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INTRODUCTION 

The d iscovery  o f  e l e c t r o n  s p i n  resonance ( e s r )  absorp t ion  i n  n a t u r a l  carbons by 
Uebersfeld (1) and Ingram ( 2 )  prompted a number of i n v e s t i g a t o r s  to  apply t h e  tech- 
n ique  t o  coa l  and materials der ived from c o a l .  A t  least  t h r e e  e x c e l l e n t  review 
a r t i c l e s  descr ib ing  t h e  e a r l y  esr s t u d i e s  o f  c o a l s  have been published ( 3 - 5 ) .  A l -  
though t h e  e x a c t  n a t u r e  of t h e  s p e c i e s  r e s p o n s i b l e  f o r  t h e  esr absorp t ion  h a s  not  
been e s t a b l i s h e d  unambiguously, i t  i s  g e n e r a l l y  thought t h a t  t h e  unpaired e l e c t r o n s ,  
a t  least i n  non-anthrac i t ic  and p o s s i b l y  young a n t h r a c i t i c  c o a l s ,  a r e  a s s o c i a t e d  
wi th  organic  f r e e  r a d i c a l  s t r u c t u r e s .  One group of i n v e s t i g a t o r s ,  however, has  
proposed t h a t  charge- t ransfer  complexes r a t h e r  than s t a b l e  f r e e  r a d i c a l s  may be 
r e s p o n s i b l e  for the  a b s o r p t i o n  ( 6 ) .  

During t h e  p r e s e n t  i n v e s t i g a t i o n ,  esr s p e c t r a  were obta ined  f o r  v i t r a i n s  and f u s a i n s  
from a l a r g e  number of c o a l s .  For most ranks of c o a l ,  samples of bo th  l i t h o t y p e s  
w e r e  s tud ied .  The o b j e c t i v e s  of t h e  i n v e s t i g a t i o n  were: 1) t o  b e t t e r  c h a r a c t e r i z e  
t h e  imnediate  chemical environment of t h e  unpaired e l e c t r o n s ;  2 )  t o  deduce informa- 
t i o n  about  t h e  metamorphic changes t h a t  occur dur ing  v i t r i n i z a t i o n  and f u s i n i z a t i o n ;  
and 3) t o  provide needed background informat ion  f o r  f u t u r e  s t u d i e s  of t h e  r o l e  of 
f r e e  r a d i c a l s  i n  c o a l  l i q u e f a c t i o n .  To f u r t h e r  pursue t h e  l a t t e r  o b j e c t i v e ,  esr 
s p e c t r a  of asphal tenes ,  which a r e  considered by many c o a l  r e s e a r c h e r s  t o  be  i n t e r -  
media tes  i n  t h e  convers ion  of coa l  t o  l i q u i d  f u e l s ,  were a l s o  obta ined .  A secondary 
purpose f o r  examining t h e  asphal tenes  was t o  explore  the  r e c e n t  hypothes is  ( 7 )  t h a t  
charge- t ransfer  i n t e r a c t i o n s  may be important  b inding  f o r c e s  between t h e  a c i d / n e u t r a l  
and b a s e  components i n  t h e s e  m a t e r i a l s .  

EXPERIMENTAL 

Samples. 
a l though s e v e r a l  of t h e  v i t r a i n s  a r e  more a p p r o p r i a t e l y  descr ibed  as v i t r a i n - r i c h  
samples. S ix ty- three  v i t r a i n s ,  inc luding  samples from Antarc t ica ,  A u s t r i a ,  Canada, 
Germany, Japan, P a k i s t a n ,  Peru,  t h e  Ilnited S t a t e s ,  and Yugoslavia, and 30 f u s a i n s ,  
most of which were s e p a r a t e d  from U. S. c o a l s ,  w e r e  i n v e s t i g a t e d .  Pe t rographic  
c h a r a c t e r i z a t i o n  and o t h e r  p r o p e r t i e s  of many of these  samples were publ ished pre- 
v i o u s l y  (8).  

The asphal tene  samples were der ived  from products  from the  P i t t s b u r g h  Energy Research 
C e n t e r ' s  SYNTHOIL ( 9 )  c o a l  l i q u e f a c t i o n  Process  Development Unit us ing  a r e c e n t l y  
descr ibed  s o l v e n t  s e p a r a t i o n  method (10). 
the  asphal tenes  were prepared according t o  publ ished procedures  (11). 

