e  one  above  t h e  

o t h e r  i n  i r r e g u l a r  a l t e r n a t i o n .  A s h i f t  o f  t h e  7 . 9  8 r e f l e c t i o n  

f r o m  1% h y d r a t e  i n  t h e  d i r e c t i o n  8 . 2  8 o r  7 . 4  8 ( 1 3  and 11 h y d r a t e  

r e s p e c t i v e l y )  was n o t ,  t o  be  s u r e ,  o b s e r v e d .  

4 .  C o m ~ l e x e s  w i t h  Monova len t  A i c o h o l s  

The complexes  o f  t h e  p r i m a r y  a l c o h o l s  C n H 2  n + l  OH w i t h  C 4 A H x  

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

numbers  of' c a r b o n  a toms  i n  homo l o g o u s  a l c o h o l s  t o w a r d s  s m a l l e r  

g l a n c i n g  a n g l e s ,  T a b l e  11. The i n c o r p o r a t i o n  r a t e  d e c r e a s e s  w i t h  

i n c r e a s i n g  C number o f  t h e  a l c o h o l s .  A l c o h o l s  C 1 1  t o  C 2 0  ( d i s -  

s o l v e d  i n  e t h e r  o r  a c e t o n e )  a r e  no l o n g e r  a c q u i r e d  a t  room t e m p e r a t u r e .  

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

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

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

i n c r e a s i n g  C number .  C o n s t a n t  v a l u e s  o f  do o 1 - 1 0 . 7  8 a r e  o b t a i n e d ,  

c f .  F i g u r e  5 a J  b .  It w i l l  be  s e e n  be low t h a t  t h i s  s p a c i n g  i s  

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

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

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

The complex  w i t h  i -amyl  a l coho l . ,  F i g u r e  5 b ,  shows a s e c o n d ,  

l e s s  i n t e n s e  s e r i e s  o f  0 0 1  r e f l e c t i o n s  w i t h  d ~ o  1 = 20 .8  8 .  T h i s  

v a l u e  l i e s  be tween  t h e  b r a n c h e s  o f  t h e  n o r m a l  a l c o h o l s  C 4  ( 2 0 . 2  8 )  
and  C g  ( 2 2 . 0  a ) ,  F i g u r e  5 c ,  T a b l e  11. The i s o a l c o h o l  c a n  b e  s o r b e d  

n o t  o n l y  i n  a f l a t  s h e e t ,  b u t  a l s o  i n  a n  ob l i . que  s h e e t  a r r a n g e m e n t .  

Ln t h e  l a t t e r  c a s e ,  t h e  V-shaped b r a n c h  o f  t h e  CI!3 g r o u p s  i n  e n d  

-. - -- - 



~ : o s i t i o n  c > x a c t l y  c ~ x p l a i n s  t h c  po:; i t j on of t k ~ c :  i - a l c o h o l  bcl ,wc. ,  rl 

t h e  n e i g h b o r i n g  n - a l c o h o l s  . 

F o r  measurement  o f  a s h o r t - c h a i n  a l c o h o l ,  t h e  c l i m a t e - c o n t r o l l e d  

x-ray chamber was u s e d  i n  c o m b i n a t i o n  w i t h  t h e  wick s t a g e ,  F i g u r e  l c ,  

F i g u r e  6 .  The d r y  f i l t e r  p a p e r  p l a t e  o f  t h e  s t a g e  was c o a t e d  w i t h  

C4AH12(d00 1 = 7 . 9  8 )  and t h e  wick  was a l l o w e d  t o  e x t e n d  i n t o  t h e  

f i r s t  empty d i s h  on  t h e  f l o o r  o f  t h e  chamber .  A f t e r  x - r a y i n g  t h e  

f i r s t  two b a s a l  r e f l e c t i o n s  o f  t h e  7 . 9  8 h y d r a t e ,  t h e  g o n i o m e t e r  

was s e t  and l o c k e d  a t  t h e  a n g l e  3.42' 0 1 2 . 9  8 o f  t h e  0 0 1  r e f l e c t i o n  

o f  methanol-CrAHx. A f t e r  o p e n i n g  t h e  the rmomete r  t u b e ,  t h e  d i s h  

was f i l l e d  w i t h  me thano l  f rom a p i p e t t e .  The a s c e n t  o f  t h e  a l - coho1  

up t h e  wick  and  i n t o  t h e  p r e p a r a t i o n  c o u l d  be  o b s e r v e d  t h r o u g h  t h e  

i n s p e c t i o n  window. The i n t e n s i t y  o f  t h e  a d j u s t e d  r e f l e c t i o n  i n -  

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

maximum a f t e r  a  few s e c o n d s ,  c f .  t i m e  s c a l e .  The r e c o r d  on t h e  

l e f t  i n  F i g u r e  6  was t h e n  made. The f o r m a t i o n  o f  t h e  me thano l  

complex was q u a n t i t a t i v e .  

S i m i l a r  t e s t s  w i t h  a l c o h o l s  o f  h i g h e r  C number were  made w i t h  

t h e  a i d  o f  t h e  s u s p e n s i o n  chamber ,  F i g u r e  l b .  Up t o  n - b u t a n o l  

(C4)  t h e  a l c o h o l  complexes  f o r m  w i t h i n  a  few m i n u t e s .  Between 

C 5  and  C l o  ( i n c l u s i v e )  t h e  s o r p t i o n  r a t e s  a r e  much s l o w e r  - 1 0  t o  

20 h o u r s .  

P o s t u l a t e d  c o n f i g u r a t i o n s  o f  t h e  complexes :  

F i g u r e  7  shows t h e  change o f  b a s a l  s p a c i n g  as a  f u n c t i o n  o f  

t h e  C number f o r  t h e  C 4 A H x  complexes  of t h e  s t a n d a r d  a l c o h o l s  C 1  

t o  C l o .  The p o i n t s  on  t h e  s l i g h t l y  z i g z a g  c u r v e  l i e  on two p a r a l l e l  

s t r a i g h t  l i n e s .  The uppe r  d a s h e d  l i n e  a p p l i e s  t o  a l c o h o l  complexes  

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

s p a c i n g ,  T a b l e  11. A l c o h o l s  C q  and C l o  d e p a r t  f rom e x a c t  l i n e a r i t y  

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

I n  t h e  l i n e a r  r e g i o n ,  f o r  t h e  complexes  w i t h  a l c o h o l s  C 1  t o  

C 8 ,  t h e  mean i n c r e a s e  o f  b a s a l  s p a c i n g  f o r  two homologous a l c o h o l s  

i s  g i v e n  by Ado 0 l/An = 16.38/7 = 2.34 8 / ~  atom. On t h e  l o n g i t u d i n a l  

a x i s  o f  a  z i g - z a g  c a r b o n  c h a i n  t h e  C - C d i s t a n c e  i s  1 . 2 7  8 .  



S i n c e  t h i s  d i s t a n c e  i.s much s r n a l l e r  t h a n  t h e  e x p e r i m e n t a l  v a l u f ?  

01' 2. 34 8, i.t rnust t ~ e  as::umc?d that, i.n e a c h  c a s e  two a l c h o l o l  ~ n o l e -  

( :uLt: : ;  ark, ;;i tu:~t,[\CJ or1if beh ind  tht'! ot,llcrS and m ; i k o  a ct : r . ta i~l  : ~ r ~ j r ; L ~ ~  

w i I t i  i 1 .  r i c l y c r  '1'11~ , ; l  r~c (1  l' t h ~ :  nnr:le of' i n c l  i t i a t  i O r i  i:: 

:;in $ = 2. 34/2 1.2'7; $ - 67O. 11 'o~  variou:; r B e a s o n s ,  ti~i:: angle 

c a r i ~ i o t  be s t a t e d  w i t h  g r e a t e r  a c c u r a c y .  S i n c e  t h e  measured d value:; 

can be a s s i g n e d  t o  two p a r a l l e l  s t r a i g h t  l i n e s ,  t h e  s l o p e  o f  which 

d e t e r m i n e s  t h e  a n g l e  o f  i n c l i n a t i o n ,  t h e  $I h o l d s ,  w i t h i n  t h e  accu racy  

o f  d e t e r m i n a t i o n ,  f o r  a l c o h o l s  w i t h  b o t h  Ceven and C o d d .  

I n  t h e  x-ray d i a g r a m s ,  t h e  i n t e n s i t i e s  o f  t h e  odd o r d e r s  o f  

t h e  001  r e f l e c t i o n s  a r e  i n c r e a s e d ,  t h o s e  o f  t h e  even  o r d e r s  de- 

c r e a s e d ,  c f .  F i g u r e  5 c .  ( I n  t h e  f l a t - s h e e t  complexes o f  t h e  i s o m e r i c  

a l c o h o l s  w i t h  do0 1 - 1 0 . 7  8 ,  t h e  001  i n t e n s i t i e s  d e c r e a s e  c o n t i n -  

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

e n c e  of  t h e  p o l a r i z a t i o n  f a c t o r ,  F i g u r e  5 a ,  b ) .  Tlhe same sequence  

o f  i n t e n s i t i e s  i s  known f rom t h e  c r y s t a l l i z e d  p u r e  a l c o h o l s ,  f a t t y  

a c i d s ,  e t c .  A s  P r i n s  (31) h a s  shown, t h i s  i s  due t o  t h e  i n t e n s i t y  

d i s t r i b u t i o n  of l o n g  m o l e c u l e s  which a r e  s i t u a t e d  "head- to-head"  , 
" f o o t - t o - f o o t " ,  F i g u r e  8.  A c c o r d i n g l y ,  we must p i c t u r e  t h e  con- 

f i g u r a t i o n  o f  t h e  alcohol/CbAHx complexes as h a v i n g  " f o o t - t o - f o o t u -  

s i t u a t e d  a l c o h o l  which make an a n g l e  of  6T0, a d h e r i n g  w i t h  t h e i r  

OH groups  t o  two o p p o s i t e l y  s i t u a t e d  C4A1lx s h e e t s  i n  e a c h  c a s e .  

