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

I n  a v a r i e t y  o f  a r t i c l e s  i t  has been shown t h a t  t he  qrfsence o f  unpaired e lec-  
t r o n s  i n  c o a l  makes i t  p o s s i b l e  t o  enhance t h e  H and c NMR s i g n a l s  o f  t h i s  
m a t e r i a l  by i r r a d i a t i n g  a t  o r  n e a r  t h e  e l e c t r o n  La rmor  f requency :  t h e  Dynamic 
Nuclear P o l a r i z a t i o n  (DNP) e f f e c t  ( re f .  (1)-(5) + references c i t e d  there in) .  It i s  
found  t h a t  i n  f a v o u r a b l e  cases t h e  n u c l e a r  p o l a r i z a t i o n  can be enhanced by  one t o  
th ree  ord r o f  magnitude, which can e.g., be used as a f a s t  method t o  cha rac te r i ze  
c o a l  v i a p s c  NMR. I n  t h i s  paper  t h e  DNP enhancement w i l l  be i n v e s t i g a t e d  as a 
func t i on  o f  coal rank, and t h e  observed behavior w i l l  be explained. Furthermore, 
spec ia l  DNP experiments l w i l J  be g iven which prov ide i n f o r m a t i o n  about t h e  carbon 
percentage detected v i a  H- c c ross -po la r i za t i on  (CP). 

2. Experimental 

Fo r  an extens ive t reatment  o f  t h e  exper imenta l  set-up we r e f e r  t o  t h e  r e f e r -  
ences (1) and (3). The e x t e r n a I 3 f i e l d  s t reng th  was 1.4 T, corresponding t o  a p ro ton  
Larmor frequency of 60 MHz, a C Larmor frequency o f  15 MHz and an e l e c t r o n  Larmor 
frequency o f  40 GHz. The microwave power was prov ided b a 10 W Klyst ron,  i n  our  
s e t - u p  r e s u l t i n g  i n  an a m p l i t u d e  B A l l  
e x p e r i m e n t s  shown i n  t h i s  paper  excep t  f o r  t h e  "C (DNP)-CPMAS e x p e r i m e n t s  w e r e  
p e r f o r m e d  on c o a l  samples w h i c h  were  d r i e d  and degassed and have been p u t  i n t o  

(We found t h a t  both d r y i n g  and degassing caused an increase i n  
b o t h  t h e  H and C Zeeman r e l a x a t i o n  t i m e s  as w e l l  as i n  t h e  r e s p e c t i v e  DNP en- 
hancements). 

3. The DNP enhancement a f u n c t i o n  o f  coal  rank. 

I n  a s o l i d  s e v e r a l  t y p e s  o f  DNP e f f e c t s  can occur ,depending on t h e  n a t u r e  and 
nce o f  t h e  sp in-sp in i n t e r a c t i o n  term H between the  e lec t rons  and t h e  

t i m e - d ~ ~ ~ g ~ :  so l  i d s  i s  time-dependent on a 
s c a l e  comparab le  t o  t h e  i n v e r s e  e l e c t r o n  La rmor  frequenec"yaG ( i f )  a s o l i d  s t a t e  
e f f e c t  o c c u r s  when H i s  ( p a r t i a l l y )  t i m e - i n d e p e n d e n t ;  ( i i i )  a t h e r m a l  m i x i n g  
e f f e c t  can be found wt?& Hen ,is t ime-independent and when t h e  e l e c t r o n  concen t ra t i on  
i s  s o  l a r g e  t h a t  t h e  b roaden ing  o f  t h e  ESR l i n e  becomes homogeneous i n  c h a r a c t e r .  
I n  the  l a t t e r  case t h e  p o l a r i z a t i o n  corresponding t o  t h i s  broadening can be enhanced 
v i a  microwave i r r a d i a t i o n ,  and t h i s  enhanced p o l a r i z a t i o n  i s  t r a n s f e r r e d  towards t h e  
n u c l e a r  Zeeman system e i t h e r  v i a  e l e c t r o n - n u c l e u s  r e l a x a t i o n  i n t e r a c t i o n s  ( t h e  
d i r e c t  thermal mix ing e f f e c t )  o r  v i a  so-ca l led forb idden t r a n s i t i o n s  ( t h e  i n d i r e c t  
thermal  m i x i n g  e f fec t ) .  

