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ABSTRACT 

The abso rp t ions  of t h e  b i o l o g i c a l l y  important  pu r ines  adenine 
and hypoxanthine, t h e  pyrimidines  c y t o s i n e , '  thlmine, and u r a c i l ,  
and t h e  nuc leos ides  adenosine,  guanosine,  i nos ine ,  c y t i d i n e ,  
thymidine, and u r i d i n e  by L i - ,  Na-, M g - ,  and Ca-montmoril lonite 
have been s tud ied  i n  aqueous s o l u t i o n s  over  a range of pH va lues  
2'-12 The i n i t i a l  o rganic  concen t r a t ions  were between 0.8 and 
1.4 m.molar. The r a t i o  c l a y  to organic'compounds was such t h a t  
on ly  up to 30% of t h e  exchange c a p a c i t y  could be s a t u r a t e d  by 
organic  c a t i o n s ,  b u t ,  depending on cond i t ions ,  up to 100% o f  t h e  
a v a i l a b l e  organic  m a t e r i a l  was absorbed. 

The r e s u l t s  show t h a t  abso rp t ion  occurs  p r i m a r i l y  a s  a c a t i o n  
exchange r e a c t i o n .  Thymine, u r a c i l ,  and t h e i r  nuc leos ides  a r e  not 
absorbed under t h e  experimental  c o n d i t i o n s .  The abso rp t ion  o f  t h e  
o t h e r  compounds a t  var ious  pH's depends on t h e i r  b a s i c i t y ,  t h e i r  
aromatic  o r  non-aromatic c h a r a c t e r  and the p o s s i b l e  e x t e n t  o f  t h e  
van d e r  Waals i n t e r a c t i o n  w i t h  t h e  s i l i c a t e  l a y e r s .  T h i s  i s  
i l l u s t r a t e d  by comparison o f  t h e  abso rp t ion  behavior  of  p y r i d i n e ,  
5-arnino-6-methyl-uracilJ and c a f f e i n e  w i t h  t h a t  of t h e  above named 
compounds. Nucleosides a r e  g e n e r a l l y  l e s s  s t r o n g l y  absorbed than  
t h e i r  pu r ines  o r  pyrimidines  s i n c e  t h e i r  non-planar s t r u c t u r e  
a l lows l e s s  van d e r  Waals i n t e r a c t i o n ;  t h e i r  abso rp t ion  i s  s t r o n g l y  
inf luenced  by t h e  d i f f e r e n c e s  i n  swe l l ing  behavior  o f  montmoril- 
l o n i t e  w i t h  mono- and d i v a l e n t  c a t i  



- INTRODUCTION 

I n  t h i s  and t h e  fo l lowing  paper ,  r e s u l t s  a r e  r epor t ed  for t h e  

abso rp t ion  of a number of biochemical ly  important molecules from 

aqueous s o l u t i o n s  by montmori l loni te  s a t u r a t e d  wi th  var ious  c a t i o n s .  

The work was undertaken to t e s t  and p o s s i b l y  to amplify e a r l i e r  

sugges t ions  (Bernal ,  1951) t h a t  organic  abso rp t ion  on c l a y  minerals  

may have played an important p a r t  i n  t h e  i n i t i a l  development of 

l i v i n g  forms by s y n t h e s i z i n g  and concent ra t ing  t h e  necessary  

organic  molecules.  Under t h e  s t imulus  of u l t r a v i o l e t  l i g h t ,  simple 

molecules such a s  H20, C02. NH3, . . . p r e s e n t  i n  t h e  p r i m i t i v e  

e a r t h ,  could have given r i s e  to simple organic  molecules.  A s  

Bernal (1951, p 33 ) s t a t e d  : "Condensations and dehydrogenations 

a r e  bound to lead to i n c r e a s i n g l y  unsa tura ted  substances and 

u l t i m a t e l y  to simple and possib1.y even to condensed r i n g  s t r u c t u r e s ,  

almost c e r t a i n l y  con ta in ing  n i t rogen ,  such a s  t h e  pyrimidines  and. 

pu r ines  e A f u r t h e r  important  cons ide ra t ion  is  t h a t  c r y s t a l l i n e  

mater i -a l s ,  e s p e c i a l l y  c l a y  minera ls ;  might have been important  

i n  concen t r a t ing  t h e  simple organic  molecules i n  an  ordered manner 

and br inging  them i n t o  a s t a t e  where f u r t h e r  po lymer isa t ion  and 

11 

s y n t h e s i s  would be p o s s i b l e .  Be rna l l s  i d e a s  have been discussed 

by o t h e r  au tho r s  (Oparin, 1957; Hofmann, 1961; Cairns-Smith, 1966) 

but  t h e  only experimental  work known to t h e  p r e s e n t  au tho r s  has 

been by G .  Steinman (1966 and p r i v a t e  communication) who obtained 

very promising r e s u l t s  on t h e  polymer isa t ion  of amino a c i d s  i n  

t h e  presence  of c l a y  mine ra l s .  
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EXPERIMENTAL 

The abso rp t ion  isotherms of  var ious  pyrimidines  , p u r i n e s ,  

and nuc1eosidesAi.n r e l a t i o n  to pH and t h e  exchangeable c a t i o n s  
have been determined 

+ L i  , Na+, Mg2+, and Ca2+, and, i n  t h e  fol lowing paper ,  Fe3+, Co2+, 
N i 2 + ,  and Cu 2-k . 

Prepa ra t ion  of t h e  var ious  montmoril lOnites 

A r e f ined  wh i t e  b e n t o n i t e  from Texas, suppl ied  by t h e  Georgia 

Kaolin Co., was f r a c t i o n a t e d  to g i v e  '11-1 p a r t i c l e  s i z e  m a t e r i a l .  

L i -  and Na- s a t u r a t e d  forms were prepared by t r e a t i n g  t h e  c l a y  

two t imes f o r  24 h r s .  with 2N s o l u t i o n s  of  t h e  c h l o r i d e s  and 0.05 

molar s o l u t i o n  of  t a r t a r i c  ac id  w i t h  approximately 30 g c l a y  p e r  

l i t e r .  The t a r t a r i c  ac id  was added to keep exchangeable A13+ i n  

s o l u t i o n .  A f t e r  t h e  second t rea tment ,  t h e  c l a y  was washed C 1 -  

f r e e  by c e n t r i f u g a t i o n  and then  by d i a l y s i s .  The N a -  or Li-mont- 

m o r i l l o n i t e  was t h e n  t r e a t e d  t h r e e  t imes f o r  24 h r s .  w i t h  1 N  

I _  

c h l o r i d e  s o l u t i o n s  of  t h e  above named c a t i o n s .  A l l  c l ays  except 

Fe-montmoril lonite were then  d ia lyzed  a t  60°C s i n c e  a t  e leva ted  

temperatures  t h e  d i a l y s i s  goes much more r a p i d l y .  A f t e r  they  

were C1-free t h e  water  was changed f i v e  t imes more. Fe-montmoril- 

l o n i t e  was washed by c e n t r i f u g i n g  a t  room temperature .  