S p e c t r a l  Measurements. The esr measurements were made over a uer iod of approxi-  
mately ten years .  
e a r l i e r  (12)  except  f o r  minor modi f ica t ions  t h a t  were made over  the  y e a r s  t o  f a c i l -  
i t a t e  t h e  measurements. 
t o r r )  t o  prevent  l i n e  broadening by oxygen i n  the  a i r .  The e l e c t r i c a l  p r o p e r t i e s  of 
many of the h igher  r a n k  samples n e c e s s i t a t e d  t h a t  t h e  samples be d ispersed  i n  a non- 
conducting medium t o  avoid  microwave s k i n  e f f e c t s .  

Most of t h e  v i t r a i n s  and f u s a i n s  s t u d i e d  w e r e  of h igh  pe t rographic  p u r i t y ,  

The a c i d / n e u t r a l  and base components of 

The experimental  techniques were e s s e n t i a l l y  those  publ ished 

A l l  esr measurements were made on evacuated samples 
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RESULTS AND DISCUSSION 

V i t r a i n s  and Fusains .  
i n v e s t i g a t i o n  a r e  f a r  too  numerous t o  t a b u l a t e  here ;  complete l i s t i n g s  of t h e  d a t a  
a r e  a v a i l a b l e  from t h e  a u t h o r s  upon r e q u e s t .  
t h e  more s i g n i f i c a n t  c o r r e l a t i o n s  of  t h e  d a t a  wi th  c o a l  composition o r  c o a l  rank .  

The concent ra t ions  of  unpaired e l e c t r o n s  i n  t h e  v i t r a i n s ,  as es t imated  by comparing 
t h e  esr i n t e n s i t y  of  each sample wi th  t h a t  of a s tandard  sample of  diphenylpicrylhy-  
drazyl ,  are shown as a f u n c t i o n  of t h e  carbon c o n t e n t s  of t h e  samples in Figure  1. 
The r e l a t i o n s h i p  of  F igure  1 i s  s i m i l a r  t o  those  from earlier s t u d i e s  (3-5, 1 2 ) ,  
a l though t h e  s c a t t e r  of t h e  d a t a  p o i n t s  is more pronounced i n  t h e  present  work. 
These d a t a  show t h a t ,  i n  genera l ,  t h e  c o n c e n t r a t i o n s  of unpaired e l e c t r o n s  i n c r e a s e  
with increas ing  c o a l  rank up t o  a carbon content  of approximately 94% af te r  which 
t h e  s p i n  concent ra t ions  decrease  r a p i d l y .  The i n i t i a l ,  c rude ly  exponent ia l  i n c r e a s e  
i n  s p i n  concent ra t ion  i s  genera l ly  a t t r i b u t e d  t o  t h e  formation of organic  f r e e  rad i -  
c a l s  during v i t r i n i z a t i o n .  The f r e e  r a d i c a l  e l e c t r o n s  are thought to  be  d e l o c a l i z e d  
over aromatic  r i n g s  and thus  s t a b i l i z e d  by resonance.  Resonance s t a b i l i z a t i o n  of 
t h e  r a d i c a l s  i s  g r e a t e r  f o r  t h e  v i t r a i n s  from higher  rank c o a l s  s i a c e  t h e s e  presuma- 
b l y  conta in  the  l a r g e r  po lynuclear  condensed aromat ic  r i n g  systems. The p r e c i p i t o u s  
decrease i n  s p i n  concent ra t ion  above 94% C r e s u l t s  from t h e  increased  c o n d u c t i v i t y  
of  t h e  samples. 

In c o n t r a s t  t o  t h e  r e s u l t s  f o r  v i t r a i n s ,  t h e  s p i n  concent ra t ions  of  t h e  f u s a i n s  
(Figure 2) e x h i b i t  no r e a d i l y  d i s c e r n a b l e  dependence on carbon content .  The wide 
v a r i a t i o n  i n  thermal h i s t o r y  experienced by f u s a i n s  dur ing  t h e i r  formation is t h e  
most l i k e l y  explana t ion  f o r  t h i s  behavior  (13) .  

The changes t h a t  occur  i n  esr l inewidths  and g v a l u e s  dur ing  v i t r i n i z a t i o n  and fu- 
s i n i z a t i o n  a r e  shown i n  F igures  3-6. The a b s c i s s a  used i n  t h e s e  f i g u r e s  is based on 
t h e  c o a l i f i c a t i o n  p l o t s  of Schopf (14) wi th  s l i g h t  modi f ica t ions  by Parks (15) and 
t h e  present  au thors .  The ranks shown on t h e  p l o t s  a r e  those  of t h e  parent  c o a l s  a s  
determined by s tandard  procedures  (16). 

