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Introduction 
A knowledge of the chemical atructures present in coals is essential for 

developing a better anderstanding of cor1 chemistry. Therefore. the study of coal 
strncture is important to the successful synthetic conversion of coal to a 
chemical feedstock or high quality fuel. A great deal has been inferred about coal 
strncture from the study of liquid coal products by both classical chemical 
methods and modern spectroscopic techniques. This approach is attractive as most 
modern analytioal mothods are applicable only to liquid samples and are not 
suitable for Solids. However, because of the heterogeneity of coals and the 
complexity of coal chemistry it is often difficult to extrapolate back to the 
structure of a whole coal solely from the characterization of liquid products and 
extracts. Over the last decade this has spurred the development of spectroscopic 
methods suitable for nondestructively analyzing the structures of whole coals in 
the solid state. The two most useful techniques to emerge so far have been Fourier 
transform infrared spectroscopy and carbon-13 solid state nuclear magnetic 
resonance. The latter technique in the form of the combination of cross 
polarization and magic angle sample spinning (CP/MAS) spectroscopy has proven the 
most useful in characterizing the functionalities present in the organic portion 
of coals(l.2). This method provides the best direct measure of carbon 
aromaticitiea and can also measure the relative amounts of protonated versus 
nonprotonated carbon when combined with dipolar dephasing techniques. Much more 
information is. in principle, contained in carbon-13 CP/IuS spectra. but the 
resolution typically obtained does not permit as detailed an analysis as is 
possible in the NlIB of liquids. The sitnation for coal W/IuS spectra is similar 
to that found in the NME of complex biomolecules where the large number of 
reaonances and broad natural linewidths result in incompletely resolved spectra. 
In solution studies these difficulties can often be overcome by the application of 
two dimensional (Za) NYB methods (3.4). In 2D NHlt experiments a complex spectrum 
is separated into component subspectra on the basis of a second spectroscopic 
parameter. The subspectra are simpler. more resolved and thna easier to interpret. 

Standard 2D NMR methods are not directly applicable to organic solids for 
a number of reasons. the main one being the strong dipolar couplings among the 
abundant protons. In this paper two 2D NME methods are presented that overcome 
these problems and are suitable for solids. The first in an adaptation of 
heteronuclear shift correlation spectroacopy to solids (5.6). In this method the 
carbon-13 and proton chemical shifts of a solid are correlated with one another. 
This allows the spectroscopist to 8enerate the carbon-13 spectra of all the 
species with a particular proton chemical shift and vice versa. The second method 
is a new variant of the dipolar-shift spectroscopy (DIPSHIFT) methods that have 
been developed to moasure C-E distances from carbon-13 proton dipolar cou lings 
( 7 ) .  Since bonded C-E distances in organic solids are all very close to 1.09!,'the 
dipolar coupled pattorns observed in DIPSEIFT spectra are principally determined 
by the u m b e r  of directly attached protons. In this way the dipolar interaction 
is used to give the number of protons attached to a carbon-13 with a particular 
chemical shift. The last approach to high resolution aolid state spectrorcopy 
described here i s  deuterium zero field NNR (ZFNNR) ( 8 ) .  In most solid state NYB 
methods the larle anisotropic aolid state interactions are suppressed to give 
liquid like hiih resolution chemical shift apeotrr. However, by doing NHlt in zero 
=agnatic field these interactions can be used to apectroacopically discriminate 
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among d i f f e r e n t  f a a t i o n a l i t i e s .  For deuterium t h e  spec t ra  a r e  determined by t h e  
e l e c t r i c  f i e l d  gradient  tensor  which i s  a measare the  the  amount of r -character  i n  
a C-D bond. The spectra  so obtained give information eqnivalent  t o  normal proton 
M f E  spec t ra ,  however t h e  reso ln t ion  is  now ss good i n  t h e  s o l i d  s t a t e  as  i n  
solat ion.  These methods have shorn grea t  promise i n  model systems and shoald prove 
Usefnl i n  s tud ies  of coa l  s t r u c t a r e .  The f i r s t  of these methods has a l ready had 
some success when appl ied t o  coa l .  Hopefully the f i n e r  r t m c t a r a l  information made 
ava i lab le  by these  techniques rill make i t  poss ib le  t o  apply more sophis t ica ted  
and s e l e c t i v e  chemistry t o  coa l .  I n  t h e  following paragraphs tbe basic  p r i n c i p l e s  
underlying these experiments a r e  examined and some appl ica t ions  a r e  given. The 
in te res ted  reader  is r e f e r r e d  t o  the papers referenced above sad t o  the  
references contained there in  f o r  a more complete descr ip t ion  of the theory and 
the experimental reqairements of  these methods. 
Eeteronnclesr  S h i f t  Correlat ion Spectroscopy 