To determine t h e  concen t r a t ion  .of t h e  montmori l loni tes  i n  

suspension an a l i q u o t  o f  each suspension was evaporated and t h e  

c l a y  heated to 150°C i n  vacuum over  l i q u i d  N2 f o r  24 h r s .  

The exchangeable c a t i o n s  i n  t h e  va r ious  c l a y s  were determined 

a f t e r  exchange wi th  0.m BaC12 s o l u t i o n  ( f o r  t h e  Fe-exchange, 

t a r t a r i c  acid was added) by means of  emission spectroscopy and 
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f lamep ho tometry : 

L i -  and Na-montmorillonite: 95 meq/100 g Lis or Na', 1 meq/100 g 

Mg2' + Ca2+. 

Mg-, Ca-, Co-, N i - ,  and Cu-montmorillonite: - 100 meq/100 g o f  t h e  
main c a t i o n  

< 5 rneq/100 g of o t h e r  
ca t ions .  

Fe-montmoril lonite:  107 meq/100 g Fe3+, no o t h e r  ca t ions .  

The superna tan t  o f  t h e  Fe-montmoril lonite suspension had pH 4 .8 .  

Table 1 

The organic  compounds s tud ied  a r e  l i s t e d  i n  Table  1 wi th  

t h e i r  sou rce  of  supply and o t h e r  d a t a .  

Absorption experiments --- 

To 5 m l  o f  6.5 mi l l imo la r  aqueous s o l u t i o n s  o f  t h e  organic  

compounds were added var ious  amounts o f  H C 1  or NaOH and H20 to 

g i v e  20 m1,and f i n a l l y  5 m l  o f  a c l a y  suspension (27 g / l i t e r ) .  

The i n i t i a l  concen t r a t ion  of  t he  organic  compounds was t h e r e f o r e  

u s u a l l y  1.3 mil l imolar '  (for guanosine o n l y  0.8 and 'for hypoxanthine 

1 . 0  mi l l imo la r  because of t h e i r  small s o l u b i l i t i e s ) .  

o f  organic  compounds to montmori l loni te  was such t h a t  on ly  

approximately 25% of t h e  exchange c a p a c i t y  could be  s a t u r a t e d  by  

organic  c a t i o n s  i f  a l l  organic  molecules a v a i l a b l e  i n  s o l u t i o n  

were absorbed a Under these  cond i t ions ,  equi l ibr ium was achieved 

wi th in  10 hours whereas w i t h  tw ice  t h e  amount of  organic  even 

a f t e r  two weeks of r e a c t i o n  f u r t h e r  abso rp t ion  was observed. 

The r a t i o  
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Afte r  approximatelyJ5 h r s ,  a t  room temperature  i n  sealed 

b o t t l e s , t h e  suspensions were cen t r i fuged  for 45 min. a t  14000 rpm. 

wi th  a S o r v a l l  SS-1 highspeed angle  c e n t r i f u g e .  Al iquots  o f  t h e  

superna tan t  s o l u t i o n s  were d i l u t e d  with b u f f e r  s o l u t i o n s  and t h e  

concen t r a t ion  of  t h e  remaining organic  molecules determined wi th  

a Beckman DU u l t r a v i o l e t  spectrophotometer .  The pHs o f  t h e  

superna tan t  s o l u t i o n s  were determined w i t h  a Beckman Expandomatic 

pH-met e r  . 
No c o r r e c t i o n s  were made f o r  t h e  c l a y  volume and t h e  so-ca l led  

nega t ive  abso rp t ion  f o r  reasons which w i l l  be d iscussed  w i t h  t h e  

r e s u l t s  of t h e  X-ray i n v e s t i g a t i o n s .  

X-ray i n v e s t i g a t i o n s  

The n a t u r e  o f  t h e  expanded. s t a t e  of the montxiorilloni.te under 

t h e  a c t u a l  cond i t ions  of  t h e  abso rp t ion  experiments has been 

examined by X-ray d i f f r a c t i o n  w i t h  t h e  c l a y  i n  equ i l ib r ium ~ 5 t h  

t h e  organic  s o l u t i o n .  The c l a y  suspensions were brought i n t o  

g l a s s  c a p i l l a r i e s  (0.5 mm d iameter ,  0.01 mm wa l l  t h i ckness ;  Supplied 

by Unimex-Caine Corp * ,  Chicago),  t h e  c a p i l l a r i e s  s ea l ed  w i t h  

P i c e i n  wax and X-rayed i n  a Norelco powder camera, . d i a .  11.46 em. 

The primary beam t r a p  of t h i s  camera was modj-fied to allow t h e  

obse rva t ion  of  r e f l e c t i o n s  o f  basal spacings up to 40 A .  Some 

d r i e d  o r i en ted  samples were examined. wi th  the X-ray d i f  f rae tometcr  

0 

t o  o b t a i n  more exac t  basal spac ings .  

RESULTS 

Adsorption isotherms -- 

The abso rp t ion  experiments were made w l t h  r e l a t i v e l y  small pro- 

p o r t i o n s  of organic  compounds i n  order  t o  achieve equi l ibr ium 



qu ick ly  but  a l s o  to have cond i t ions  approximating more c l o s e l y  

to t h o s e  which might have e x i s t e d  on a p r i m i t i v e  e a r t h .  An impor- 

t a n t  consequence of t h e s e  working cond i t ions  i s  t h a t  on ly  25% of  

t h e  exchange c a p a c i t y  was s a t u r a t e d  wi th  organic  c a t i o n s  when - a l l  

t h e  a v a i l a b l e  molecules were absorbed i n  t h e  c a t i o n i c  form; 

Therefore ,  t h e  r e s u l t s  a r e  expressed i n  t h e  form of  percentage  

organic  m a t e r i a l  absorbed a g a i n s t  t h e  equ i l ib r ium pH. A va lue  of 

100% means t h a t  no measurable organic  m a t e r i a l  remained i n  s o l u t i o n .  