The H and 13C DNP enhancement i n  coal has been inves t i ga ted  ex tens i ve l y  i n  t h e  
r e f .  (3 )  t o  (5)1 I t  has been f o u n d  t h a t ,  t hough  a l l  DNP mechanisms a r e  p r e s e n t  i n  
t h e  coal, t h e  H p o l a r i z a t i o n  enhancement becomes a maximum when t h e  microwave f r e -  
quency a= W -OH =a - 60 MHz and t h a t  f o r  t h i s  v a l u e  o f  w t h e  enhancement i s  
main ly  due t { 3  combinaeton o f  t h e  s o l i d  s t a t e  e f f e c t  and t h e  i n d i r e c t  thermal m ix ing  
e f fec t .  The c p o l a r i z a t i o n  becomes max ima l  when O = W  - W k , O '  b e i n g  t h e  ESR 
1 i n e w i d t h  ( h a l f  w i d t h  a t  h a l f  h e i g h t )  and i s  m a i n l y  caus8d by  t h e  % i r e c t  t h e r m a l  
m ix ing  effect. These r e s u l t s  appeared t o  be t h e  same f o r  a l l  coa ls  we have i n v e s t i -  
gated, w i t h  t h e  except ion o f  a meta-anthracite, where t h e  Overhauser e f f e c t  domi- 
nated. 

o f  t h e  m i c r  aye d e l d  o f  about  -05 mT. 1 

pytex tub?? 

A1 1 measurements have been performed a t  room temperature. 

(i) an Overhauser e f f e c t  i s  observed %en H 

1 
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We i n v e s t i g a t e d  t h e  maximum 'H and 1 3 C  enhancements, (PHI and (p 
respec t ive ly ,  o f  more than s i x t y  coal  samples o f  d i f f e r e n t  rank a f t ' o r i g in ,  cw?t?f'a 
v o l a t i l e  m a t t e r  percentage % VM v a r y i n g  f r o m  6.8 t o  91% (dmmf) and a carbon content 
%C varying f r o m  96% t o  66% (dmmf). The meta-an thrac i te  has been omitted. We found 
t h a t  f o r  a m i c r o w a v e  a m p l i t u d e  B1 o f  ca 0.05 mT (P ) was a b o u t  8 t i m e s  l a r g e r  
t h a n  (p  i n d e p e n d e n t  o f  t h e  c o a l  rank ,  so t h l t v g  can c o n f i n e  o u r s e l v e s  by  
showingHtagX{roton resu l ts .  

becomes m a x i m a l  when%rax  92% and t h a t  f o r  %C < 75% no e n h " p c e p p k f : s  found!  mfG 
order  t o  e x p l a i n  t h i s  we use an approximate equat ion f o r  (PH max 

F igure  1 shows (P ) as a f u n c t i o n  o f  %C, f rom which we observe t h a t  (P ) 

('H'rnax 1 + c Ne(W;)'l(p~t)-l 1) 

N i s  t h e  number o f  organic rad i ca l s ,  W H  i s  t h e  pro ton  Zeeman r e l a x a t i o n  r a t e  AB?- = 
2 f e W l i s  t h e  ESR l i n e w i d t h  and c i s  a &stant,  among o thers  prop r t i o n a l  t o  8'. a For, 
B1 =%.05 mT c i s  g i v e n  by c = 2.4 w; I n  sec- 