For t h e  v i t r a i n s ,  an i n c r e a s e  i n  esr l inewidth  wi th  i n c r e a s i n g  rank  i s  f i r s t  ob- 
served (Figure 3 ) ;  t h i s  t rend  is reversed  a t  t h e  low rank bituminous s t a g e .  The 
r a t e  of decrease  becomes l a r g e r  a s  c o a l i f i c a t i o n  progresses  through t h e  h igher  rank 
bituminous s t a g e s  t o  the  e a r l y  a n t h r a c i t i c  s t a g e s .  Some of t h e  a n t h r a c i t e s  and most 
of t h e  meta-anthraci tes  e x h i b i t  very broad l i n e s  ( n o t  shown i n  t h e  f i g u r e ) ;  a l i n e -  
width i n  excess  of 60 gauss  was observed f o r  one such coa l .  The l inewidth  r e s u l t s  
can be  i n t e r p r e t e d  as fol lows:  Nuclear broadening, i . e . ,  unresolved proton-electron 
hyper f ine  i n t e r a c t i o n s ,  p lays  an important  r o l e  i n  t h e  observed l i n e w i d t h s  of p e a t s ,  
l i g n i t e s ,  and bituminous c o a l s .  The r e l a t i v e l y  narrow l i n e s  observed i n  t h e  s p e c t r a  
of  some of t h e  a n t h r a c i t e s  probably r e s u l t  from t h e  smal le r  number of protons i n  the 
samples, a l though exchange narrowing of t h e  esr resonances may a l s o  be occurr ing .  
The proton l i n e  broadening hypothes is  is supported by a r e c e n t  esr s tudy  of c o a l s  
before  and a f t e r  c a t a l y t i c  dehydrogenation (17) .  The very l a r g e  l i n e w i d t h s  of t h e  
h i g h e s t  rank materials are undoubtedly due t o  t h e  presence of g r a p h i t e - l i k e  s t r u c -  
t u r e s  which form dur ing  t h e  l a t t e r  s t a g e s  of c o a l i f i c a t i o n .  The d i f f i c u l t y  i n  d i f -  
f e r e n t i a t i n g  between a n t h r a c i t e s  and meta-an thrac i tes  (18) may be r e s p o n s i b l e  f o r  
t h e  apparent  l a c k  of p r e d i c t a b i l i t y  of l i n e w i d t h s  in v i t r a i n s  from c o a l s  of t h e s e  
ranks.  

The esr l inewidths  f o r  t h e  f u s a i n s  (F igure  4 )  a r e  very  small, f r e q u e n t l y  less than 
one gauss ,  except  f o r  samples from t h e  lowest  rank c o a l s .  Unlike t h e  r e s u l t s  f o r  
t h e  v i t r a i n s ,  no evidence w a s  found f o r  t h e  formation of g r a p h i t i c  s t r u c t u r e s  
dur ing  t h e  l a t t e r  s t a g e s  of f u s i n i z a t i o n .  In a d d i t i o n ,  t h e  gradual  decrease  i n  

ESR d a t a  obta ined  f o r  v i t r a i n s  and f u s a i n s  dur ing  t h e  present  

The p l o t s  of F igures  1-6 show some of 
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l inewidths  of v i t r a i n s  as c o a l i f i c a t i o n  proceeds from the low rank  bituminous s t a g e s  
t o  t h e  e a r l y  a n t h r a c i t i c  s t a g e s  (Figure 3) appears  as a very  rap id  change i n  t h e  
f u s i n i z a t i o n  p l o t  (F igure  4 ) .  This  is i n  accord wi th  Schopf ' s  (14 )  r e p r e s e n t a t i o n  
of  f u s i n i z a t i o n  as a process  which has  a n  e a r l y  i n c e p t i o n  and progresses  r a p i d l y  i n  
t h e  pea t  and l i g n i t i c  s t a g e s ,  a f t e r  which t h e  metamorphic changes become near ly  
impercept ible .  V i t r i n i z a t i o n ,  on  t h e  o t h e r  hand, involves  a p r o g r e s s i v e  change 
throughout s t a g e s  of  rank  development. 