The accuracy i n  t h e  measurement of  concen t r a t ion  i s  b e t t e r  

than t 1% wi th  Mg- and Ca-montmoril lonite,  and i n  t h e  a c i d i c  range 

w i t h  L i -  and Na-montmoril lonite a l s o .  I n  t h e  n e u t r a l  and a l k a l i n e  

pH ranges,  t h e  L i -  and Na-montmoril lonite a r e  not  completely 

removed from t h e  s o l u t i o n s  even a f t e r  long pe r iods  of high-speed 

c e n t r i f u g a t i o n  and t h e  recorded values  o f  "$ absorbed" a r e  p o s s i b l y  

a l i t t l e  too sma l l .  The accuracy o f  t h e  pH measurements was about 

k 0.05 below pH5, and above pH5 about 2 0.1  

Figures  1-3 show t h e  abso rp t ion  isotherms except  t hose  f o r  

u r a c i l ,  thymine, thymidine,  and u r i d i n e  which under t h e  g iven  

cond i t ions  were n o t  absorbed i n  t h e  range from pH 1 .7  to pH 11. 

F igure  1 a )  b )  F igu re  1 e )  d )  

It i s  requested t h a t  1 a )  b )  and 1 e )  d )  be placed on f ac ing  pages.  

F igure  2 a )  b )  F igure  2 e )  d )  

It i s  requested t h a t  2 a )  b )  and 2 e )  d )  be placed on f ac ing  pages.  

F igure  3 
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S i m i l a r  r e s u l t s  f o r  some of t h e  i n v e s t i g a t e d  compounds have 

been repor ted  by Durand (1964), but  r e s u l t s  repor ted  by Shaw (1965) 

d i f f e r  p a r t i c u l a r l y  wi th  regard to t h e  pH range i n  which abso rp t ion  

takes  p l ace ;  t h e  d i f f e r e n c e s  a r e  probably due to t h e  f a c t  t h a t  

15 minutes of c e n t r i f u g a t i o n  wi th  1000 g a r e  i n s u f f i c i e n t  to remove 

t h e  c l a y  completely from t h e  s o l u t i o n .  I n  t h e  p r e s e n t  experiments,  

L i -  and Na-montmorillonite were not  completely r'emoved even a f t e r  

45 minutes of c e n t r i f u g a t i o n  with 2400 g .  

I n  F igure  4 a r e  compared t h e  m i l l i e q u i v a l e n t s  (meq) of measur- 

a b l e  f r e e  Na' and Ca2' ions  wi th  t h e  me4 of absorbed adenine 

c a t i o n s .  The d i f f e r e n c e s  between absorbed adenine and f r e e  Na+ 

and Ca2+, r e s p e c t i v e l y ,  mus t  be a t t r i b u t e d  to protons  and p o s s i b l y  

also to A13' ions  e x t r a c t e d  from t h e  s i l i c a t e  l a t t i c e  by pro ton  

a t t a c k .  To check t h e  e x t e n t  of t h i s  a t t a c k ,  Na-montmorillonite 

( 6  g / l )  w a x  shaken dur ing  24 h r s ,  with H C 1  and then  t r e a t e d  for 

c a t i o n  exchange wi th  a 0 . e ~  BaC12 and 0.05 molar t a r t a r i c  ac id  

s o l u t i o n .  The i n c r e a s e  o f  exchangeable A13+ due to t h e  H C 1  t r e a t -  

ment was a t  pH 4> 0.3 meq/100 g ,  a t  pH 3, 2 . 0  meq/100 g,  and a t  

pH 2,7.3 meq/100 g .  

F igure  4 a )  b )  
tdto 

These p a r t s  should. be placed on one page. 

X-ray d a t a  

Adenine, guanine,  and c y t o s i n e  complexes : The b a s a l  spacings 
0 

of complexes formed with t h e s e  molecules a s  c a t i o n s  a r e  12.5 * 0.2 A. 

The same values  were r epor t ed  by Hendricks (1941). More i n t e r e s t i n g  
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r e s u l t s  were obtained by X-raying t h e  e q u i l i b r a t e d  suspensions of 

Na- and Ca-montmorillonite a f t e r  abso rp t ion  of some of t h e  organic  

compounds. 

Na-montmorillonite i t s e l f  e q u i l i b r a t e d  with var ious  amounts 

of H C 1  (equi l ibr ium pHs 2 to 8) gave no b a s a l  r e f l e c t i o n  or, a t  

h ighe r  concen t r a t ions ,  a d i f f u s e  re f lec t r ion  > 40 A .  Af te r  absorp-  
0 

t i o n  o f  0.2 molecules adenine  p e r  u n i t  c e l l  ( = 2 7  meq/100 g )  a t  

pH 2 a medium s t r o n g  12 .5  A r e f l e c t i o n  appeared. The same r e f l e c -  

t i o n ,  b u t  s t r o n g e r ,  appeared a t  pH 4 to pH 7. I n  t h e  range o f  

pH 3 to pH 4 ,  no wel l -def ined b a s a l  r e f l e c t i o n  was observed, bu t  

a weak d- i f fuse  darkening o f  t h e  f i l m  appeared from 12.5 t o  40 A 

and from 40 A on t o  h i g h e r  spac ings  t h e  i n t e n s i t y  increased  

0 

0 

0 

r a p i d l y .  A s imi l a r  behavior  o f  t h e  Na-montmorillonite occurred 

a f t e r  abso rp t ion  of c y t o s i n e  or p y r i d i n e .  With an  equal  number 

o f  absorbed molecules p e r  u n i t  ce l1 , the  i n t e n s i t y  of t h e  12.5 A 
0 

r e f l e c t i o n  decreased i n  t h e  o r d e r  adenine > cy tos ine  > p y r i d i n e .  

F igure  5 g ives  t h e  g e n e r a l  f e a t u r e s  or t h e  Na-montmorillonite i n  

r e l a t i o n  to t h e  measurable f r e e  Na' i ons  and t h e  absorbed adenine 

c a t i o n s .  A s imi l a r  behavior  occurs  wi th  Li-montmori l loni te .  

F igure  5 

Ca-montmoril lonite wi thout  absorbed organic  molecules has i n  

suspension i n  t h e  range from pH 2 to pH 7 a basal. spacing between 

18 and 19.5 A .  At pH 2 ,  t h e r e  appeared a f t e r  abso rp t ion  o f  0.19 

molecules adenine p e r  u n i t  c e l l  a medium s t r o n g  12 .5  A r e f l e c t i o n  

0 

0 

0 

i n  a d d i t i o n  to t h e  s t r o n g  19 A r e f l e c t i o n .  With i n c r e a s i n g  amounts 

of absorbed adenine,  t h e  i n t e n s i t y  of t h e  12.5 A r e f l e c t i o n  increased 
0 
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0 

i n  t h e  same manner a s  t h e  19 A r e f l e c t i o n  decreased,  u n t i l  t h e  

l a t t e r  d i sappeared .  At t h i s  p o i n t  about 0.4 molecules adenine 

were absorbed p e r  u n i t  c e l l  (= 54 meq/100 g). The same amount of  

absorbed p y r i d i n e  gave only a r e l a t i v e l y  weak 12.5 A r e f l e c t i o n .  