a n d n B _ ;  i n  mT. A s  AB:, v a r i e s  o n l y  be tween 0.8 and 1.3 mT fc!?%i'the c o a l  
samples, t h e  change i n  (P ) a s  a f u n c t i o n  o f  c o a l  r a n k  i s  m a i n l y  due t o  v a r i a -  
t i o n s  i n  N and W'. F i g u r b  E%ows N as a f u n c t i o n  o f  % VM, f rom which we observe 
t h a t  N I n  f a c t  t w o  dependencies a r e  
observgd, c u r v e  1 a n d  c u r v e  2, and i t  was f o u n d  t h a t  t h e  c o a l s  w i t h  t h e  l a r g e  N 
va lue  (curve 2) almost a l l  o r i g i n a t e d  from t h e  southern hemisphere. Moreover, i f  
was found t h a t  f o r  t h e s e  c o a l s  o n l y  a p a r t  c o n t r i b u t e d  t o  t h e  ONP enhancement, so 
t h a t  presumably not a l l  t h e  r a d i c a l s  i n  these coa ls  a re  present i n  t h e  organic p a r t  
o f  t h e  coal .  F i g u r e  3 shows W "  as a f u n c t i o n  of t h e  oxygen c o n t e n t .  We observe  
t h a t  w: increases w i t h  increasi f ig I O ,  which probably means t h a t  a p a r t  o f  t h e  oxygen 
i s  p r e s e n t  as p a r a m a g n e t i c  oxygen, because i t  i s  w e l l - k n o w n  t h a t  even a s m a l l  
percentage of paramagnetic oxygen causes a s t rong increase i n  t h e  Zeeman r e l a x a t i o n  
r a t e .  The i n c r e a s e  i n  W H  f o r  s m a l l  oxygen p e r c e n t a g e s  i s  caused by  an i n c r e a s e d  
number o f  o rgan ic  rad ica fs .  

By i n s e r t i n g  t h e  observed v a l u e s  o f  AB&, Ne ( e x c e p t  f o r  t h e  c o a l s  o f  t h e  
southe n hemisphere, where on ly  a p a r t  o f  Ne i s  causing t h e  ONP e f f e c t ,  see above) 

enhadement very s a t i s f a c t o r i l y .  We l i k e  t o  emphasize t h a t ,  as t h e  constant c i n  
Equat ion 1) i s  p ropor t i ona l  t o  B', both  (P ) and t h e  reg ion  o f  coa ls  f o r  which a 
DNP enhancement i s  observed, '$1 i n c r e a d  v m o r e  microwave power were a v a i l a b l e  
( t h i s  does n o t  h o l d  f o r  t h e  'C enhancement, as f o r  t h e  used 6 1  v a l u e  (PC)max i s  
a l ready  c l o s e  t o  t h e  l a r g e s t  poss ib le  value). 

if N~ i s  expressed i n  m- 9 

i g  d e c r & s i n g  f o r  d e c r e a s i t g  c o a l  rank. 

and W 4- i n t o  Equat ion 1) i t  was found t h a t  t h i s  equat ion p r e d i c t s  t h e  observed pro ton  

4. How much carbon do we observe i n  c o a l ?  

A l o n g  s t a n d i n g  p r o b l e m  i s  t h e  p e r c e n t a g e  o f  c a r b o n s  observed v i a  t h e  '+13c 
c r o s s - p o l a r i z a t i o n  technique, because i t  i s  p o s s i b l e  t h a t  a subs tan t i a l  f r a c t i o n  o f  
espec ia l l y  t h e  aromat ic  carbons may be t o o  remote f rom t h e  protons t o  be measured 
v i a  t h i s  method. I n  t i t e r a t u r e  t h i s  problem has been approached v ia  a v a r i e t y  
o f  d i f f e r e n t  e x p e r i m e n w ,  and t h e  found percentage d i f f e r e d  between 50 and 100% so 
t h a t  the p r o b l e y j s  s t i l l  unresolved. T h q f e s t  way t o  determine t h i s  fgrcentage i s  
t o  compare t h e  C CP s p e c t r u m  w i t h  t h e  FID spec t rum,  where  t h e  C s i g n a l  i s  
obtained a f t e r  a 90° pulse a p p l i e d  a t  t h e  "C Larmor frequency, bu t  t h i s  i s  almost 
imposs ib le  t o  do because o f  t h e  many scans needed and t h e  long recyc le  delay bflween 
t h e  scans. T B r e f o r e ,  we used an a l t e r n a t i v e  a p p r o a 5 5  and compared t h e  C cp  
Spectra W i f t J  C p o l a r i z a t i o n  v i a  ONP. I n  
f i gu re  4, C spec t ra  a re  g iven of a medium v o l a t i l e  b i tuminous  c a1 (31% VM, 87.4% 
C, 5.2% H, 5.3% 0, a l l  dmmf) o b t a i n e d  v i a  CP, DNP-CP ( h e r e  t h e  'H s i g n a l  was 99- 
hanced with a f a c t o r  16 v i a  DNP be fore  t h e  CP experiment) and ONP-FIO (here t h e  c 
s igna l  was enhanced w i t h  a f a c t o r  130 b e f o r e  t h e  90' pulse), bo th  w i t h  and w i t h o u t  