Af3er  w e  r e c o g n i z e  t h i s  g e n e r a l  p r i n c i p l e  of a r r a n g e m e n t ,  t h e  d a t a  

of T a b l e  111 can  be used  t o  draw f u r t h e r  c o n c l u s i o n s  a b o u t  t h e  

p o s s i b l e  c o n s t r u c t i o n  o f  t h e  complexes.  

F i g u r e  9a  shows c a r b o n  d o u b l e  c h a i n s  e r e c t e d  between i n o r g a n i c  

la;:?es ( h a t c h e d )  . For  t h e  p r e s e n t ,  t h e  c h a r a c t e r  o f  t h e  b i n d i n g  

S?oween alcohol-OH and t h e  i n o r g a n i c  l a y e r  i s  l e f t  o u t  o f  a c c o u n t .  

I n  cha. ins  w i t h  C 
even  ' t h e  o u t e r m o s t  member o f  t h e  c h a i n ,  oxygen ,  

s t a n d s  a t  a  s t e e p  a n g l e  ( 1 . 4 3  cos  58' = 0 .76  a ) ,  w h i l e  i n  t h o s e  

w i t h  C o d d ,  i t  i s  a t  a  f l s t  a n g l e  1 - 4 3  cos  12'  = 1 . 4 0  1 1 )  r e l a t i v e  

t o  t h e  CahAWx s h e e t .  The sequence  0.8.. 1 . 4 .  .O .8.. ( 8 )  f o r  t h e  t r a n s i t i o n  

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

o b s e r v e d  v a l u e s .  T h i s  i s  o b t a i n e d  from t h e  z i g z a g  form of t h e  c h a i n s  

and t h e  a n g l e  of i n c l i n a t i o n  +. 



However, s i n c e  t h e  r a t h e r  1a~~f ;e  c h n n ~ c  o f  2 1 . 4 0  8 wa:; 

I I I C ' ; ~ : :  ~ l t ~ l d  1 ' 0 1 '  t h ( :  t r';iri:;i t ion o r  1,11(. n l c o t ~ o l  corn[, 1 ~ x r ~ : ;  C 
(J (1 cJ 

to 

(: t , k ~ ( >  :: i pl:lri(::; :;I, i 1 t ti:lv(, t.o t ) ~  raot,:lt,c8(A t80°  : l ! ~ r ~ i ~ t ,  I , I ~ ~ ~  
( , V ( ! f l  ' 

:rxi  :: of' i ric l i n: t t ion ,  a:; i:; e v i c l e r i t  t'rAorr~ P i  rl;urr: 4 t ~ .  ' I ' t i r l  .;r:rlnc3rlcc. 

and absolu t t ;  amounts o f  t h e  ob:;ervr!tl b a s a l  v a l u e  change, a r e  

i n  agreement  w i t h  t h i s  a r r a n g e m e n t .  

The d i s t a n c e  i n d i c a t e d  i n  F i g u r e  9 o f  abou t  3.5 8 between 

two o p p o s i t e l y  s i t u a t e d  C H 3  groups  was t a k e n  from numerous s t r u c t u r e  

d a t a  f o r  p u r e  c r y s t a l l i z e d  o r g a n i c  compounds ( 31'36). Because o f  

t h e  a n g l e  of  i n c l i n a t i o n ,  we g e t  two d i f f e r e n t  i n t e r m o l e c u l a r  

d i s t a n c e s  w i t h  t h i s  v a l u e ,  namely 3 .5  and 2 . 8  8 1 1 c  depend ing  on 

t h e  a r rangement  of t h e  c h a i n  molecu les  i n  F i g u r e  9a  o r  b .  

S i n c e  t h e  oxygen atoms o f  t h e  a l c o h o l s  make two d i f f e r e n t  

a n g l e s  w i t h  t h e  C 4 A H x  l a y e r ,  we cannot  s imply  p o s t u l a t e  a d i r e c t e d  

b i n d i n g ,  s a y  H b r i d g e s .  An u n d i r e c t e d  b i n d i n g ,  Van d e r  Waals 

c o n t a c t ,  c a n n o t ,  on t h e  o t h e r  hand,  e x p l a i n  t h e  r e l a t i v e  s t a b i l i t y  

o f  t h e  alcohol-C4AHx complexes.  

Models w i t h  H b i n d i n g  a r e  shown i n  F i g u r e  9 c .  An H b i n d i n g  

i s  b e s t  i f  t h e  components 0 - H * *  0 a r e  l i n e a r l y  d i r e c t e d ,  c f .  

Luck ( 3 2 ) .  (The c a s e  o f  c y c l i c  H b i n d i n g ,  which i s  l e s s  f a v o u r a b l e  

from t h e  ene rgy  s t a n d p o i n t ,  i s  n o t  d i s c u s s e d  h e r e . )  

The H b r i d g e s ,  F i g u r e  g c ,  a l t e r n a t e l y  make a n g l e s  o f  58 and 

12' w i t h  t h e  normals  o f  t h e  C r A H x  s h e e t s .  The i n c r e a s e  o f  b a s a l  

v a l u e s  i s  1 . 9 .  . O .  3 .  .l. 9 . .  ( a ) ,  c o n t r a d i c t o r y  t o  t h e  e x p e r i m e n t a l  

r e s u l t .  I f ,  i n  t h e  t r a n s i t i o n  from one a l c o h o l  t o  t h e  n e x t ,  t h e  
0 

z i g z a g  p l a n e s  a r e  r o t a t e d  e a c h  t i m e  180 abou t  t h e  a x i s  o f  i n c l i n a -  

t i o n ,  F i g u r e  8d ,  t h e n ,  w h i l e  t h e  a n g l e  o f  t h e  H b r i d g e s  a l w a y s  

r emains  t h e  same, t h e  basal  i n c r e a s e  f rom one a l c o h o l  t o  t h e  n e x t  

i s  now a un i fo rm 1 . 2  8.  However, t h i s  canno t  be r i g h t  e i t h e r .  

We t h e r e f o r e  r e t u r n  t o  t h e  c o n c e p t s  o f  t h e  C 4 A H x  l a t t i c e  

s t r u c t u r e ,  F i g u r e  3. The o u t e r  OH groups  which n e u t r a l i z e  a 

comple te  r e s i d u a l  c h a r g e  of  A 1 3 +  a r e  e x t r e m e l y  p o l a r i z e d .  A 1 3 +  

2 +  i s  s u r r o u n d e d  s y m m e t r i c a l l y  by 6 Ca . The p o l a r i z a t i o n  o f  t h e  

o u t s i d e  O H  groups  i s  t h e r e f o r e  a lmos t  s o l e l y  d e t e r m i n e d  by t h e  

~ l ' +  l o c a t e d  r a t h e r  l o o s e l y  i n  i t s  o c t a h e d r a l  p o s i t i o n ,  s i t u a t e d  



d i r e c t l y  below ( o r  a b o v e )  t h e  013. I n  h y d r a r g i l l i t e ,  t h e  p o l a r i z i n g  

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

t e t r a h e d r a l  symnet ry  on t h e  Or! g r o u p s  ( j O ) .  I n  t n r  CrhH s t r u c t u ~ ~ r ~ ,  
X 

t h i s  d i s t o r t i o n  o f  t h e  e l e c t r o n  s h e l l  o f  t h e  c ~ u t s i t l e  OH i o n  c o n t i n u e ;  

t o  e x i s t ,  sn t h a t  a n  a n g l e  o f  58G t o  t h e  no rma l  o f  t h e  i n o r g a n i c  

l a y e r  ( -1/2  t e t r a h e d r o n  a n g l e )  seems n o t  i m p r o b a b l e  f o r  t h e  s t a r t  

o f  H b i n d i n g .  

The hytlr>oxyl i o n s  o f  t h e  o c t a h e d r o n  l a y e r ,  on t h e  o t h e r  hand ,  
+ 

a r e  s ~ l l ~ r o u n d e d  by 2  c a 2  and 1 A l " .  A s  may be  c o n c l u d e d  f rom a  

compar i son  o f  h y d r a r g i l l i t e  and  p o r t l a n d  l a t t i c e s ,  t h e i r  p o l a r i z a t i o r i  

ought  t o  be weaker  t h a n  t h a t  r e q u i r e d  f o r  t h e  o u t s i d e  O H .  The 

p o l a r i z a t i o n  v e c t o r  o r i g i n a t i n g  a t  ~ 1 "  w i l l  p r e v a i l  o v e r  t h e  i n -  

f l u e n c e  o f  t h e  c a 2 + ,  and  a l s o  i n  t h e  c a s e  where a t e t r a h e d r a l  

c h a r g e  d i s t r i b u t i o n  i;.l t h e  OE-I i s  a t t a i n e d ,  t h e  p r o t o n  o f  which i s  

s h i f t e d  a small a n g l e  away f rom t h e  n o r m a l .  

On t h e  a s s u m p t i o n  t h a t  t h i s  a n g l e  i s  a b o u t  12" and  t h a t  t h e  

a l c o h o l s  w i t h  Ceven fo rm H b r i d g e s  w i t h  t h e  o c t a h e d r a l  OH i o n s ,  

w h i l e  t h o s e  w i t h  " 
"odd 

f o r m  H b r i d g e s  w i t h  t h e  o u t s i d e  OH g r o u p s  

a t  an  a n g l e  of  58O, we g e t  t h e  a r r a n g e m e n t  a c c o r d i n g  t o  F i g u r e  1 0 .  

T h i s  shows t h e  v a r i o u s  p o s i t i o n s  and  t h e  p o l a r i z a t i o n  v e c t o r s  o f  

o c t a l l e t l r a l  and o u t s i d e  O H .  C a l c u l a t i o n  w i t h  t h e  e x p e r i m e n t a l  

b a s a l  s p a c i n g s  shows a d i f f e r e n c e  o f  h e i g h t  o f  0 . 7  8 f o r  t h e  two 

k j ! ids  o f  O H  g r o u p s .  