The h ighe r  t h e  pH and a t  t h e  same time t h e  more Ca2+ ions  remained 

i n  t h e  montmori l loni te ,  t h e  weaker became t h e  12 .5  A r e f l e c t i o n .  

0 

0 

Because t h e  c l a y  suspension was dropped i n t o  t h e  adenine 

s o l u t i o n  t h e  formation of  t h e  two phases could have been due t o  

t h e  dec rease  of t h e  adenine concen t r a t ion  dur ing  t h e  a d d i t i o n  of  

t h e  c l a y .  Therefore  a sample was prepared a t  pK 2 by dropping 

adenine s o l u t i o n  and Ca-montmorillonite suspension wi th  equal 

r a t e s  i n t o  s t i r r r d  water .  The same r e s u l t  was ob ta ined .  

- 5-Amino-6-methyl-uracil (AMU) : T h i s  molecule i s  comparable 

i n  s i z e  with adenine.  At pH 2 it formed a complex w i t h  Ca-montmo- 

r i l l o n i t e ,  w i t h  0.25 molecules of AMU p e r  u.nit c e l l  and. wi th  a 

s i n g l e  r e f l e c t i o n  corresponding to a 19 A b a s a l  spac ing ,  but  w i t h  

0.36 molecules p e r  u n i t  c e l l ,  a d i f f u s e  r e f l e c t i o n  was obtained 

extending from 12 .5  to 19 A. A basa l  spacing of  12.8 t 0.2 A 

0 

0 0 

was measured wi th  t h e  X-ray d i f f r a c t o m e t e r  on a d r i e d  sample which 

was s a t u r a t e d  w i t h  AMU a t  pH 2 .  

Caffeine complexes: A f t e r  abso rp t ion  of c a f f e i n e ,  two d i f f e r e n t  

spacings were measured by X-ray diff ' ractometry on samples d r i e d  

over P 0 I n  t h e  a.cidic pH range,  Ca-montmorillonite s a t u r a t e d  

wi th  c a f f e i n e  gave a b a s a l  spac ing  of 12.75 t 0.1 A .  The same 
2 5' 

0 

spacing was observed on n e u t r a l  samples with l e s s  t han  0.24 mole- 

cu le s  c a f f e i n e  p e r  u n i t  c e l l  (= 33 meq/100 g ) .  Higher amounts 

gave unsymmetric d i f f r a c t i o n  peaks; s a t u r a t e d  samples gave a very 

good p a t t e r n  of  a homogeneou-s phase w i t h  15.86 k 0.1 A b a s a l  
0 

s p a c i n g .  
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Suspensions o f  Na-m_ontmorillonite w i th  0.16 molecules c a f f e i n e  

p e r  u n i t  c e l l  a t  pH 2.1, and wi th  0.09 molecules p e r  u n i t  c e l l  a t  

pH 5.7, gave a broad r e f l e c t i o n  of  about  12 .8  A .  A t  pH 9.7 and 

wi th  0.04 molecules c a f f e i n e  p e r  u n i t  c e l l  a very weak 16 A 

0 

0 

r e f l e c t i o n  was ob ta ined .  The same r e f l e c t i o n ,  bu t  medium-strong, 

was observed wi th  0.1 molecules p e r  u n i t  c e l l .  

Suspensions o f  Ca-montmorillonite w i t h  0.18 molecules c a f f e i n e  
0 

p e r  u n i t  c e l l  gave a s t r o n g  r e f l e c t i o n  of 15.8 to 18.8 A and weak 

( 0 0 3 ) - r e f l e c t i o n s  corresponding to 15.8 A and 19.2 A a t  pH 6.8 
0 0 

and pH 9.5. With 0.23 molecules p e r  u n i t  c e l l ,  a s i n g l e  s t r o n g  

16.0 A r e f l e c t i o n  was observed a t  pH 6.8. 
0 

Adenosine complexes: With 0.16 molecules p e r  u n i t  c e l l  

absorbed by Na-montmoril lonite i n  suspension a t  pH 2 and a t  pH 4, 

a very  weak r e f l e c t i o n  of ab0u.t 16.5 A was observed. The same 

amount o f  adenosine absorbed by Ca-montmorillonite a t  pH 2 gave 

0 

0 

an  18.4 A r e f l e c t i o n ,  whereas wi th  0.28 molecules p e r  u n i t  c e l l  

on ly  a 16.2 A r e f l e c t i o n  was observed. 

I n  agreement wi th  Hendricks (1941), a 1.3.35 5 0.1  A b a s a l  

spacing was observed on o r i e n t e d  samples (dr ied  over  P 0 ) as 

long as l e s s  t han  0.33 molecules adenosine p e r  u n i t  c e l l  (= 45meq/ 

100 g )  were absorbed. 

t h e  spac ing  increased  to 16.3 * 0.3 A obtained with 0.64 molecules 

0 

0 

2 5  

With l a r g e r  amounts of absorbed adenosine 
0 

D I  S CUSS1 ON 

React ion mechanisms 

A cons ide rab le  v a r i e t y  of  mechanisms a r e  involved i n  t h e  

format ion  o f  complexes by t h e  organic  m a t e r i a l s  s t u d i e d .  For 
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convenience, t h e  equat ions d e s c r i b i n g  t h e s e  mechanisms a r e  tabu-  

la ted  t o g e t h e r  a t  t h e  end o f  t h i s  s e c t i o n .  

The compounds i n v e s t i g a t e d  have a more-or-less b a s i c  c h a r a c t e r  

and t h e r e f o r e  a r e  a b l e  to form c a t i o n s  according to equat ion  [ 2 ]  

(see p .  ) .  A measure of  t h e  b a s i c i t y  i s  , by de f in i . t i on ,  

pKa = pH - l og  [base ] / [ ac id ]  . . . . . . . . [l] 
The most important  abso rp t ion  mechanism by n o n - t r a n s i t i o n  

metal  montmori l loni te  i s  t h e  c a t i o n  exchange r e a c t i o n ,  equat ion  

[3]  , when abso rp t ion  t akes  p l a c e  from d i l u t e  aqueous s o l u t i o n s  

w i t h  insu . f f ic ien t  organic  material  to s a t u r a t e  . t h e  montmori l loni te .  

The amount o f  exchanged inorganic  c a t i o n s  under t h e s e  condi- 

t i o n s  is always l a r g e r  t h a n  t h e  amount of  absorbed organic  c a t i o n s ,  

as i l l u s t r a t e d  i n  F ig .  4. The d i f f e r e n c e  between absorbed organic  

c a t i o n s  and f r e e  metal ions  rmst  be conqensated. by pro tons  

(equat ion  [4]) and by A13+ i ons  ex"cracted from t h e  c r y s t a l  s t r u c t u r e  

by p ro ton  a t t a c k .  