C FID spectra, obtained by enhancing t h e  
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gic-Angle Spinning (MAS). We observe t h a t  w i t h i n  t h e  s igna l - to -no ise  r a t i o  the  
"C CP(MAS) and DNP-CP (MAS) spectra a r e  t h e  same,ldndicating t h a t  t h e  pro ton  po la r -  
i z a t i o n  i s  enhanced un i fo rmly .  However, i n  t h e  C DNP-FID MAS spec t ra  t h e  a l i -  
p h a t i c  carbons  a r e  suppressed. Two e x p l a n a t i o n s  a r e  p o s s i b l e :  t i )  i n  t h e  DNP-FID 
experiment we a re  indeed observing more aromat ic carbons than i n  t h e  (DNP)-CP exper- 
iments; ( i i )  i n  t h e  DNP-FID experiment, t h e  DNP enhancement o f  t h e  a l i p h a t i c  carbons 
i s  l e s s  t h a n  t h a t  o f  t h e  a r o m a t i c  carbons ,  w h i c h  i s  p o s s i b l e  i f  t h e  r a d i c a l s  a r e  
l o c a t e d  m a i n l y  i n  t h e  a r o m a t i c  p a r t  o f  t h e  coa l .  I n  o r d e r  t o  i n v e s t i g a t e  t h i s  we 
performed t h e  f o l l o w i n g  experiments: 

a. 
i n  coal i s  o f  @e order  o f  psec, which means tha(t4)this p rov ides  an e f f i c i e n t  way 
r e l a x i n g  t h e  
magn i tude as t h e  i n v e r s e l p c k  f i e l d .  As t h e  
thb);T],yation o f  t h e  
bY 

T C  experiments. It i s  known t h a t  t h e  e l e c t r o n  Zeeman r e l a x a t i o n  t i m e  T 

C n u c l e i  i n  t h e  r o t a t i n g  f r a T 9  as T i e  i s  of t h e  Same o r d e r  of 
C- '3c s p i n  d i f f u s i o n  i s  v e r y  Slow, 

C m a g n e t i z a t i o n  M c  i n  t h e  r o t a t i n g  f rame i s  g i v e n  

Equation 2) holds provided t h a t  a l l  t h e  carbon nuc le i  a re  observed. If a percen- 
tage s o f  t he  carbons c lose  t o  t h e  e l e c t r o n s  are not observed, Equat ion 2) i s  v a l i d  
on ly  fo r  l a r g e r  values o f  t, whereas f o r  shor t  values of t M ( t )  i s  a lmost indepen- 

C d e n t  o f  t and g i v e n  by I-s. 

F i g u r e  5 shows t h e  r o t a t i n g  f r a m e  r e l a x a t i o n  o f  t h e  a r o m a t i c  carbons  o f  t h e  
medium v o l a t i l e  bi tuminous coal, measured v i a  t h e  DNP-FID and DNP-CP experiment. It 
f o l l o w s  t h a t  i n  t h e  f i r s t  case we measure about 90% o f  t h e  rbons, probably because 
carbons very c lose  t o  t h e  e lec t rons  a re  sh i f t ed  ou t  of t h e  % DNP-FID spectrum. I n  
t h e  DNP-CP e x p e r i m e n t  o n l y  65% o f  t h e  a r o m a t i c  c a r b o n s  a r e  observed, w h i c h  means 

ha 3another 25% o f  t h e  carbons are t o o  remote f rom t h e  protons t o  be observed v i a  
' H j  c c ross-po la r iza t ion .  

