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For  many types o f  samples i n  the  f i e l d  o f  f o s s i l  f u e l s ,  e.g., o i l  shales and 
t y p i c a l  coals ,  o n l y  a smal l  f r a c t i o n  o f  t h e  o rgan ic  substances can be e x t r a c t e d  f rom 
a s o l i d  under m i l d  c o n d i t i o n s  t h a t  would be expected t o  r e t a i n  t h e  p r imary  s t r u c -  
t u r a l  i n t e g r i t y  o f  t h e  o r g a n i c  compounds. 
techniques t o  l i q u i d  samples has been ve ry  r e s t r i c t i v e .  This  c o n s t r a i n t  has been 
shared by nuc lea r  magnetic resonance (nmr), f o r  which h i g h - r e s o l u t i o n  a n a l y t i c a l  
a p l i c a t i o n s  have been l i m i t e d  t o  l i q u i d  samples u n t i l  ve ry  r e c e n t l y .  
15C nmr techniques, i n c l u d i n g  pu lse  F o u r i e r  t rans fo rm (FT) approaches] have n o t  been 
g e n e r a l l y  use fu l  f o r  s o l i d  samp es because o f  a )  t h e  excess ive l i n e  broadening due 

an iso t rop ies  ( d i f f e r e n t  s h i e l d i n g  values f o r  t h e  many d i f f e r e n t  o r i e n t a t i o n s  o f  t h e  
molecules i n  an amorphous s t a t e  w i t h  respec t  t o  t h e  magnetic f i e l d  d i r e c t i o n ) ,  and 
( c )  l o n g  1% s p i r d a t t i c e  r e l a x a t i o n  t imes  TI).^ A l l  o f  these problems a r e  e l i m i n a t e d  
i n  l i q u i d s  ( o r  i n  t h e  case o f  l o n g  T1 va lues,  a t  l e a s t  g r e a t l y  reduced) by t h e  normal 
tumbl ing motions o c c u r r i n g  randpmly i n  t h e  l i q u i d  s t a t e .  

Th is  p e r  i s  concerned wi/th t h e  re f i nemen t  and a p p l i c a t i o n  o f  r e c e n t l y  
i n t roduced  psC nmr techniques f r o b t a i n i n g  h i g h  r e s o l u t i o n  spect ra o f  s o l i d  samples. 
D i p o l a r  l i n e  broadening i n  t h e  93C spect ra,  due t o  protons,  i s  e l i m i n a t e d  by h i g h -  

t h e  Hartmann-Hahn c o n d i t i o n ,  
3C-'H cross p o l a r i z a t i o n  occurs,  which enhances t h e  "C s i g n a l  i n t e n s i t y  and l a r g e l y  

overcomes the problem o f  l o n g  13C r e l a x a t i o n  t imes.3 The p r imary  l i ne -b roaden ing  
e f f e c t  t h a t  would remain, chemical s h i f t  an i so t ropy ,  i s  e l i m i n a t e d  by r a p i d  sp inn ing  
(2.2 t o  2.6 kHz) o f  t h e  s o l i d  sample about  an a x i s  t i l t e d  a t  54O44' ( t h e  p y i c  angle)  
r e l a t i v e  t o  t h e  d i r e c t i o n  o f  t h e  s t a t i c  magnetic f i e l d  o f  t h e  i ns t rumen t .  
r a p i d  magic-angle-sp inn ing cond i t i ons ,  t h e  13C resonance l i n e s  t h a t  a r e  obta ined a r e  
e s s e n t i a l l y  what one would expect  o f  a corresponding nonviscous l i q u i d  sample. 
Examples o f  t h e  t ype  o f  spec t ra  one might expect  f o r  a pure ( chemica l l y  homogeneous) 
sample a r e  shown i n  F igures1 and 2. For  a complex chemical m ix tu re ,  such as coa l  o r  
o i l  shale, one may s t i l l  expect  t o  ob ta inJb road  resonance peaks, as i s  u s u a l l y  found 
t o  be t h e  case i n  exper imenta l  r e s u l t s  (F igu res  3 and 4 ) .  The reason f o r  t h e  broad 
peaks i s  the presence of a l a r g e  number o f  chemica l l y  s i m i l a r  spec ies present  i n  t h e  
sample, f o r  which t h e  ( i s o t r o p i c )  chemical s h i f t s  and resonance p o s i t i o n s  a r e  c l o s e  
toge the r  and cannot be r e s o l v e d  even under c o n d i t i o n s  o f  reasonably h i g h  r e s o l u t i o n .  
The t y p i c a l  r e s u l t  f o r  a coa l  o r  o i l  shale sample i s  a broad peak due t o  aromat ic  and 
o l e f i n i c  carbons and another  broad peak due t o a l i p h a t i c  carbons (F igu res  3 and 4) .  