,~ 

From equat ion ' [ l ] ,  i t  is  seen t h a t  on ly  1/100 of  t h e  organic  

molecules a r e  i n  t h e  c a t i o n i c  form when t h e  pH o f  t h e  s o l u t i o n  i s  

2 u n i t s  l a r g e r  t had ' t he  pKa o f  t h e  organic  compound. 

abso rp t ion  t akes  p l a c e  to much h ighe r  pHs (Fig.  1 'and F ig .  2 ) .  

But s t r o n g  

T h i s  i s  p o s s i b l y  due to t h e  p ro ton  concen t r a t ion  i n  t h e  i n t e r l a y e r  

space o f  Mg- and Ca-mon%moriPlonite and c l o s e  to t h e  d ispersed  

l a y e r s  of  L i -  and Na-montmorillonite being much h i g h e r  than  t h e  

measured pro ton  concen t r a t ion  of t h e  superna tan t  s o l u t i o n  a f t e r  

c e n t r i f u g a t i o n .  The i n t e r l a y e r  pro ton  concen t r a t ions  i n  Ca- 

montmori l loni te  were c a l c u l a t e d ,  us ing  t h e  data  from Fig .  4 ,  to 

be l . 5 N  a.t p H  2 ,  and O . 3 N  a t  pIi 7. The th ickness  o f  t h e  water 

l a y e r  between t h e  s i l i c a t e  sheets was assumed to be 10 A .  It 
0 
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seems reasonable, t h e r e f o r e , t o  assume t h a t  t h e  abso rp t ion  of n e u t r a l  

o rganic  molecules by H-montmorillonite i s  important a t  pHs h ighe r  

than  t h e  pKas of  t h e  compounds. 

i n  t h e  i n t e r l a y e r  space  (equat ion  [ 5 ] ) ,  

Pro tona t ion  would then t a k e  p l a c e  

On t h e  o t h e r  hand t h e  r e l a t i v e l y  h igh  concen t r a t ions  of  H+ 

ions  below pH 3 coppete w i t h  t h e  organic  c a t i o n s  for t h e  exchange 

s i t e s  on t h e  c l a y ,  (equat ion  [GI) .  

Phys ica l  abso rp t ion  due to van d e r  Waals a t t r a c t i o n  between 

t h e  organic  molecules and t h e  s i l i c a t e  l a y e r s  was observed on ly  

wi th  t h e  l a r g e  molecules c a f f e i n e ,  7- and 9-methyladenine i n  t h e  

a l k a l i n e  pH range, (equat ion  [7 ]  ) . 
The a b s o r p t i o n  of c a f f e i n e  i n  t h e  case  of Na-montmorillonite 

i s  probably due t o  van d e r  Waals a t t r a c t i o n  a lone .  With L i - ,  

Mg- , and Ca-montmorillonite , it c e r t a i n l y  c o n t r i b u t e s  t o  complex 

formation w i t h  t h e  i n t e r l a y e r  c a t i o n s  (equat ion  [ 8 ] ) .  Coniplex 

formation of  c a f f e i n e  w i t h  t h e s e  c a t i o n s  causes an  i n c r e a s e  o f  t h e  

s o l u b i l i t y  of  c a f f e i n e  whereas Na' i ons  dec rease  t h e  s o l u b i l i t y  

(Gusyakom and Brazhnikova, 1961) .  A s i m i l a r  abso rp t ion  due to V 

complex formation occurs  wi th  hypoxanthine. Because o f  t h e  

formation of anions (pKa = 8.94) t h e  abso rp t ion  isotherms drop 

down between pH 8 and pH 9. 

C + H-' CH' 

CH' + Me-M + CH-M + Me+ 

€3'- + Me-M + H-M + Me' 

C + H-M * CH-M 

FI+ + CH-M @ H-M + CH' 

C + Me-M + [Me-M-C] 

C + Me-M [C-Me]-M C81 
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+ where: C = organ ic  compound; CH = organ ic  c a t i o n ;  Me-M r e p r e s e n t s  

L i - ,  Na-, Mg-, and Ca-montmorillonite r e s p e c t i v e l y ;  Me r e p r e s e n t s  + 
Li', Na+, 1/2 Mg", and 1/2 Ca2+ r e s p e c t i v e l y ;  CH-M = montmor i l lon i te  

w i t h  absorbed o rgan ic  c a t i o n s ;  [Me-M-C] r e p r e s e n t s  montmor i l lon i te  

w i t h  p h y s i c a l l y  absorbed o rgan ic  molecules;  [C-Me] -M r e p r e s e n t s  

montmori l loni te  w i t h  absorbed complexes. 

A t  each pH l e v e l ,  p robably  more than  one of  t h e  r e a c t i o n s  

expressed by equat ions  [3 ]  - [8 ]  are  involved.  Most of  t h e s e  

equat ions have been d iscussed  by Weber (1966) who observed s i m i l a r  

abso rp t ion  c h a r a c t e r i s t i c s  w i t h  s - t r i a z i n e  compounds. 

I n f l u e n c e  of t h e  exchangeable c a t i o n s  

The main d i f f e r e n c e  between montmori l loni te  con ta in ing  t h e  

e n t  c a t i o n s  Li' and Na+, and t h e  d i v a l e n t  c a t i o n s  Mg2+ and 

Ca2+, i s  t h a t  t he  monovalent a r e  more e a s i l y  exchanged by t h e  

organic  c a t i o n s  and by p ro tons .  This  i n f luences  t h e  equ i l ib r ium 

cons tan t s  of t h e  r e a c t i o n s  expressed by equat ions [3 ]  and [ 4 ] .  

The abso rp t ion  o f  Li- and Na-montmorillonite t h e r e f o r e  t akes  p l a c e  

a t  h ighe r  pHs than  w i t h  Mg- and Ca-montmoril lonite and t h e  e q u i l i b -  

rium concen t r a t ions  of t h e  organic  compounds a l s o  a r e  s m a l l e r  (F igs .  1-3) 

A comparison o f  t h e  measured exchanged Na+ and Ca2+ ions 

a f t e r  abso rp t ion  o f  adenine (Fig.  4 )  sugges t s  r a t h e r  t h a t  Ca2+ i s  

e a s i e r  to exchange than Na'. 

experience i s  probably due to t h e  d i f f e r e n t  swe l l ing  behavior of 

T h i s  d i screpancy  w i t h  t h e  g e n e r a l  

montmori l loni te  w i th  mono- and d i v a l e n t  i n t e r l a y e r  c a t i o n s .  Hydrated 

Ca-montmorillonite has a b a s a l  spacing o f  about 19 A whereas N a -  

montmor i l lon i te  may expand to more than 100 A ' (Norrish,  1963). 

d i spe r sed  Na-montmorillonit e ,  t h e r e f o r e ,  t he  "ex te rna l "  s u r f a c e  

0 

0 

I n  

w i t h  i t s  d i f f u s e  e l e c t r i c  double  l a y e r  (Olphen, 1963) i s  many times 

l a r g e r  than  i n  Ca-montmoril lonite.  The  d i f f e r e n c e  between t h e  Na' 
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concen t r a t ion  i n  t h e  d i f f u s e  double  l a y e r  and t h e  measurable Na' 

concen t r a t ion  of  t h e  s o l u t i o n  depends on t h e  pH s i n c e  Na+ and H+ 

i n  t he  d i f f u s e  double  l a y e r  are  i n  equ i l ib r ium wi th  each o t h e r .  