F o r  t h e  d i s t a n c e  be tween  t h e  c e n t r e s  of two o p p o s i t e l y  s i t u a t e d  

O H  i o n s  i n  t h e  o c t a h e d r a l  l a y e r  we g e t  3 . 1  + 0 . 2  8; two o u t s i d e  OF1 

groups  a r e  s i t u a t e d  i n  p l a n e s  t h a t  a r e  4 .5  + 0 . 2  8 a p a r t .  The 

l a t t e r  v a l u e  can  be  used  t o  v e r i f y  t h e  c o n s t r u c t i o n  of  t h e  compound 

C4AH7(do 1 = 7 . 2  8 )  w i t h o u t  w a t e r  o f  c r y s t a l l i z a t i o n .  It i s  assumed 

h e r e  t h a t  t h e  o u t s i d e  OH g r o u p s  o f  two s h e e t s  a r e  d i s p o s e d ,  a s  

a l r e a d y  s t a t e d ,  v e r t i c a l l y  one above  t h e  o t h e r ,  and a r e  l i n k e d  b y  
H 

h y d r o x y l  b i n d i n g  ( F i g u r e  4 ) .  The i n t e r m o l e c u l a r  s p a c i n g  0  H O ,  

a c c o r d i n g  t o  Evans ( 3 3 ) ,  i s  2.7 8 ;  4 . 5  + 2 . 7  = 7 . 2  8 = c  v a l u e  of  

t h e  p s e u d o c e l l  o f  C 4 A H 7 .  

Thc nlotlel deduced  f o r  t h e  a l c o h o l  complexes  w i t h  H b i n d i n g  

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

s u c c e s s i v e  a l c o h o l s  and  t h e  a b s o l u t e  v a l u e s  o f  t h e  b a s a l  s p a c i n g : .  



To assume t h a t  t h e  a l c o h o l i c  h y d r o x y l  g r o u p s  must b e  l i n k e d  t a  Oii  

g r o u p s  o f  t h e  i n o r g a n i c  l a y e r  t h a t  d i f f e r  f rom e a c h  othe17 i n  r e s p e c t  

t o  a r r a n g e m e n t  and s t a t e  o f  p o l a r i z a t i o n  appeal-s a t  f i l l s t  q l a n c e  

t o  be  s t r e t c h i n g  matters somewhat ;  however ,  i n  t h e  e x p l a n a t i o n  

t o  F i g u r e  9  w e  showed t h a t  f o r  b i n d i n g  t o  e q u i v a l e n t  i n o r g a n i c  01-I 

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

and  t h e  a l c o h o l s  o p p o s i t e  t h e  C H 3  g r o u p s  i n  e n d  p o s i t i o n  must t h e n  

t a k e  on two d i f f e r e n t  a r r a n g e m e n t s  i n  r e l a t i o n  t o  t h e  a x i s  o f  

i n c l i n a t i o n  f o r  C 
and Codd 

r e s p e c t i v e l y .  The f i r s t  1:; i n -  
e v e n  

c o m p a t i b l e  w i t h  t h e  measured  b a s a l  incrca:;c-.s, tkic s e c o n d  is i r r~p robab le .  

The a n g l e  o f  i n c l i n a t i o n ,  which must be  a p p r o x i m a t e l y  e q u a l  f o r  

'even and Codd 
( F i g u r e  7 ) ,  i s  d e t e r m i n e d  by t h e  p a c k i n g  a r r a n c e m e n t  

o f  p a r a l l e l  a l c o h o l  m o l e c u l e s .  B r i n d l e y  and  Mol l  ( ' ') ,  f o l l o w i n g  

t h e  l e a d  o f  K i t a i g o r o d s k i i  ( 3 6 ) ,  c o n s i d e r e d  t h e  s h e a r i n g  o f  c l o s e -  

packed  a l i p h a t i c  c h a i n s  i n  t h e  d i r e c t i o n  o f  t h e  c h a i n  a x i s .  The 

d i s c r e t e  s h e a r  v a l u e s  a r e  t h e  r e s u l t  o f  C H 2  s p h e r e s  d r o p p i n g  i n t o  

C H 2  s p h e r e  v a c a n c i e s  i n  n e i g h b o r i n g  c h a i n s .  Angles  o f  90'. . 7 3 . Q 0 .  . 
59.1' are o b t a i n e d  be tween  t h e  a x i s  o f  t h e  c h a i n s  and t h e  s u r f a c e  

on which t h e  c h a i n s  r e s t ,  d e p e n d i n g  on t h e  amount o f  s h e a r .  The 

a n g l e  o f  i n c l i n a t i o n  67' f o r  t h e  a l c o h o l  complexes  C 1  t o  C 8  i s  

c l o s e  t o  t h e  p a c k i n g  a n g l e  73.4'. I f  t h e  p a c k i n g  p a r a l l e l  t o  t h e  

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

t h e  a r r a n g e m e n t  o f  t h e  C H 3  g r o u p s  i n  end  p o s i t i o n  w i l l  n o t  change  

i n  r e l a t i o n  t o  t h e  a x i s  o f  i n c l i n a t i o n  f rom one homolog t o  t h e  

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

Benzy l  a l c o h o l ,  t h e  C b A H x  complex o f  which a l s o  g i v e s  a s h a r p  

x-ray d i a g r a m  w i t h  enhanced  odd 001  r e f l e c t i o n s ,  i s  c i t e d  i n  T a b l e  I1 

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

i n t o  t h e  c o n f i g u r a t i o n  model ,  F i g u r e  9 .  

Emerson ( 3 4 )  c o n s t r u c t e d  a model f o r  H b i n d i n g  o f  a l c o h o l s  

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

l a y e r s  f o r  m o n t m o r i l l o n i t e / a l c o h o l  complexes .  S i m i l a r  f l a t  s h e e t  

a r r a n g e m e n t s  can  a l s o  be p o s t u l a t e d  f o r  t h e  C4AH.-  complexes  w i t h  
A 

i . - p ropano l  ( d o 0 1  = 1 0 . 7  8 )  and i-arnyl a l c o h o l  ( d o o  1 = 1 0 . 6  8 ) .  

* With t h e  e x c e p t i o n  o f  n -nonanol  a n d  n - d e c a n o l ,  which a r e  
i n c o r p o r a t e ( 1  a t  a s t e e p e r  a n g l e  o f  i n c l i n a t i o n .  



Accord- in^ t o  T a b l e  11, a  t o t a l  o f  f o u r  d i f f e r e n t  C4Atix 

r r ~ c ~ l , t ~ ; ~ t ~ o l  c :or r~ l ) lcxc~: ;  w c l r c .  found w i l , l i  d o o l  = 1 . 9 ,  1 4 . 4 ,  13.9 and 

I O . : ~  K. i t ,  1:; : i : ; , ,u ,r~:d  ha^ d c j u t ~ ~ ,  r r ~ ( > ~ , ~ i a r \ o ~  : : k ~ ( ~ c : t s  a r e  prc:r;eri t ,  i r l  

t,htt corrlplsxes w i t h  1 2 . 9  and  1 1 4 . 1 1  2 .  (Jf' thc, 1 0 . 8  1 complex i t  was 

shown q u a l i t a t i v e l y  t h a t  i t  c o n t a i n s  l e s s  me thano l  a n d  p r o b a b l y  

c o n s t i t u t e s  a s i n g l e - s h e e t  a r r a n g e m e n t .  'The 1 3 . 8  8 complex h a s  

n o t  y e t  been  c l a r i f i e d .  

M o n t m o r i l l o n i t e  Complexes w i t h  Monovalent  A l c o h o l s  

A l c o h o l  complexes  o f  m o n t m o r i l l o n i t e  were i n v e s t i g a t e d  by 

Hofmann, E n d e l l  and  W i l m  ( 3 7 )  MacEwan ( 38 ) , Barshad  ( 3 9 ) ,  G l a e s e r  ( 4 0 )  9 

Greene-Ke l l e y  ( 4 1 )  Eme rs on ( 3 4 )  B r i n d l e y  and  Hoffmann ( 4 2 ) ,  a n d  

B r i n d l e y  and  Kay ( 4 3 ) .  The r e s u l t s ,  e s s e n t i a l l y ,  a r e  a s  f o l l o w s .  

A l c o h o l s  C 1  t o  C I C  form f l a t  s h e e t  a r r a n g e m e n t s  ( b a s a l  s p a c i n g  

1 3  - 1 4 . 5  8). 'The a l c o l . 1 0 1 ~  C I , ~ , I + , ~  when p r e s e n t  i n  e x c e s s  can  

a l s o  b u i l d  up f l a t  d o u b l e  s h e e t s  ( b a s a l  s p a c i n g  1 7  8 ) .  F o r  

complexes  o f  t h e  a l c o h o l s  C 9  and  C l o  B a r s h a d  found  b a s a l  v a l u e s  

of  34 .4  and 3 6 . 8  8 r e s p e c t i v e l y ,  which c a n  o n l y  be  e x p l a i n e d  by 

t h e  p r e s e n c e  o f  s t e e p  d o u b l e  c h a i n s ,  as a l r e a d y  deduced  f o r  C 4 A H x  

a l c o h o l  complexes .  B r i n d l e y  and  Hay s t u d i e d  t h i s  phenomenon c l o s e l y  

and  e s t a b l i s h e d  a t o t a l  o f  f o u r  d i f f e r e n t  k i n d s  o f  complex forma- 

t i o n :  l .  F l a t  s i n g l e  s h e e t s  f o r  a l c o h o l s  C 2  t o  C 1 8  ( 1 3  - 1 4  8 ) ;  
2 .  F l a t  d o u b l e  s h e e t s  f o r  a l c o h o l s  C 2  t o  C g  ( 1 7  - 1 8  8 ) ;  3 .  A t  

t e m p e r a t u r e s  above  t h e  m e l t i n g  p o i n t s  o f  t h e  a l c o h o l s  C 6  t o  C 1 8 ,  

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

r l t ? l a t i o n  t o  t h e  m o n t m o r i l l o n i t e  s h e e t  ; 4 .  A t  t e m p e r a t u r e s  below 

r:iz meitin,.; p o i n t  f o r  a l c o h o l s  C 1 0  t o  C 1 8  a  s imi la r  a r r a n g e m e n t  

t o  3 ,  b u t  w i t h  s t i l l  l a r g e r  b a s a l  v a l u e s .  The a n g l e  o f  i n c l i n a t i o n  

i s  38' ( c a s e  3 )  o r  77' ( c a s e  4 ) .  B r i n d l e y  and 3ay assumed H 

b i n d i n g  f o r  t h e  c o n t a c t  be tween  t h e  a l c o h o l i c  h y d r o x y l  and t h e  

oxygen of  t h e  s i l i c a t e  s h e e t s .  The a l c o h o l s  w i t h  Codd were  n o t  

i n c l u d e d  i n  t h e  i n v e s t i g a t i o n . .  F i g u r e  11 shows B r i n d l e y  's r e s u l t s  

on C a  m o n t m o r i l l n n i t e  i n  compar i son  w i t h  t h e  a l c o h o l  complexes  o f  

C 4 A H x .  A t  room t e m p e r a t u r e ,  con fo rming  a l c o h o l  complexes  are 

formed i n  t h e  c a s e  o f  C 4 A H x  o n l y  up t o  a l c o h o l  C l o y  and  f o r  



m o n t m o r i l l o n i t e  o n l y  s t a r t i n g  from a l c o h o l  C 1 2  (heavy  s o l i d  c u r v e ) .  