s ing le -con tac t  techniqug based o the more genera l  experiment o r i g i n a l l y  descr ibed by 
Pines, Gibby and Waugh. A 9Oo1H pulse i s  app l i ed ,  fo l lowed by a 90° phase s h i f t ,  
a f t e  which t h e  ' H  rf power i s  mainta ined d u r i n g  t h e  H-13C cross p o l a r i z a t i  n and 
f o r  H decoupl ing d u r i n g  13C da ta  a c q u i s i t i o n .  Radiofrequency power a t  t h e  93C 
resonance frequency ( a t  a l e v e l  determined by t h e  Hartmann-Hahn c o n d i t i o n )  i s  a p p l i e d  
du r ing  t h e  c o n t a c t  p e r i o d  ( l-8msec), then tu rned  o f f  d u r i n g  t h e  p e r i o d  i n  which t h e  
13C f r e e  i n d u c t i o n  decay (FID) i s  observed. 

Hence, t h e  c o n s t r a i n t  o f  a n a l y t i c a l  

The "s tandard"  

t o  d i p o l e - d i p o l e  i n t e r a c t i o n s  batween 1% and f H magnetic d ipo les ,  (b )  chemical s h i f t  

proton d i coup l i ng ;  when t h i s  i s  c a r r i e d  o u t  und 

Under 

The s p e c i f i c  exper imenta l  approach t h a t  we have employed i n  t h i s  work i s  a 
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Our experiments wre car r ied  ou t  a t  15.1 MHz on a home-built spectrometer, based 
upon a 14-kgauss Varian 12-in magnet and a JEOL EC-100 Fourier t ransfor9  data system. 
The Hartmnn-Hahn c ndition was achieved with a 40 gauss H f i e l d  fo r  
gauss H1 f i e l d  f o r  ? H .  

supply. 
helium. 

C and a 10- 
The spinning r a t e s  of 2 .2-  o 2.6 iHz were achieved with a 

spinner of t he  general Andrew-type,3 u s i n g  14 lb / in  5 -  pressure from a "house" a i r  
Higher s p i n n i n g  speeds could be achieved w i t h  higher pressures and/or 
The spinner contained about 1.1 cm3 of sample. 

As can be seen in Figures 1-4, a g rea t  deal of s t ruc tura l  de t a i l  is ava i lab le  
in the  spectra of so l id  pure substance, while f o r  coal and o i l  sha l e ,  only broad bands 
a r e  obtained. In some cases these bands contain "hints" of f i n e  s t ruc tu re  ( e .g . ,  
bumps and shoulders),  which should become more d i s t i n c t  in a high-field spectrometer. 
Even i n  the 14-kgauss spectra of the type shown i n  Figures 3 and 4 ,  c l ea r  separations 
between t h e  aromatic/olefinic and a1 ipha t ic  resonances a r e  achieved. This i s  in 
cont ras t  w i t h  the overlapping resonance bands of spectra obtained without magic- 
angle spinning, i n  which chemical s h i f t  anisotropies cause o e apping of the reso- 
nances from these d i f f e ren t  s t ruc tura l  c lasses  of  carbon^.^*^.^' 
quant i ta t ive  determinations of aromatic/olefinic and a l ipha t i c  carbon contents.  
However, many questions,must be raised t o  determine the r e l i a b i l i t y  of the above- 
mentioned approach f o r  quant i ta t ive  analytical  purposes. These questions revolve 
la rge ly  about the dynamics of the experiment, i . e . ,  the cha rac t e r i s t i c  re laxa t i  n 
times of t he  pertinent processes (lH and 13C relaxation in the ro ta t ing  frame, 93C-1H 
c ross  polarization, 1H and 13C sp in - l a t t i ce  re laxa t ion) .  The essent ia l  question i s :  
can experimental conditions a corrections be found so t h a t  a l l  organic carbon types 
a r e  "counted" equally i n  the  TgC experiment? Many experiments have been car r ied  out 
t o  characterize the  conditions f o r  typical coals and o i l  sha les ,  so t h a t  optimized 
experi en ts  could be designed. Compa isons w i t h  experiments car r ied  out  with h i g h -  