A t  h ighe r  pHs, a f ace - to - f ace  f l o c c u l a t i o n  t akes  p l a c e  dur ing  t h e  

long h igh  speed c e n t r i f u g e  runs  and t h e  I I  e x t e r n a l "  s u r f a c e  a r e a  

wi th  i t s  d i f f u s e  double  l a y e r  i s  diminished.  

I n  t h e  case  o f  t h e  nuc leos ides ,  t h e  d i f f e r e n c e  i n  swe l l ing  

behavior  of  t h e  montmor i l lon i te  w i th  monovalent and d i v a l e n t  c a t i o n s  

in f luences  t h e  amount absorbed s i g n i f i c a n t l y  (Figure 3 ) .  A s i m i l a r  

s t r o n g e r  a b s o r p t i o n  of sugars  by montmori l loni te  w i th  monovalent 

c a t i o n s  was shown by Greenland (1956). 

E f f e c t s  of  t h e  molecular s t r u c t u r e  

- The e f f e c t s  o f  t h e  var ious  molecular s t r u c t u r a l  p r o p e r t i e s  on 

t h e  abso rp t ion  cannot be d iscussed  s e p a r a t e l y .  B a s i c i t y ,  s i z e  and 

s t e r i c  s t r u c t u r e  o f  t h e  molecules,  aromatic  c h a r a c t e r  and t h e  

p o s s i b i l i t y  o f  resonance s t r u c t u r e s  o f  t h e  organic  c a t i o n s  may a l l  

i n f l u e n c e  t h e  a b s o r p t i o n  a t  t h e  same t ime.  F ig .  6 i l l u s t r a t e s  

s chemat i ca l ly  t h e  wide range of p r o p e r t i e s  o f  t h e  i n v e s t i g a t e d  

compounds. 

F igu re  6 

I n  t h e  fol lowing an  a t tempt  w i l l  be made to show for groups o f  

t h e s e  compounds t h e  i n f l u e n c e  of  t h e  var ious  p r o p e r t i e s .  

According to equat ions [2] and [ 3 ]  t h e  sharp  dec rease  o f  t h e  

a b s o r p t i o n  isotherms should appear  a t  higher pHs t h e  more b a s i c  

t h e  compounds, i f  t h e  o t h e r  f e a t u r e s  of  t h e  molecules a r e  comparable. 

T h i s  i s  t h e  case  i n  t h e  sequences 6-chloropurine-purine-adenine 

(Fig.  1) and inosine-guanosine-adenosine (Fig.  3 ) .  

The importance of  t h e  aromatic  c h a r a c t e r  and o f  t h e  p o s s i b l e  
format ion  of s e v e r a l  resonance s t r u c t u r e s  of  t h e  c a t i o n s  i s  
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i l l u s t r a t e d  i n  P ig .  2d )  by t h e  a b s o r p t i o n  isotherms of t h e  com- 

pounds hypoxanthine - 5-amino-6-methyl-uracil (AW) - adenine,  

which have comparable molecule s i z e s .  A N ,  both as a n e u t r a l  

molecule and as a c a t i o n  i n  t h e  pro tona ted  form, i s  non-aromatic 

whereas hypoxanthine and adenine i n  both s t a t e s  a r e  a romat ic .  
0 
ei 

. d 2-./ Nit;+ 

whereas hypoxanthine and adenine i n  both s t a t e s  a r e  a romat ic .  
0 
ei 

d 
(4- fd 

0 I, 
5-amino-6-methylurac il adenine c a t i o n  
c a t i o n  (Gochran, 1951; Kleinwaechter e t  a1.,1967) 

I n  p a r a l l e l  wi th  t h e  s t r o n g e r  abso rp t ion  o f  t h e  aromatic  c a t i o n s  

goes t h e  formation o f  t h e  organophi l ic  12.5 A phase which appears  
0 

. -  

with  smal l  amounts of  absorbed ad-enine but only imper fec t ly  w i t h  

l a r g e  amountsnabsorbed AMU 
of 

Whether t h e  p o s s i b l e  i n t e r a c t i o n  between the n-el-ectrons of  

t h e  aromatie  c a t i o n s  w i t h  t he  oxygen l a y e r  of t h e  s i l i c a t e  l a t t i c e ,  

a s  d i scussed  by Haxaire  (1956), i s  more important or t h e  d i s t r i -  

bu t ion  of t h e  p o s i t i v e  charge over  a l a r g e  a r e a ,  cannot be 

decided from t h e  r epor t ed  r e s u l t s .  However, t h e  increased  absorp- 

t i o n  of hypoxanthine i n  t h e  range of pH 7-9 (equat ion  [ 8 ] )  could 

r e s u l t  from t h e  formation of a complex of t h e  form 

(Men+ = metal c a t i o n )  

which would provide  a d i s t r i b u t i o n  of t h e  p o s i t i v e  charge over  a 

l a r g e r  a r e a  e 



It i s  now p r e d i c t a b l e  t h a t  t h e  non-aromatic molecules u r a c i l  

and thymine w i l l  n o t  be absorbed a t  a l l  s i n c e  they  have a very  

smal l  b a s i c i t y ,  (pKa + 0.5 and pKa Q 0, r e s p e c t i v e l y ) .  

A most important  c o n t r i b u t i o n  to t h e  abso rp t ion  process  i s  

provided by t h e  a t t r a c t i o n s  due to van der Waals-London f o r c e s .  

The s t r e n g t h  of t h e s e  f o r c e s  i s  PelatedAtO molecular s i z e  and s t e r i c  
m a i n l y  

s t r u c t u r e  o r ,  i n  o t h e r  words, to t h e  area of c l o s e  c o n t a c t  between 

t h e  organic  molecule and t h e  oxygen p l a n e  of  t h e  s i l i c a t e  l a y e r s .  