The f o l l o w i n g  c o n c l u s i o n  may b e  drawn:  f o r  m o n t m o r i l l o n i t e ,  a 

: ; t c c p  a l c o h o l  d o u b l e  c h a i n  probab1,y represents t h e  l e s s  f a v o u r a b l e  

s \ > e c i a l  c a s e  o f  i n c o r p o r a t i o n  f rom t h c  : ; t a n d p o i n t  of e n e r g y .  I n  

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

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

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

F o r  t h e  C 4 A H x  l a t t i c e ,  however ,  t h e  s t e e p  a r r a n g e m e n t  i s  

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

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

( s e c o n d a r y  o r  t e r t i a r y  a l c o h o l s )  o r  if t h e  a l c o h o l  c o n c e n t r a t i o n  

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

A l c o h o l  s o r p t i o n  h a s  been  c h o s e n  a s  a n  example ,  i n  o r d e r  t o  

show how t h e  p o s s i b l e  c o n f i g u r a t i o n  and  b i n d i n g  c o n d i t i o n s  of  C 4 A H x  

complexes  c a n  be d i s c u s s e d .  I n  what f o l l o w s ,  t h i s  b r o a d e r  form 

o f  r e p r e s e n t a t i o n  g i v e s  way t o  a  r e v i e w  o f  v a r i o u s  o t h e r  C 4 A H  
X 

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

of o r g a n i c  compounds which fo rm homologous s e r i e s .  

5 .  Complexes w i t h  P o l y v a l e n t  A l c o h o l s ,  S u g a r s  

and Hydroxy Ac ids  

F i g u r e  1 2  shows t h e  b a s a l  s p a c i n g s  o f  t h e  C 4 A H x  complexes  

w i t h  t h e  d i o l s  HO-(CHZ)~-OH; n  = 2  t o  6 .  The t r i v a l e n t  a l c o h o l ,  

g l y c e r i n e ,  was a l s o  i n c l u d e d  i n  t h i s  s e r i e s .  The x- ray  d i a g r a m s  

show many l i n e s .  I n  a d d i t i o n  t o  t h e  s h a r p ,  s t r o n g  r e f l e c t i o n s  

o f  a  0 0 1  s e r i e s  ( s o l i d  c u r v e ) ,  somet imes  s e v e r a l  001  s e r i e s  o f  

l o w e r  i n t e n s i t y  a l s o  a p p e a r  s i d e  by s i d e .  The complexes  were 

x- rayed  a f t e r  d i f f e r e n t  t i m e s  (numbers  i n  F i g u r e  1 2  = d a y s ) .  The 

complexes  showing  s t r o n g  x-ray i n t e n s i t i e s  r e p r e s e n t  d o u b l e  f l a t  

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

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

S u g a r  a l c o h o l s  s u c h  a s  m a n n i t o l ,  s o r b i t o l ,  e t c . ,  a number o f  mono- 

and d i s a c c h a r l d e s ,  s u g a r - l i k e  s u b s t a n c e s ,  s u c h  as v i t a m i n  C ,  and  



hydroxy a c i d s  were c o n v e r t e d  i n  t h e  form o f  s a t u ~ a t e d  aqueous  

s o l u t i o n s  w i t h  C 4 A H x .  I n  a l l  c a s e s  c o l l o i d a l  s o l u t i o n s  d e v e l o p e d .  

Muci lagenous s o l i d s  were o b t a i n e d  o n l y  a f t e r  a d d i n g  e x c e s s  C 4 A H x ,  

b u t  t h e s e  were amorphous t o  x - r ays .  S o r p t i o n  complexes w i t h  

s h a r p l y  d e f i n e d  x-ray d i ag rams  c o u l d  o n l y  be o b t a i n e d  by c a r e f u l  

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

F i g u r e  13 on  t h e  example o f  l a c t o s e ,  which i s  d i s p o s e d  w i t h  t h e  

p l a n e  o f  i t s  two p y r a n  r i n g s  p a r a l l e l  t o  t h e  C 4 A H x  s h e e t s  : a t  t h e  

c o n c e n t r a t i o n  o f  0 . 2  mol lactose/C4AHx t h e  f o r m a t i o n  o f  t h e  l a c t o s e  

complex can  be r e c o g n i z e d  o n l y  f rom t h e  weak, b roadened  r e f l e c t i o r , ~  

(do0 1 = 1 4 . 4  8 ) .  The main p r o d u c t  i s  C4A-19-hydrate (do 1 = 1 0 . 6  R ) .  
With i n c r e a s i n g  d o s e s  o f  l a c t o s e ,  t h e  r e f l e c t i o n s  o f  t h e  1 4 . 4  8 
complex i n c r e a s e  and become s h a r p e r ,  w h i l e  t h a t  o f  t h e  1 9 - h y d r a t e  

d e c r e a s e s .  S a t u r a t i o n  i s  a p p a r e n t l y  a t t a i n e d  a t  1 mol lac tose /CbAHx.  

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

are weakened,  and  a t  4 mol lactose/C4AHx o n l y  a b o u t  2% s o l i d  s u b s t a n c e  

r e l a t i v e  t o  t h e  i n i t i a l  C 4 A H x  c o u l d  be  f i l t e r e d  o u t .  

6 .  Compl.exes w i t h  Mercaptans  

The mercap tans  C n H Z n +  1SH a r e  r e l a t e d  t o  t h e  a l c o h o l s  C n H Z n +  10H, 

b u t  d i f f e r  from them i n  two p r o p e r t i e s  which must have  an  i n t e r e s t i n g  

e f f e c t  on t h e  f o r m a t i o n  o f  s o r p t i o n  complexes :  1. U n l i k e  t h e  a l c o h o l s ,  

t h e  mercap tans  are  n o t  a s s o c i a t e d  ( c f .  b o i l i n g  p o i n t !  ) .  T h e r e  i s  

no  f o r m a t i o n  o f  H b r i d g e s ,  b e c a u s e  t h e  e l e c t r o n e g a t i v i t y  o f  s u l p h u r  

( p r o p o r t i o n a l  i n d e x  2 . 5  a c c o r d i n g  t o  ( 4 4 ) )  i s  much s m a l l e r  t h a n  t h a t  

of  oxygen ( 3 . 5 ) .  2 .  Un l ike  t h e  a l c o h o l s ,  t h e  m e r c a p t a n s  g i v e  a n  

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

The f o r m a t i o n  o f  complexes w i t h  C 4 A H x  t a k e s  p l a c e  more q u i c k l y  

t h a n  w i t h  t h e  a l c o h o l s  and  e x t e n d s  a t  least  up t o  t h e  mercap tan  C 1 6 .  

The t h e r m o s t a b i l i t y  o f  t h e  complexes w i t h  mercap tans  i s  g r e a t e r  

t h a n  t h a t  o f  a l c o h o l s .  F i g u r e  1 4  shows t h e  change i n  b a s a l  s p a c i n g  

w i t h  C number.  The c u r v e  o f  t h e  001  s e r i e s  w i t h  g r e a t  i n t e n s i t y  

( ) makes a s t r a i g h t  l i n e ,  i n  c o n t r a s t  t o  t h e  z i g z a g  c u r v e  o f  

t h e  a l c o h o l  complexes ,  which i s  drawn i n  f o r  compar ison  ( " "  ' ' * ) .  



Arr~ori[: t h e  rncrcapt an  complexe:; t t l t :  r3e arc two f u r t h e r  001 s e r i e s  

w i t h  weak i n t e n s i t i e s  ( ' - '  -1, appr loximate ly  p a r a l l e l  t o  t h e  main 

c u r v e  between C 4  t o  C g .  For  t h e  corrrplexes o f  t h e  p r i n c i p a l  c u r v e  

i t  i s  assumed t h a t  t h e  mercaptan  molecu les  form doub le  c h a i n s  

w i t h  a n  a n g l e  o f  i n c l i n a t i o n  o f  abou t  40°,  up t o  mercaptan  C 8 .  