b. The back-match experiment. The contac t  t i m e s  T between t h e  ca bo and CH . protons, which determine the  increase o f  t h e  carbon p o l a r i z a t i o n  du r ing  a 'H-% CP 
e x p e r i m e n t ,  depend on th(9f;rengths o f  t h e  C-H i n t e r a c t i o n s ,  and t h e r e f o r e  on t h e  
c a r b o n - p r o t o n  d i s t a n c e s .  can  be d e t e r m i n e d  by v a r y i n g  t h e  
matching t i m e  tM dur ing  which t h e  c r o s s - p o l a a a t i o n  takes place. F i g u r e  6a shows 
t h e  r e s u l t  o f  such an e x p e r i m e n t  f o r  t h e  a r o m a t i c  carbons  i n  t h e  medium v o l a t i l e  
bi tuminous coal. We see t h a t  f o r  about 35% o f  t h e  carbons T = 30 psec ( d i r e c t  C-H 
bonds) whereas f o r  t h e  remain ing  65% T = 3501psec (C-C-H scbhds). F i g u r e  6b shows 
a s i m i l a r  experiment, bu t  now fo r  a c m 3 C 4  H c r o s s - p o l a r i z a t i o n  experiment ( the  
'back-match' experiment), a f t e r  enhancing t h e  l 3 C  p o l a r i z a t i o n  d i r e c t l y  v i a  DNP. We 
observe a much s lower  decay t h a n  i n  F i g u r e  6a, because f o r  aboyt 4.fl$ o f  t h e  aromat ic 
carbons TCE = 1600 psec which i s  no t  observed v i a  the usual HS c cp experiment. 
Hence i n  t e l a t t e r  expgriment about 40% o f  t h e  aromat ic  carbons are  no t  observed, a 
p e r c e n t a g e  w h i c h  i s  comparab le  t o  t h e  one o b t a i n e d  v i a  t h e  TC exper iments .  
S i m i l a r  r e s u l t s  were obtained f o r  a h igh  v o l a t i l e  bi tuminous coal  h d  an an thrac i te .  

However, i f  we c o r r e c t  t h e  aromat ic p a r t  o f  t h e  13C (DNP)-CP(MAS) spectra f o r  
t h e  percentage o f  carbons no t  observed, s t i l l  t h e  percentage o f  a l i p h a t i c  carbons i n  
these spectra i s  l a r g e r  than t h a t  obtained v i a  t h e  DNP-FID method. T h i s  means t h a t  
i n d e e d  i n  t h e  l a t t e r  e x p e r i m e n t  t h e  a l i p h a t i c  c a r b o n s  a r e  enhanced l e s s  t h a n  t h e  
aromat ic ones. Therefore, we conclude t h a t  bo th  types  o f  experiments a re  necessary 
t o  o a i n  t h e  t r u e  percentages o f  t h e  a l i p h a t i c  and aromat ic  carbon atoms, and t h a t  
t h e  P:C a r o m a t i c i t y  i n  coal  i s  l a r g e r  than t h e  apparent a r o m a t i c i t y  f o l l o w i n g  from 
t h e  C CP spectra. 
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Figure 1. The maximum proton enhancenent as a function of the carbon content. 
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Figure 2. The number of unpaired electrons as a function of the percentage v o l a t i l e  matter. 
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figure 5. The r o t a t i n g  frame r e l a x a t i o n  of the aromatic carbons of a medium 

v o l a t i l e  bituminous coal. 
KHz. c i r c l e s  : measured v i a  DNP-FID; t r iangles:  neasured v i a  
OHP-CP. 
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Figure 6. The magnitude of the aromatic 13C s i  nal as a function of the match- 
i n g  time. a: After IH DNP and IH - 93C t P ;  b :  After 13C DNP and 
13c - IH CP. 
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