These fo rces  have been computed by Pullman e t  a l .  (1965) f o r  t h e  

n e u t r a l  molecules of  c a f f e i n e  and some o f  t h e  p u r i n e s  and 

pyrimidines .  The o u t s t a n d i n g l y  s t r o n g  abso rp t ion  of c a f f e i n e  

(Fig.  1) i s  i n  agreement wi th  t h e i r  r e s u l t s .  Caf fe ine  has a very 

low pKa, non-aromatic c h a r a c t e r  and t h e r e f o r e  a non-planar molecular 

s t r u c t u r e .  Due to t h e  l a t t e r ,  a basal  spacing of 12.75 t 0.1 A 

. -  

0 

has been observed under cond i t ions  where a s i n g l e  s h e e t  of  molecules 

was absorbed. (It i s  o f  i n t e r e s t  t h a t  Hendricks (1941) found. a 

basal spacing of 12.8 A a f t e r  abso rp t ion  of t h e  non-aromatic com- 
. o  

pound 3-methylcytosine.  Montmori l loni te  s a t u r a t e d  w i t h  ?-amino- 

6-methyl-uraci l  c a t i o n s  has also a b a s a l  spacing o f  12.8 A . )  
0 

Strong a t t r a c t i o n  c e r t a i n l y  occurs  between t h e  c a f f e i n e  mole- 

cu le s  themselves s i n c e  a f t e r  abso rp t ion  of n e u t r a l  c a f f e i n e  
0 

mOlecules a phase w i t h  15-86 t 0.1 A b a s a l  spacing is  observed which 

may r e p r e s e n t  a double  sheet  of absorbed molecules, o r  moleculcs 

s tand  ing  to (001). I n  aqueous suspension,  t h i s  spac ing  

occurs  even w i t h  smal l  amounts of  absorbed c a f f e i n e .  During dry ing  

1 y2 c I ; c 2 ed 

t h e  c a f f e i n e  molecules probably s l i d e  under  t h e  p r e s s u r e  o f  t h e  

s i l i c a t e  l a y e r s  and form a compact s i n g l e  shee t .  It i s  i n t e r e s t i n g  
t h a t  a f t e r  abso rp t ion  by Na-montmorillonite under a c i d i c  cond i t ions  

o n l y  a si:iglc! Shc.ct cornplex i s  observed which i n d i c a t e s  t h a t  most 
of t h e  c?f.Ceine molecules 
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become pro tona ted  i n  t h e - i n t e r l a y e r  space  according t o  equat ion  

[51 

The abso rp t ion  isotherms i n  F ig .  2 c )  d )  show t h a t  van d e r  

Waals a t t r a c t i o n  has a much la rger  in f luence  on t h e  abso rp t ion  

than  t h e  b a s i c i t y  of t h e  molecules.  

From t h e s e  cons ide ra t ions  it i s  t o  be expected t h a t  t h e  nucleo- 

s ides  w i l l  be absorbed. t o  a much l e s se r  e x t e n t  than  t h e  p l a n a r  

pu r ines  and pyr imidines .  This i s  confirmed by t h e  experiments 

(Fig.  3 ) .  I n  t h e  expanded montmori l loni te ,  t h e  h e t e r o c y c l i c  r i n g  

system probably i s  a t t ached  t o  only  one s i l i c a t e  l a y e r  and on ly  a 

f e w  atoms o f  t h e  suga r  r i n g  may come i n t o  c l o s e  con tac t  with t h e  

o p p o s i t e  s i l i c a t e  l a y e r .  The van d e r  Waals energy due to t h i s  

i n t e r a c t i o n  i s  probably on ly  s u f f i c i e n t  t o  compensate t h e  hydra t ion  

energy when l a r g e  amounts of t h e  nuc1eosi.des a r e  absorbed. Y'hen 
0 

t h e  b a s a l  spacing d iminishes  'to about 16.5 A .  
0 

The b a s a l  spac ing  o f  13.35 A which was observed with small  

amounts o f  absorbed adenosine a f t e r  d ry ing  over  P 0 i s  e n e r g e t i c a l l y  

n o t  f avorab le  s i n c e  a cons ide rab le  stress must be p u t  on t h e  

g l y c o s i d i c  band t o  b r ing  t h e  molecule i n t o  such a f l a t  conf igu ra t ion .  

The d i f f e r e n c e  between t h e  abso rp t ion  isotherms o f  c y t i d i n e  

and adenosine (Fig.  3 c )  d ) )  i s  much more s i g n i f i c a n t  than  i n  t h e  

2 5  

case  of cy tos ine  and- adenine (Fig.  2 c )  d ) ) .  

t h e  f a c t  t h a t  o n l y  t h e  non-aromatic form o f  the cyLosine r i n g  

T h i s  may be  due t o  

system e x i s t s  i n  c y t i d i n e .  

SUMMARY AND CONCLUSI ONS 

These s t u d i e s  have shown t h a t  abso rp t ion  o f  t h e  nuc:leic 

a c i d - r e l a t e d  p u r i n e s ,  pyrimidines  and nuc leos ides  by montmorillorlite 
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from d i l u t e  aqueous s o l u t i o n s  i s  p o s s i b l e  i n  t he  a c i d i c  pH range ,  

Under t h e  experimental  cond i t ions ,  thymine, u r a c i l ,  and t h e i r  

nuc leos ides  a r e  n o t  absorbed. The abso rp t ion  of  t h e  o t h e r  com- 

pounds I s  due mainly to c a t i o n  exchange. Van d e r  Waals a t t r a c t i o n  

and t h e  aromatic  c h a r a c t e r  o f  t h e  molecules in f luence  t h e  e x t e n t  

t o  which t h e s e  comp.ounds a re  absorbed. 

The i n t e r l a y e r  c a t i o n s  in f luence  t h e  abso rp t ion  i n s o f a r  as 

the  monovalent a re  more e a s i l y  exchanged than  the  d iva len t ,  and 

as only  montmori l loni te  w i t h  monovalent i n t e r l a y e r  c a t i o n s  d i s p e r s e s  

completely i n  t h e  d i l u t e  suspensions app l i ed .  

Due t o  t h e  van d e r  Waals a t t r a c t i o n  between t h e  organic  c a t i o n s  

and t h e  s i l i c a t e  l a y e r s  under var ious  cond i t ions  two phases  a re  

formed dur ing  t h e  abso rp t ion .  S ince  the  phase w i t h  t h e  absorbed. 

pu r ines  o r  pyrimidines  has a b a s a l  spacing of on ly  12-5 A, exper j -  
0 

ments to syn thes i ze  nuc leos ides  from r i b o s e  and. t h e s e  absorbed 

spec ie s  w i l l  be  l i m i t e d  to t h o s e  condi t ions  where t h e  montmorill.onite 

remains expanded a f t e r  abso rp t ion  took p l a c e .  