The s t r e t c h e d  h e x a d e c a n t h i o l  molecu le  ( C 1 6 )  i s  2 4  8 l o n g .  The 

b a s a l  s p a c i n g  o f  t h e  c o r r e s p o n d i n g  mercaptan  complex i s  o n l y  29.5 8. 
From t h i s  i t  may b e  conc luded  t h a t  t h e  molecu les  o f  t h e  mercap tan  

C 1 6  a r e  a r r a n g e d  "head- to - foo t " ,  i . e . ,  t h e i r  t h i c k n e s s  i s  e q u a l  

t o  t h e  l e n g t h  o f  abou t  one molecu le ,  and t h e y  r i s e  s t e e p l y  between 

t h e  C s A H x  s h e e t s .  T h i s  view i s  s u p p o r t e d  by t h e  s o r p t i o n  i s o t h e r m s ,  

F i g u r e  15:  w i t h  i n c r e a s i n g  amounts o f  o c t y l  mercaptan  t h e  r e f l e c t i o n s  

o f  f r e e ,  C 4 A H x ,  s t a r t i n g  f rom 4 mol C B ,  v a n i s h ;  @ s i g n i f i e s  

s a t u r a t i o n .  W i t h  mercaptan  C 1 6  , t h e  p o i n t  @ i s  r e a c h e d  a l r e a d y  

a t  2  mol C 1 6  * SH/CbAHx. [The b a s a l  v a l u e s  o f  t h e  main s e r i e s  o f  

t h e  001 r e f l e c t i o n s ,  o f  c o u r s e ,  a r e  much h i g h e r  h e r e  ( 3 1 . 9  8 )  
t h a n  i n  t h e  r e g i o n  o f  mercaptans  s u p e r s a t u r a t i o n  ( 2 9 . 5  8 ) .  T h i s  

dependence o f  t h e  basal s p a c i n g  on  t h e  c o n c e n t r a t i o n  o f  s o r b e d  

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

s o r p t i o n  c a p a c i t y ;  i t  i s  n o t  d i s c u s s e d  f u r t h e r  h e r e . ]  I n  t h e  

C 4 A H x  l a t t i c e ,  t h e  a r e a  of a molecu le  o f  4 C a O  A 1 2 0  3 w a t e r  
( 9 )  i s  abou t  56 E 2 .  An e x t e n d e d  a l k y l  c h a i n ,  a c c o r d i n g  t o  Weiss , 

h a s  a d i a m e t e r  o f  a b o u t  21  R 2 .  I n  t h e  "head- to - foo t "  a r rangement  

( h e x a d e c a n t h i o l )  on ly  two molecu les  o f  mercap tans  a r e  s o r b e d ,  b u t  

on i n c o r p o r a t i o n  o f  d o u b l e  c h a i n s  f o u r  molecu les  o f  mercap tans  

C 8 / C 4 A H x  a r e  s o r b e d .  

7 .  Complexes w i t h  Amines 

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

t h e  amines ,  and e s p e c i a l l y  t h e  amine c a t i o n s  R NH3.+, have  a t t r a c t e d  

a g r e a t  d e a l  o f  a t t e n t i o n .  Accord ing  t o  J o r d a n  ( 4 5 ) ,  amines 

C 2  t o  C l o  form a f l a t  s i n g l e  s h e e t  w h i l e  amines C 1 2  t o  C 1 8  form 

f l a t  d o u b l e  s h e e t s .  Weiss ( 9 ' 4 6 )  h a s  produced complexes w i t h  a l k y l  

ammonium i o n s  i n  which t h e  o r g a n i c  c h a i n s  a r e  d i s p o s e d  i n  "head- 

t o - f o o t "  a r rangement  between t h e  s i l i c a t e  l a y e r s .  The a n g l e  o f  



i n c l i n a t i o n  depends  on t h e  1enf:th of t h e  a l k y l  c h a i n  and t h e  l a y e r  

c h a r g e .  The h i g h  b i n d i n g  s t r e n g t h  o f  t h e s e  s u b s t a n c e s  i s  due  t o  

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

t h e  g e g e n i o n s  wh ich  a r e  i n t e r - changeab  l e  w i t h  them,  and  f u r t h e r m o r e  

a r e  bound by H bonds  t o  t h e  oxygen of'  t h e  t e t r a h e d r o n  l a y e r .  

The n e u t r a l  l a y e r s  o f  C 4 A H x ,  o f  c o u r s e ,  c a n  s o r b  o n l y  t h e  

amine b a s e s  R N H 2 ;  t h e  e l e c t r o s t a t i c  b i n d i n g  component d i s a p p e a r s  

h e r e .  F i g u r e  16  shows t h e  i n c r e a s e  o f  b a s a l  s p a c i n g  o f  CrAHx/amine 

complexes  w i t h  i n c r e a s i n g  C number.  From amine C j  o n ,  t h e  c u r v e  

t a k e s  a  z i g z a g  s h a p e ,  a l t h o u g h  n o t  a s  p ronounced  a  one a s  t h a t  f o r  

t h e  monova len t  a l c o h o l s .  The amines  form d o u b l e  c h a i n s  w i t h  a n  
0 

a n g l e  o f  i n c l i n a t i o n  c l o s e  t o  90 . 
The x-ray d i ag rams  o f  t h e  C 4 A H  complexes  a - ,  w-diamines 

X 

H 2 N -  (CH2)n-NH2 have  complex c o n n t r u c t i o n s  ; some of t i l e  r e f l e c t i o n s  

a r e  w idened .  The b a s a l  s p a c i n g s  c a n  be e x p l a i n e d  w i t h  f l a t  s i n g l e  

o r  d o u b l e  s h e e t  a r r a n g e m e n t s ,  a n d  f rom n = 5 on t h e  d i a m i n e s  have  

s t e e p  s l o p e s  and  a d h e r e  e a c h  w i t h  a  N H 2  group  t o  t h e  o p p o s i t e l y  

s i t u a t e d  C 4 A H x  s h e e t s .  

8.  The I n f l u e n c e  o f  t h e  D i e l e c t r i c  C o n s t a n t  on 

t h e  F o r m a t i o n  o f  t h e  Complex 

I n  t h e  c a s e  of  i n t e r c r y s t a l l i n e  a b s o r p t i o n  o f  o r g a n i c  compounds 

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

p a r t .  S u b s t a n c e s  w i t h  h i g h  d i e l e c t r i c  c o n s t a n t s ,  e  .g .  , n i t r o - m e t h a n e  ( 59 1 

o r  a ~ e t o n i t r i l e ' ~ ~ ) ,  f o r m  complex a r r a n g e m e n t s  w i t h  t h r e e  f l a t  s h e e t s  ( 3 8 )  

one  above  t h e  o t h e r .  On t h e  o t h e r  h a n d ,  t h e s e  s u b s t a n c e s  a r e  n o t  

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

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

and u n c h a r g e d  l a t t i c e s  ( C 4 A H x ) .  

9 .  Complexes w i t h  Aldehydes  

With t h e  a l d e h y d e s  w e  l e a v e  t h e  g roup  o f  complexes  i n  which 

o n l y  Van d e r  Waals c o n t a c t  o r  H b r i d g e s  c a n  be  h e l d  r e s p o n s i b l e  f o r  



t , t ~ c >  t )  i r l c l i  r l j r  t~c:twccr~ tile irlor*y;:lrl i c and orcarli c components . Fop, 

the a d d i t i o n  o f  a l d e h y d e s  t o  C 4 A t I  i:; a s s o c i a t e d  with a  s t r 2 o n g  
X 

t h e r m a l  e f f e c t .  The chemica l  r e a c t i o n  t h a t  t a k e s  p l a c e  herbe i s  

n o t  y e t  c l e a r .  It i s  p o s s i b l e  t o  imagine  a p r o c e s s  s i m i l a r  t o  

what t a k e s  p l a c e s  i n  t h e  s e m i - a c e t a l s  and a c e t a l s :  

@ / 1-1 1-1 
R,-c  \ + H - O - - R - -  R , - C L o - R  

01 -. \OH 

Aldehyde Alcohol  S e m i a c e t a l  

'0-R 
Acctal 

The s e m i - a c e t a l s ,  however,  a r e  i n s t a b l e  and t h e  a c e t a l s  form 

o n l y  under  a c i d  c a t a l y s i s .  On t h e  o t h e r  hand,  t h e  r e a c t i o n  

Chloral C h l o r a l  h y d r a t e  

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

s t a b l e  s u b s t a n c e  ( F  = 51.6O).  O t h e r  s t a b l e  a ldehyde  h y d r a t e s  a r e  

a l s o  known. I n  t h e  C c A H x  complexes,  t h e r e f o r e ,  we assume a  r e -  

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

which p r o b a b l y  l e a d s  t o  homopolar complex f o r m a t i o n .  

- - - - -  - - - 



F i g u r e  1 7  shows t h e  change  o f  b a s a l  s p a c i n g  w i t h  C number of' 

t,ric. a l d e h y d e s  i n  t h e  C 4 A k I x  complexes .  Prorn C 5  o n ,  t h e  x-ray d i a g r a ~ n . ;  

.;t-low two 0 0 1  s c r i c s  o f  d i f f e ~ c r l t  i r i t e r 1 : ; i t i e s .  The a l d e h y d e  complc.xc-:: 

a rc  t h u s  d e s c r i b e d  by two famil ie : ;  o f  c u r v e s ,  o f  which t h e  one w i t h  

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

complex f o r m a t i o n .  Aldehyde C 4  p r o d u c e s  o n l y  one  complex  o n  t h e  

c u r v e  o f  l o w e r  b a s a l  s p a c i n g s .  Aldehyde C S  forms p r i m a r i l y  a 

complex w i t h  d o o  1 = 23.7 1 ,  which a f t e r  two days  c h a n g e s  i n t o  t h e  

2 0 . 0  complex .  