assessing the e f f ic iency  and deviations from uniformity of the cross polarization 
process. Success i n  optimizing the experimental conditions f o r  determining aromatic/ 
o l e f in i c  and a l ipha t i c  carbon contents determines the  scope and accuracy of the 
approach. t e  aromatic/ 

The requirements f o r  an external standard involve both the chemical s h i f t  ( t o  avoid 
c r i t i c a l  peak overlaps) and relaxation times ( t o  avoid in t ens i ty  d i s to r t ions ) .  

W i t h  a method capable of determining aromatic/olefinic and a l ipha t i c  carbon 
contents,  various comparisons and cor re la t ions  a r e  possible.  These include compar- 
isons among re la ted  samples (e .g . ,  o i l  shale and sha le  o i l ;  coal and solvent-refined 
coal or hydrogenated c o a l ) ,  and cor re la t ions  w i t h  per t inent  fuel parameters, e.g. ,  
gal/ ton obtained from o i l  shale o r  BTu/ton f o r  coal or o i l  shale.  
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From 13C nmr spectra of the type shown i n  Figures 3 and 4 ,  one can hope to  make 

power T H decoupling, but without 13C-yH cross polar iza t ion ,  a r e  essent ia l  fo r  

o l e f in i c  o r  a l ipha t i c  carbon contents can be determined is an external IY C standard. 
One key fea ture  of ca l ibra t ing  the  1% approach so t h a t  abso 
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F igu re  Captions 

F igu re  1. 13C nmr spe t rum o f  c a t e c h i n  

sp inn ing.  

b ta ined  a t  15.1 MHz under c o n d i t i o n s  o f  
high-power F H decoupl ing,  lH;lgC cross p o l a r i z a t i o n  and magic-angle 

Spec t ra l  w i d t h  530 ppm, h i g h e r  s h i e l d i n g  t o  the  r i g h t .  

F igu re  2. 13C nmr spectrum o f  polym thy lme thac ry la te  

Magic-angle sp inn ing .  
r i g h t .  

13C nmr spectrum of coa l  
c o n d i t i o n s  o f  high-power 'H decoupl i ng ,  
magic-angle sp inn ing .  Spec t ra l  w i d t h  530 ppm, h ighe r  s h i e l d i n g  t o  t h e  
r i g h t .  Spinn ing sidebands a r e  marked w i t h  arrows. 

13C nmr spectrum o f  New 2 aland 

magic-angle sp inn ing .  Spect ra l  w i d t h  530 ppm, h ighe r  s h i e l d i n g  t o  t h e  
r i g h t .  

b t a i n e d  a t  15.1 MHz under 

Spectra l  w i d t h  530 ppm, h ighe r  s h i e l d i n g  t o  t h e  
cond i t i ons  o f  high-power t H decoupl i ng ,  lH:lgC c r o s s - p o l a r i z a t i o n  and 

F igu re  3. ( I nd iana ) ,  ob ta ined  a t  15.1 MHz under 
H-13C cross p o l a r i z a t i o n  and 

a t  15.1 MHz under 
C cross p o l a r i z a t i o n  and 

F igu re  4. 
cond i t i ons  o f  high-power 7 H decoupling, 
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