However, i t  has been shown t h a t  l i v i n g  forms p e r s i s t  under 

t h e  experimental  cond i t ions  (17°C t o  35°C) s i n c e  a l l  t h r e e  au tho r s  

are  s t i l l  a l i v e !  
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Table 1. - Organic compounds used 

M.W. - Compound (1) o r i g i n ( 3 )  and q u a l i t y  

p u r i n e  
ad en ine  
hypoxanthine 
6- chlo ropur ine  
7-methyladenine 
9-methylad en ine  
c a f f e i n e  

120.12 2.39; 8-93 CCC, g rade  1 

135 013 4-22;  9.8 NBCo; CBC, A g rade  
136.12 1.98; .8.94 CBC, A g rade  
154.56 +0.8;(4)7.75(5)  CCC, grade 1 
149.16 4.17(5) CCC, g rade  1 
149.16 4.. 00 (53 CCC, g rade  1 

194.2 0.61 (6 )  CBC, U.S.P. C grade 
cy tos ine  111.10 4*60;  12.16 NBCo 
thymine 126.11 -0 ; 9.82 NBCo 
u r a c i l  112. og -0.5 ; 9.45 NBCo 
5-amino -6-methyl-urac il 141.13 3 .28(5)  . Fluka,  p u r i s s  
p y r i d i n e  79 10 5.23 (6) F i she r ,  reagent  grade 
ad eno s i n e  267.24 3.45 NBCo 

i n o s i n e  268.24 1.2 ; 8.75 CHC, A grade 
c y t i d i n e  243.23 4 -22 NBCo 
u r i d i n e  244.20 9.17 NBCo 
thymidine 242.23 9.8 NBCo 

guano s i n  e 283.26 1 .6  ; 9.16, NHCo 

(l)* The formulas of  t h e s e  compounds a r e  shown i n  t h e  appendix.  

$pK -values ,  except  t hose  marked with foo tno te s ,  a r e ' f r o m  t h e  t a b l e ,  
"P?opert ies  of t h e  nuc le i c  a c i d  d e r i v a t i v e s ,  p resented  by Calbiochem. 

(3-) CBC = Calbiochem, Los Angeles, C a l i f .  
ccc = Cyclo Chemical Corp Los Angeles, C a l i f  e 

Fishe r  = F i s h e r  S c i e n t i f i c  Coo 
Fluka = Fluka, suppl ied  through I C N ,  C i ty  of Induskry,  Cal i f .  
NBCo = N u t r i t i o n a l  Biochemical C o p  * ,  Cleveland, Ohio 

(14) Determined by spectrophotometr ic  t i t r a t i o n  according to Rosenblat t  (1954) 

(5) Determined by t i t r a t i o n  according to Dixon, Woodberry, and Costa (1947) 

(6) Handbook of  Chemistry and Physics ,  47th Ed i t ion ,  1966 - 1967, p .  D--85. 



Captions to Figures  

Absorption of  Pyrimidines ,  . . . by L i - ,  N a - ,  Mg- and 
Ca-Montmorillonite (Clay-Organic S tud ie s  X I I )  

by G .  E. La i lach ,  T ,  D .  Thompson, and G .  W .  B r i n d l e y .  

F igure  1. 

F igure  2 .  

Figure 3 .  

Figure  4 .  

F igure  5. 

Absorption by ( a )  L i - ;  ( b )  N a - ;  ( e )  Mg-; ( d )  Ca- 
montmor i l lon i te .  Absorbed compounds : adenine 
hypoxanthine 0 ; p u r i n e a  ; 6-chloropurine @J ; 
5-amino-6-methyl- u r a c y l  ; c a f f e i n e  

Absorption by ( a )  L i - ;  ( b )  Na-; ( e )  Mg-; (d)  Ca- 
montmor i l lon i te .  Absorbed compounds : adenine 
7-methyladenine A ; 9-methyladenine 

Absorption of nuc leos ides  by ( a )  L i l ;  ( b )  Na-; 
( e )  Mg-; ( d )  Ca-montmoril lonite.  Adenosine 
i n o s i n e  .(3 ; guanosine ; c y t i d i n e @  . 
Adenine absorbed and ( a )  Na', ( b )  Ca2+ l i b e r a t e d  i n  
meq/100 g of r e s p e c t i v e l y  N a - ,  Ca-montmorillonite, 
versus  equ i l ib r ium pH. 

C h a r a c t e r i s t i c s  o f  adenine a b s o r p t i o n  by Na -montmo - 
r i l l o n i t e  i n  r e l a t i o n  to equ i l ib r ium pH. 
(a) adenine absorbed i n  molecules/uni t  c e l l  and Na+ 
i ons  l i b e r a t e d  p e r  u n i t  c e l l .  

( b )  schematic r e p r e s e n t a t i o n  of f l o c c u l a t i o n  type  and 
c o l o r .  

( e )  b a s a l  spac ings  of  t h e  c l a y  i n  t h e  equ i l ib r ium 
s o l u t i o n s ,  (d = d i f f u s e ,  b r  = broad, s h  = sharp ,  
s t  = s t r o n g ,  vw = very  weak) and r e l a t i v e  c l a y  
volumes a f t e r  short per iod  of c e n t r i f u g a t i o n .  



Figure  6. Molecular s i z e ,  represented  by sum of  carbon, n i t r o g e n ,  
and oxygen atoms, and pKa va lues  of compounds s t u d i e d :  
A = adenine,  AMU = 5-amino-6-methyl-uraci1, C = cy tos ine ,  
Ca = c a f f e i n e ,  6-C1P = 6-chloropurine,  H = hypoxanthine, 
7MA = 7-methyladenine, 9MA = 9-methyladenine, P .=  p u r i n e ,  
Py = p y r i d i n e ,  T = thymine, U = u r a c i l ,  = mostly 
aromatic  c h a r a c t e r ,  0 = mostly non-aromatic c h a r a c t e r .  

Appendix: Formulae, pKa-values, and molecular  weights of t h e  

organic  compounds used. 
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App end ix 

pK, M.W. 

Py ridine 523 - 79.10 

Purine cx}  2.39 - 120.12 

N,'42 
H 

Adenine 4.22 - 135.13 

OH H 

Hypoxonthine &> 1.98 - 136 12 

F' H 

6- Chloropurine 0 8  -154 56 

417 -149 16 

9- Methyl 4 00 - 149 16 
adenine 

Cof feine 061 -1942 

3.45 267.2 
Adenosine 

1.2 268.2 
lnosine 

CY) 
HzN 'N N@OH 1.6 283.2 

Guonosine 

4.22 243.2 
Cytidine 

Cytosine 0 4 60 - 1 )  1 

HO 

Uracil 

5- Amino-6- methyl 3 28 - 141 
-uracil 

H 

CH, OH 242.2 

Thymidine 

13 244.2 

Ur id ine 