1 0 .  Complexes w i t h  C a r b o x y l i c  Ac ids  

I f  t h e  c a r b o x y l i c  a c i d  i s  added  t o  a s u s p e n s i o n  o f  C 4 A H x  i n  

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

p a r t i a l l y  e v a p o r a t e s  a n d  t h e  p r o d u c t  s o l i d i f i e s  t h i x o t r o p i c a l l y  . 
I f  we assume t h a t  t h e  C 4 A H x  l a t t i c e  i s  d e s t r o y e d  by t h i s  r e a c t i o n  

a n d  c a l c i u m  s o a p s  ( R  C a  are fo rmed ,  t h e n  t h e  p r o d u c t  

would h a v e  t o  be  8R COOH/4Ca0 A 1 2 0 3  w a t e r .  The s o r p t i o n  

i s o t h e r m s ,  F-igure 1 8 ,  e a c h  o f  which shows a r e p r e s e n t a t i v e  o f  t h e  

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

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

C c A H x  @ s i g n i f i e s  s a t u r a t i o n ,  d i s a p p e a r a n c e  o f  f r e e  C4AHx) . 
t Iowever,  when C 4 A H  / benzene  s u s p e n s i o n s  are t i t r a t e d  w i t h  0 . 0 1  n  

X 

H2S04 o r  H C 1 ,  we g e t  t h e  known compounds o f  3  C a O  A 1 2 0 3  CaS04 

w a t e r ,  o r  3 C a O  A 1 2 0 3  C a C l z  w a t e r  ( c f .  C h a p t e r  3 ) ,  i n  which 

t , h e r e  i s  one  SO:- o r  2  ~ 1 -  p e r  one  C 4 A H x .  The l a t t e r  c a s e  s i g n i f i e s  

t h e  s u b s t i t u t i o n  i n  C 4 A H x  o f  o t h e r  i n o r g a n i c  a n i o n s  f o r  t h e  o u t s i d e  

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

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

t h e  a v a i l a b l e  o u t s i d e  O H ,  b u t  a l s o  by t h e  a r e a  o c c u p i e d  by t h e  

o r g a n i c  m o l e c u l e s  a n d  t h e i r  o r i e n t a t i o n  r e l a t i v e  t o  t h e  C 4 A H x  l a y e r s  

A c c o r d i n g  t o  what h a s  a l r e a d y  been  s t a t e d  i n  c o n n e c t i o n  w i t h  t h e  

m e r c a p t a n s ,  t h e  C 4 A H x  l a t t i c e  c a n  s o r b  f o u r  o r g a n i c  molecules /C4AHx 

"molecu le "  i n  t h e  c a s e  of a s t e e p l y  s l o p e d  s h e e t ,  b u t  o n l y  h a l f  

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

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



R COOH ( f a t t y  and pheny l  c a r b o x y l i c  a c i d s ) ,  and t h e  l a t t e r  f o r  

d i c a r b o x y l i c  a c i d s  HOOC (CH2)n COOH.  

F i g u r e s  1 9 ,  20, 21,  i n  which t h e  b a s a l  s p a c i n g s  o f  t h e  complexes 

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

a s s u m p t i o n .  The b a s a l  v a l u e s  i n  F i g u r e s  1 9 ,  20 ( f rom F i g u r e  1 9  

we s h a l l  h e r e  c o n s i d e r  o n l y  t h e  f a m i l y  o f  broken l i n e  c u r v e s  be- 

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

a c i d  m o l e c u l e s .  The i n t e n s i t i e s  o f  t h e  uneven 001 r e f l e c t i o n s  

a r e  i n c r e a s e d .  For  t h e  d i c a r b o x y l i c  a c i d s  HOOC COOH,  

however,  o n l y  one  e x t e n d e d  a c i d  molecule  i n  each  c a s e  i s  a t  a 

s t e e p  a n g l e  between C 4 A H x  s h e e t s  from n  = 3 on.  A s  e x c e p t i o n s ,  

t h e  d i c a r b o x y l i c  a c i d s  w i t h  n  = 1 . 2  form f l a t  s i n g l e  l a y e r  a r r a n g e -  

ment s .  

It  i s  assumed t h a t  t h e  a c i d s  r e a c t  p r i m a r i l y  w i t h  t h e  b a s i c  

h y d r o x y l  groups  o f  t h e  C 4 A H x  l a t t i c e  and a r e  bound i n  homopolar 

f a s h i o n  i n  t h e  complexes.  S c h e m a t i c a l l y :  

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

l y e ;  t h i s  i s  u n d e r s t a n d a b l e ,  s i n c e  N a  and Ca s a l t s  o f  t h e  c a r -  

b o x y l i c  a c i d s  C 4 A H x  a l s o  form complexes w i t h  t h e  same b a s a l  

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



11. A l k y l a t i o n  of  T e t r a c a l c i u m  Aluminate Hydra te  

The d i s c u s s i o n  o f  homopolar b i n d i n g  between o r g a n i c  h o s t  

l a t t i c e s  and o r g a n i c  s o r b a t e s  i s  one of t h e  most a t t r a c t i v e  

and a t  t h e  same t i m e  one o f  t h e  most c o n t r o v e r s i a l  a r e a s  of  c l a y  

c h e m i s t r y .  Berger  ( 4 7 )  m e t h y l a t e d  mont rnor i l lon i t e  w i t h  d iazomethane ,  

G i e s e k i n g  ( 4 8 )  c o n v e r t e d  i t  w i t h  a c e t y l  c h l o r i d e ,  Deuel e t  a l .  (49 ,501 

p r e p a r e d  t h e  d e r i v a t i v e s  o f  b e n z o y l ,  mustard  g a s ,  e p o x i d e ,  e t h y l  and 

p h e n y l ,  and a l s o  " m o n t m o r i l l o n i t e  c h l o r i d e "  ( v i a  SOC12) and Mukerjee ( 5 1 )  

p r e p a r e d  p a l m i t y l  and c e t y l  m o n t m o r i l l o n i t e s .  We l e a v e  open t h e  

q u e s t i o n  o f  whe the r  and i n  which o f  t h e s e  r e a c t i o n s  homopolar com- 

p l e x e s  were a c t u a l l y  produced,  and merely mention h e r e  a few of t h e  

c r i t i c s  o f  t h i s  view: ~ a s m u n d ' ~ ) ,  Brown, Greene-Kelley and N o r r i s h  ( 5 2 )  9 

Green land  and R u s s e l l  ( 5 3 ) ,  Schwarz and Hennicke ( 5 4 ) .  

Corresponding r e a c t i o n s  w i t h  C 4 A H x  have been i n v e s t i g a t e d  and 

can be summarized as f o l l o w s  : epox ides  do  n o t  a p p e a r  t o  r e a c t ,  

a c i d  c h l o r i d e s  and t h i o n y l  c h l o r i d e s  c o n v e r t  C 4 A H x  i n t o  F r i e d e l ' s  

s a l t .  Diazomethane i s  c o n v e r t e d  o n l y  w i t h  a c i d  OH groups  and i s  

t h e r e f o r e  i n e f f e c t i v e .  On t h e  o t h e r  hand,  a l k y l a t i o n  of  t h e  b a s i c  

OH groups  o f  C 4 A H x  w i t h  d i m e t h y l  and d i e t h y l  s u l p h a t e  i n  s o d a  l y e  

were s u c c e s s f u l .  F i g u r e  22 shows t h e  p o s s i b l e  c o n s t r u c t i o n  of  

methyl  and e t h y l  C 4 A H x  compared w i t h  t h e  c o r r e s p o n d i n g  s o r p t i o n  

complexes w i t h  methanol  and e t h a n o l .  The QH groups  a r e  shown 

h a t c h e d .  O f  t h e  f o u r  v o l a t i l e  methanol  complexes,  on ly  t h e  1 4 . 4  1 
form i s  g i v e n  i n  t h e  f i g u r e .  The a l k y l a t e d  C 4 A H x  compounds a r e  

t h e r m a l l y  very  s t a b l e .  From t h e s e  compounds i t  i s  p o s s i b l e  t o  

produce  s o r p t i o n  complexes w i t h  a wide v a r i e t y  o f  o r g a n i c  s u b s t a n c e s .  

The e f f e c t  o f  w a t e r  on t h e  a l k y l  complexes i s  d e a l t  w i t h  i n  t h e  

d i s c u s s i o n  of  F i g u r e  2 9 .  

12 .  Mixed I n c o r p o r a t i o n ,  Complexes w i t h  two 

and t h r e e  Kinds o f  Molecules  

I n  F i g u r e  23,  t h e  x-ray d iagrams o f  t h e  C 4 A H x  complexes o f  

h e x y l  amine, p h e n y l  b u t y r i c  a c i d  and 1:l m i x t u r e  of  t h e s e  s u b s t a n c e s  



a r e  compared. By t h e m s e l v e s ,  h e x y l  atnine and pheny l  b u t y r j - c  acid 

form, as a l r e a d y  r e p o r t e d ,  a r rangements  w i t h  s t e e p l y  i n c l i n e d  

double  c h a i n s .  The r e f l e c t i o n s  o f  t h e  b i n a r y  complex a r e  between 

t h o s e  of  t h e  homogeneous i n c o r p o r a t i o n s .  I n  F i g u r e  24 t h e  C 4 A H x /  

amines a l r e a d y  d e a l t  w i t h  a r e  p l o t t e d  a l o n g s i d e  t h e  complexes 

which a r e  formed i n  t h e  r e a c t i o n  of  1 : l  methanol-amine m i x t u r e s  

w i t h  C 4 A H X .  The examples o f  F i g u r e s  23 and 24 a r e  e x p l a i n e d  by 

t h e  f a c t  t h a t  doub le  c h a i n s  o f  two m o l e c u l e s ,  one beh ind  t h e  o t h e r ,  

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

p r e s e n t  i n  e a c h  o f  t h e  complexes.  Thus ,  t h e  sequence .  . C 4 A H x  l a y e r . .  

me thano l .  . amine. . C 4 A H x  l a y e r  a p p l i e s  t o  t h e  mixed complex. Mix tu res  

o f  methanol  w i t h  t h e  long-cha in  monovalent a l c o h o l  a r e  r e p r e s e n t e d  

i n  F i g u r e  25.  The mixed complex r e s u l t s  i n  two s e r i e s  o f  001 

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

( -  It i s  e v i d e n t  t h a t  long-cha in  compounds which i n  p u r e  form 

do n o t  p e n e t r a t e  i n t o  C 4 A H x  l a t t i c e  can  n e v e r t h e l e s s  b e  s o r b e d  

when mixed w i t h  a s h o r t - c h a i n  s u b s t a n c e .  The same e f f e c t  i s  e v i d e n t  

i n  F i g u r e  2 4 ,  i . e . ,  i n  t h e  m i x t u r e s  o f  methanol  and f a t t y  a c i d s ,  

F i g u r e  1 9 .  Even non-po la r  o r g a n i c  molecu les  s u c h  as n-hexane o r  

s u b s t a n c e s  s u c h  as n i t r o - b e n z e n e  and t h e  l i k e  t h a t  do n o t  r e a c t  

o t h e r w i s e ,  can be i n c o r p o r a t e d  and mixed w i t h  e a s i l y  s o r b e d  sub-  

s t a n c e s  . Mixed complexes i n v o l v i n g  a l ong-cha in  and  v a r i o u s  

s h o r t - c h a i n  a ldehydes  a r e  r e p r e s e n t e d  i n  F i g u r e  26 and compared 

w i t h  t h e  c u r v e  o f  p u r e  a l d e h y d e s  ( - - ) .  