The r e l a t i o n s h i p  between t h e  g v a l u e s  of  t h e  l i t h o t y p e s  and c o a l  rank (Figures  5 and 
6) a l s o  suppor ts  Schopf 's  t h e o r i e s  of v i t r i n i z a t i o n  and f u s i n i z a t i o n .  The l a r g e  g 
v a l u e s  found f o r  t h e  v i t r a i n s  from meta-anthraci tes  is i n  accord wi th  t h e  f i n a l  s t e p  
i n  v i t r i n i z a t i o n  being t h e  f u s i n g  of aromatic  r i n g s  i n t o  g r a p h i t e - l i k e  s t r u c t u r e s .  
The g va lue  of each of t h e  v i t r a i n s  and f u s a i n s  i s  h igher  than t h a t  of  the  f r e e  
e l e c t r o n  and l i e s  i n  t h e  s p e c t r a l  r e g i o n  expected f o r  s imple  organic  f r e e  r a d i c a l s .  
The only except ions  a r e  v i t r a i n s  from t h e  more h i g h l y  metamorphized c o a l s ,  one of 
which exhib i ted  a g v a l u e  of 2.011. 

The f a c t  t h a t  esr g v a l u e s  of  organic  f r e e  r a d i c a l s  are g r e a t e s t  f o r  r a d i c a l s  i n  
which the  unpaired e l e c t r o n  i s  l o c a l i z e d  or p a r t i a l l y  l o c a l i z e d  on atoms having h igh  
s p i n - o r b i t  coupl ing c o n s t a n t s  can be  used t o  e x p l a i n  t h e  g v a l u e  r e s u l t s  f o r  v i -  
t r a i n s .  Since t h e  heteroatom c o n t e n t s  of c o a l s  decrease  wi th  i n c r e a s i n g  rank, the 
h igh  g va lues  f o r  p e a t s  and l i g n i t e s  can  be  i n t e r p r e t e d  i n  t e r m s  of aromatic  rad i -  
c a l s  wi th  some p a r t i a l  l o c a l i z a t i o n  of the  unpaired e l e c t r o n s  on heteroatoms, par- 
t i c u l a r l y  but  n o t  e x c l u s i v e l y  oxygen. A s  c o a l i f i c a t i o n  progresses  t h e  g va lues  
decrease ,  sugges t ing  t h a t  t h e  r a d i c a l s  become more "hydrocarbon-like. ' '  The g v a l u e s  
o f  many of  t h e  v i t r a i n s  from bituminous and young a n t h r a c i t i c  c o a l s  compare favor- 
a b l y  wi th  those e x h i b i t e d  by aromatic  hydrocarbon r a d i c a l s .  During t h e  f i n a l  s t a g e s  
of  c o a l i f i c a t i o n ,  t h e  g v a l u e s  become q u i t e  l a r g e  as one would expect i f  continued 
condensat ion of t h e  a romat ic  r i n g s  i n t o  g r a p h i t e  s t r u c t u r e s  occurs .  The observa t ion  
of  a smal l ,  bu t  reproducib le ,  a n i s o t r o p y  i n  the  g v a l u e  of c e r t a i n  a n t h r a c i t e s  (Fig- 
u r e  7 )  sugges ts  t h a t  some order ing  of t h e  polynuclear  condensed aromatic  r i n g s  is  
occurr ing .  

Coal-Derived Asphal tenes .  To b e t t e r  understand t h e  chemistry of c o a l  l i q u e f a c t i o n ,  
a n  esr i n v e s t i g a t i o n  of coal-der ived asphal tenes  w a s  i n i t i a t e d .  Prel iminary r e s u l t s  
are presented here .  Of p a r t i c u l a r  concern was t h e  temperature  v a r i a t i o n  of t h e  e s r  
i n t e n s i t i e s  of a s p h a l t e n e s  and t h e i r  a c i d / n e u t r a l  and b a s e  components (Figure 8). 
The most s i g n i f i c a n t  f i n d i n g  to  d a t e  is t h a t  t h e  weighted average of t h e  temperature 
dependencies of  t h e  two components reproduces t h e  temperature  dependence of t h e  
t o t a l  asphal tene  ( b e f o r e  s e p a r a t i o n )  e x c e p t i o n a l l y  wel l .  This sugges ts  t h a t  charge 
t r a n s f e r  i n t e r a c t i o n s ,  a t  least i n  t h e  Mullikan sense,  a r e  r e l a t i v e l y  unimportant 
binding f o r c e s  between t h e  a c i d / n e u t r a l  and base  components of  t h e  asphal tenes .  
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Figure 7 - 9  Value onisotropy in Huber Mine anthracite 
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