Ternary  s o r p t i o n ,  i . e . ,  where t h r e e  o r g a n i c  s u b s t a n c e s  a r e  

i n v o l v e d ,  i s  a c o m p l i c a t e d  p r o c e s s .  F i g u r e  27 shows t h e  p r o c e s s e s  

i n  C 4 A H x  complexes c o n s i s t i n g  o f  b e n z o i c  a c i d ,  benzene ,  and t h e  

f a t t y  a c i d s  C,H2,+1 COOH as v a r i a b l e  components w i t h  n  = 8 t o  

2 0 .  The a r rows  show t h e  d i r e c t i o n  of  changes  o f  i n d i v i d u a l  001 

s e r i e s  i n  t h e  r e p e t i t i o n  o f  t h e  x-ray d iag rams .  A c o n s t a n t  001 

s e r i e s  w i t h  d o  1 - 14 8 i s  p r e s e n t  i n  a l l  p i c t u r e s .  While 

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

s p a c i n g s  o f  t h e  t e r n a r y  complexes ( u p p e r  broken c u r v e )  are found 

a t  t h e  l e v e l  o f  t h e  middle  broken c u r v e .  Proof  t h a t  t h i s  s h r i n k i n g  

o f  t h e  l a t t i c e  i s  due t o  t h e  e s c a p e  of  benzene  i s  found i n  t h e  

* even though t h e  t e s t s  were c a r r i e d  ou t  i n  a b e n z e n e - s a t u r a t e d  
a tmosphere  i n  t h e  c l i m a t e - c o n t r o l l e d  x-ray chamber.  
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f a c t  t h a t  t h e  b a s a l  s p a c i n g s  a g a i n  a c q u i r e d  a h i g h e r  v a l u e  when 

t h e  s u b s t a n c e s  were mois tened  once more w i t h  benzene .  The o t h e r  

p r o o f  t h a t  two d i f f e r e n t  a c i d s  p a r t i c i p a t e  i n  t h e  complexes i s  

o b t a i n e d  from t h e  comparison of t h e  complexes w i t h  p u r e  f a t t y  

a c i d s  ( t h i n  broken c u r v e ) .  S i m i l a r  o b s e r v a t i o n s  can  a l s o  be  made 

on q u a t e r n a r y  complexes o f  C 4AHx ,  benzene ,  l a u r i c  a c i d  and v a r i o u s  

pheny l  c a r b o x y l i c  a c i d s  i n  F i g u r e  2 7 .  

Rehydra t ion  and Dehydra t ion  o f  T e t r a c a l c i u m  

Aluminate Hydra te  Complexes 

Van Olphen and Deeds ( 5 5 )  i n v e s t i g a t e d  t h e  s t ep -by-s tep  h y d r a t i o n  

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

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

Many o f  t h e  C 4 A H x  complexes were a l s o  s y s t e m a t i c a l l y  p r e -  

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

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

t h e n  x-rayed i n  t h e  c l i m a t e - c o n t r o l l e d  compartment under  t h e  same 

c o n d i t i o n s .  The b a s a l  s p a c i n g s  o f  a l m o s t  a l l  C 4 A H x  complexes 

change t o  a l e s s e r  d e g r e e  between 0 and 100% r e l a t i v e  h u m i d i t y .  

It i s  assumed t h a t  t h e  e f f e c t  o f  w a t e r  from s o r p t i o n  complexes 

i s  a s s o c i a t e d  i n  p a r t i c u l a r  w i t h  t h e  f o l l o w i n g  p r o c e s s e s :  1. Some 

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

and e x p e l l e d  from t h e  l a t t i c e .  2 .  Neighbour ing  w a t e r  molecu les  

sometimes i n f l u e n c e  t h e  b i n d i n g  o f  t h e  o r g a n i c  molecu les  t o  t h e  

hydroxy l  l a y e r .  3. A t  h i g h  m o i s t u r e  c o n t e n t s ,  c e r t a i n  o r g a n i c  

molecu les  a r e  bound t o  h y d r a t e  w a t e r  m o l e c u l e s ,  and  a f t e r  e v a p o r a t i o n  

of  t h i s  w a t e r  t h e y  d rop  i n t o  t h e  s h e e t  of  i n o r g a n i c  hydroxy l  i o n s .  

4 .  Water molecu les  may "wedge" themse lves  between t h e  o r g a n i c  

molecu les .  

F i g u r e  28 shows x-ray d iagrams o f  t h e  C 4 A H x  pheny l  a c e t i c  

a c i d  complex: ( a )  wet w i t h  benzene i n  a  benzene a tmosphere ;  

( b )  d r i e d  o v e r  P205;  ( c )  reh-ydra ted  a t  100% r e l a t i v e  h u m i d i t y .  

I n  F i g u r e  29  a r e  shown t h e  x-ray d iagrams o f  methyl  a l k y l a t e d  C 4 A H x :  

( a )  o v e r  100% r e l a t i v e  h u m i d i t y ;  ( b )  a f t e r  d r y i n g  o v e r  P 2 0 5 ;  and 



( c )  af te r  r e h y d r a t i o n  o v e r  w a t e r .  The methanol  complex o f  C 4 A H x ,  

u n l i k e  t h e  methyl  group w i t h  homopolar b i n d i n g ,  i s  a l r e a d y  d e s t r o y e d  

a t  100% r e l a t i v e  humidi ty  and i s  conve r t ed  i n t o  t h e  C 4 A - 1 9  h y d r a t e s .  

F i gu re  30 shows a su rvey  of  t h e  behav iou r  o f  f o u r  d i f f e r e n t  

s o r p t i o n  complexes : ( a )  w i th  hexy l  amine ( aoub l e  c h a i n ,  H bind. ing?  ) ; 

( b )  e t h y l e n e  g l y c o l  ( f l a t  doub le  s h e e t  a r r a n g e n e n t ,  H b i n d i n g ) ;  

( c  ) bu t y r a ldehyde  (doub le  c h a i n ,  homopolar b i n d i n g  component) and 

a z e l a i c  a c i d  HOOC ( C H 2 )  7 COOH ( s t e e p l y  i n c l i n e d  molecu les  

which a r e  l i n k e d  p r i m a r i l y  t o  two o p p o s i t e  C 4 A H x  l a y e r s ) .  These 

complexes were x-rayed between -20 t o  +lOoOc, once o v e r  P 2 O h  

t h e n  over  100% r e l a t i v e  humid i ty .  The b a s a l  s p a c i n g  o f  h e x y l  a n l n e  

C v A H x  o v e r  100% r e l a t i v e  humidi ty  i s  g r e a t e r  t h a n  over  PzO,. The 

same a p p l i e s  t o  bu ty r a ldehyde ,  a l t hough  t h e  e f f e c t  i s  l e s s  marked. 

The complexes w i t h  l o o s e  b i n d i n g  o v e r  100% r e l a t i v e  humidi ty  a r e  

d e s t r o y e d  a t  a  lower  t empe ra tu r e  t h a n  t h e  complexes w i t h  homopolar 

b i n d i n g  (bu ty r a ldehyde ,  a z e l a i c  a c i d )  . Over P 20 even  t h e  complexes 

w i t h  h exy l  amine and e t h y l e n e  g l y c o l  remain  s t a b l e  up t o  h igh  

t empe ra tu r e s .  I n  t h e  amine,  t h e  a ldehyde ,  and t h e  a c i d  one curve  

i n  each  ca se  shows a  weak bend s u g g e s t i n g  r e o r i e n t a t i o n  of t h e  

o r g a n i c  molecu les .  I n  t h e  c a s e  of  t h e  g l y c o l  ove r  P205 from 70' on 

a complex i s  formed w i t h  t h e  ex t remely  low b a s a l  s p a c i n g  o f  8 .8  8 
( s i n g l e  s h e e t  a r r angemen t ) ,  which i n c r e a s e s  w i t h  i n c r e a s i n g  temp- 

e r a t u r e  a t  t h e  expense  of  t h e  13 8 complex. The s i g n i f i c a n c e  o f  

t h e  s h a r p  s i n g l e  r e f l e c t i o n  o f  a z e l a i c  ac ids /100% r e l a t i v e  humidi ty  

which p o s s e s s e s  no h igh  o r d e r s  and which d e t e r i o r a t e s  and widens 

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

S u b s t a n c e s  showing i n t e r l a m e l l a r  s o r p t i o n  

U-mlcnn, oto. 

(8) Chrmienl I'd- 

T a b l e  I1 

The b a s a l  s p a c i n g s  o f  a l c o h o l  - C4AH.x complexes 

Formula 

hlethano1.' 

ethanol 
n-propyl dcnhnl 
n-butyl rIcohol 
n-myl alcnhnl 

CH, 01 1 
CH, CH,. OH 
CH, (CI I,), 0 1 4  
CH,. (CI I,), 014 
c14,. (CI 0 1 4  
C14, (Cl.l,), 01 I 
CH, (01-I,), O H  

'CH,*(C14,),*OH 
CH, (CH,),. O H  
CH, (CH,), O H  - 

banzyl rkohol 20.60 

i - p p y l  rleohol 10.68 
CI I, 

i- amyl. &~hol CH, C11 (C143, O H  10.6 > 20.8 
CI.1, 

* O t h e r  methanol/CbAHx complexes:  do o 1 = 1 4 . 4 ;  
1 3 . 8  and 1 0 . 8  a .  

** )  Alcoho l s  C 1 1  t o  C 2 0  a r e  no  l o n g e r  s u b j e c t  t o  i n t e r -  
l a m e l l a r  s o r p t i o n  i n  s o l u t i o n s  w i t h  e t h e r  o r  a c e t o n e  



T a b l e  I11 

I n t r a -  and i n t e r m o l e c u l a r  s p a c i n g  

I n t r a m o l e c u l a r :  r = 1 . 4 0  8 ;  rH = 1 .20  8 
0 

C - C = 1.54 8 a11 bond a n g l e s  a r e  109.5'  
C - 0  = 1 . 4 3  8 a n g l e  of  i n c l i n a t i o n  of  ca rbon  c h a i n  - 67' 
C - H  = 1 . 0 8  8 

Changes o f  basal  s p a c i n g  o f  t h e  complex: 

I n t e r m o l e c u l a r :  

H 3 C  ... C H I  = 3.5 8 from Ceven t o  Codd = 1 . 7 ,  a 
o - H . . . o  = 2 .6  a from codd = 2.75 8 I c f .  Tab le  I1 

'even 



f o i l  

M i  
with f i l  

Smal l  dish f o r  c l i m a t e -  
-c,ntrolled chamber 

F i g .  1 

A .  C l i m a t e - c o n t r o l l e d  x-ray chamber 

B .  X-ray chamber f o r  s u s p e n s i o n s  

C .  Arrangement of  "wick p r e p a r a t i o n  
s u p p o r t "  f o r  t h e  c l i m a t e  c o n t r o l l e d  
chamber 



F i g .  2 

1 - 12 

I - J  

T e t r a c a l c i u m  a l u m i n a t e  h y d r a t e  a n d  t e t r a c  l c i u m  
a l u m i n a t e  c a r b o n a t e  h y d r a t e ,  a f t e r  (21a 

I 42l 

1 

/ L 

7,71 

,c- 

1 1  I , , '  



( a )  Octahedron s h e e t  C a 2 ~ 1 ( ~ ~ ) 6  ; 

( b )  "Outer  OH" ( h a t c h e d ) ,  o r d e r e d ,  
o r  d i s t r i b u t e d  s t a t i s t i c a l l y  
o v e r  b o t h  s i d e s  of  t h e  o c t a h e d r o n  
s h e e t  

F i g .  

P o s s i b l e  c o n f i g u r a t i o n  of  h y d r a t e  s t a g e s  o f  C 4 A H x  



F"J 
HC-OH 

CH3 

F i g .  5 

C t + A H x  complexes  w i t h  i - p r o p a n o l  ( a ) ,  

i -amyl  a l c o h o l  ( b ) ,  and  n-amyl a l c o h o l  ( c ) .  

Unconve r t ed  TCAH w i t h  7 . 9  8 

-, 7- - - 
22 13 k? 2'1 2b 1b f8 1'1 f6 15 -12098 ' 9 b 3 k h 1 1 1 b 

C o n s t a n t  Time (min  

F i g .  6 

R a t e  o f  s o r p t i o n  o f  me thano l  i n  TCAH 



C 4 A H x  complexes  o f  n - a l c o h o l s  

c 1 //////,,{Maximum d e n s i t y  

1 +Minimum d e n s i t y  

d e n s i t y  
( C H 2  c h a i n s )  

F i g .  8 

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



C e n t r e  ~ f l ~ - & e _ r m _ e 4 . 1 a & e - l ~ -  ----- 

F i g .  9 

A l c o h o l  m o l e c u l e s  be tween  C 4 A H x  l a y e r s  ( h a t c h e d ) .  

a , b :  bonds n o t  t a k e n  i n t o  a c c o u n t ;  
c , d :  models  f o r  H b i n d i n g  

F i g .  10  

H b i n d i n g  o f  a l c o h o l  complexes ;  a l c o h o l s  w i t h  C e v e n  t o  

o c t r a h e d r a l  OH, w i t h  Codd t o  t h e  o u t e r  OH o f  t h e  TCAH l a y e r  



u b l e  s h e e t )  

h e e t  ) 

I , , , , , ,  Alcohol C-Atom 

2 4 6 8 10 12 U 16 10 

F i g .  11 

Compar i son  o f  a l c o h o l  c omp l exes  o f  Ct+AHx ( c i r c l e s )  

a n d  Ca m o n t m ~ r i l l o n i t e ( ~ ~ )  ( t r i a n g l e s ) .  

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

a 8  = b a s a l  s p a c i n g  o f  i n o r g a n i c  s u b s t a n c e  

( 7 . 2  8 f o r  C,,AHx, c f .  F i g u r e  2 o r  9.7 a f o r  Ca m o n t r n o r i l l o n i t e  
( 4 3 )  

0 = a n g l e  o f  i n c l i n a t i o n  o f  t h e  a l c o h o l  m o l e c u l e s  

m.p .  = m e l t i n g  p o i n t  o f  t h e  a l c o h o l s  



F i g .  1 2  

C 4 A H x  complexes  o f  m u l t i v a l e n t  a l c o h o l s  

16 12 8 L 

O e  

F i g .  1 3  

R e a c t i o n  o f  C I A H x  w i t h  l a c t o s e  i n  w a t e r  



F i g .  1 4  ! 

C 4 A H x  complexes  o f  m e r c a p t a n  

F i g .  1 5  

S o r p t i o n  c a p a c i t y  o f  C 4 A H  f o r  o c t y i  and  
h e x a d e c y l  m e r c a p t a n .  @= s a t u r a t i o n  



F i g .  1 6  

C 4 A H x  complexes o f  n-amines 

C- a t  oms 

F i g .  1 7  

C 4 A H x  complexes of  a l d e h y d e s  



F i g .  18  

S o r p t i o n  c a p a c i t y  o f  Ct+AFIx f o r  undecanoic  

a c i d ,  s e b a c i d  a c i d  and B-phenyl p r o p i o n i c  a c i d .  

@= s a t u r a t i o n  

a = i n E t h e r  
o = in Mel howl 

F i g .  19  

ChAHx complexes o f  t h e  f a t t y  a c i d s  



F i g .  20 

C 4 A H x  complexes  o f  t h e  a , w  d i c a r b o x y l i c  a c i d s  

F i g .  21  

C 4 A H x  complexes  o f  t h e  p h e n y l  c a r b o x y l i c  a c i d s  



F i g .  2 2  

Arrangement o f  molecu les  i n  m e t h y l a t e d  
and e t h y l a t e d  C 4 A H x  compared w i t h  t h e  
methanol  and e t h a n o l  complexes o f  C 4 A H  

X 

I 

12 
1 

a 4 0 

O e  

Fig. 2 3  

S o r p t i o n  o f  a n  amine ( a ) ,  a c a r b o s y l i c  a c i d  
( c )  and a 1 : l  m i x t u r e  o f  b o t h  ( b )  i n  C 4 A H x  



fl o = P u r e  a r i  
e t h e r  s o  

1 .  A = M i x t u r e s  

n e s  
l u t  i 

w i t  

o r  
ons  

h  
m e t h a n o l  ( 1 :  1 )  

F i g .  24 

S o r p t i o n  o f  amines  mixed w i t h  m e t h a n o l  i n  
C r A H x  ( t r i a n g l e s  ) compared w i t h  complexes  

w i t h  amines  a l o n e  ( c i r c l e s  ) 

p u r e  amines  
s o l u t i o n s  

1:l m i x t u r e  
a l c o h o l s  C, 

F i g .  25  

o r  e t h e r  

o f  m e t h a n o l  

t o  C 2 0  

S o r p t i o n  of l o n g - c h a i n  a l c o h o l s  mixed w i t h  m e t h a n o l  i n  C 4 A H  
compared w i t h  t h e  complexes  o f  unmixed a l c o h o l s  ( d a s h e d  l i f i e )  



Q 

/ 

30 

o f  a l d e h y d e  C I 2  

+ a l d e h y d e  C 4  t o  C l l  

t o  C 1 2  

F i g .  26 

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

compared w i t h  t h e  C 4 A H  complexes 
o f  unmixed a l d e h y d e s  ( 3 a s h e d  c u r v e )  

a e n z o j  c acid+CnH2n+1mH+F3enm L a u r i c  a c i d  + 
b5 

Q-(CH~)~COOH + 

dool (8) i'-y . benzene  

 pool(^) 

30 30- 

0' 

' 

s 
0. 

20-: ,I Q G 

/ a >+ 
- 4-~----.--..-.--.--- ----.-----. ,- 

. '$4 
9 2  

3 
10.- 
, - - -  ' - - - . . .  . . . .  n lo-.ue* ' n 

10 15 20 0 
, 

4 

CnHh+l COOH w u 2 I n ~ ~ 0 H  

F i g .  27 

S o r p t i o n  of  a m i x t u r e  o f  t h r c e  o r g a n i c  s u b s t a n c e s  i n  CbA!lx 
.-. --.-.. 



S u s p e n s i o n  w i t h  
benzene  

%,' 19.88 

o v e r  

I 

tZ 8 4 

c W ~ / ~ h e n ~ l  a c e t i c  %3 
a c i d  

F i g .  2 8  

P h e n y l  a c e t i c  a c i d  complex o f  C 4 A H x  
u n d e r  d i f f e r e n t  c o n d i t i o n s  

o f  v a p o u r  p r e s s u r e  

12 8 4 

O e 
F i g .  2 9  

M e t h y l a t e d  C 4 A H x  between  0 and 100% r e l a t i v e  h u m i d i t y  

- - - -  . *- - -. . . -"-- . -~ .- 



Y 
n-hexyl  amine 

/ d i s s o c i a t i o n  

0 -*=-.-.A,-. accompanied by 

4 mixed l a y e r  
C i r c l e :  o v e r  H20 
C r o s s :  o v e r  P 2 0 5  

p r o d u c t  ' 
i s s o c i a t i o n  

E t h y l e n e  g l y c o l  

-)-o c i a t i  

8, A.c~AH# 

R 

"+;oinitia% me d i s s o c i a t i o n  

a z e l a i c  a c i d  

F i g .  30 

T r e a t m e n t  o f  t h e  C4AH complex o f  n-hexyl  amine ,  
e t h y l e n e  g l y c o l ,  n -buFyra ldehyde  and  a z e l a i c  a c i d  

a t  0  and 100% r e l a t i v e  h u m i d i t y  i n o t h e  t e m p e r a t u r e  r a n g e  
o f  -20  t o  100  C 