The pulse  sequence used in  he ts ronuclear  s h i f t  c o r r e l a t i o n  i s  indicated i n  
f igure  1. The bas ic  idea of  t h i s  method i s  to  separa te  the  overlapping carbon-13 
resonances on the  b a s i s  of the d i f fe rences  i n  the  chemical s h i f t s  of t h e  protons 
at tached t o  the  carbon-13 a n c l e i  and v i c e  versa .  During t h e  t ,  i n t e r v a l  t h e  
protons a r e  allowed t o  evolve under t h e i r  chemical s h i f t s .  To give  optimal 
reso lu t ion  the carbon-13 n u c l e i  a r e  deconpled from t h e  protons and MREV-8 
homonuclear deooapling i s  employed t o  remove the d i p o l a r  couplings among t h e  
protons.  A t  the  end of t ,  t h e  proton evolut ion mast be t ransfered  t o  the  carbon-13 
nulce i .  In  s o l i d s  t h i s  can be accomplished by applying a proton spinlocking rad io  
freqaency (Bp) f i e l d  sad then c ross  polar iz ing .  When the  proton spinlocking BF is 
tamed on only  t h a t  por t ion  of the  magnetization t h a t  is p a r a l l e l  t o  the  Bp f i e l d  
i s  spinlocked. For the  protons on resonance a l l  of the  magnetization is  spinlocked 
independent of t h e  i n i t i a l  t ,  per iod.  On the  other  hand the protons of f  resonance 
go in  and out  of phase with t h e  spinlocking f i e l d .  This r e s a l t s  a spinlocked 
magnetization t h a t  o s c i l l a t e s  a t  tho off  resonance freqaency as a funct ion of t ,  . 
Since the  carbon-13 s igna l  produced i n  the  CP s t e p  depends on the  s i z e  of  the  
spinlocked proton magnetization, the carbon-13 s igna l  w i l l  a l s o  o s c i l l a t e  as s 
fanct ion of t ,  a t  the proton resonance o f f s e t .  The Fourier  transform of t h e  carbon 
s igna l  amplitude versus t, then g ives  the  proton chemical s h i f t .  To prodace a ZD 
spectram a s e t  of carbon-13 spec t ra  f o r  saccess ive ly  longer va laes  of t ,  i s  
acqnired. A second Fourier  transform versus t, r e s u l t s  i n  a ZD spectrum i n  which 
t h e  proton and carbon-13 chemical s h i f t s  a r e  cor re la ted .  The CP mixing t ime i s  
kept shor t  t o  minimize the  cont r ibu t ion  t o  the carbon-13 s igna l  from non-bonded 
in te rac t ions .  This ensures t h a t  only d i r e c t l y  bonded p a i r s  a r e  c o r r e l a t e d .  This  
shor t  mixing time a l s o  reduces the  spin d i f f a s i o a  among the  protons during cros6 
polar iza t ion  which can degrade the  reso lu t ion  i n  the  proton dimension. A s  a 
r e s n l t .  t h i s  experiment i s  s e n s i t i v e  only  t o  the sabset  of carbons t h a t  have a 
d i r e c t l y  a t tached proton. I n  addi t ion  the  proton spec t ra  are  only representa t ive  
of t h a t  por t ion  of the  protons in t h e  coa l  a t tached t o  a carbon. 

The most n a t a r a l  way t o  por t ray  2D spec t ra  i s  i n  a contour p lo t  with t h e  
contours being paths  of constant  amplitnde. Peaks appear as s e t s  of  concentr ic  
Contours i n  t h i s  type of p l o t .  In  f i g u r e  2 i s  the  contoar p l o t  of the  
heteronuclear  s h i f t  c o r r e l a t i o n  spectram of an I l l i n o i s  #6 coal  ( 6 ) .  Along t h e  top 
and s i d e s  a r e  t h e  sauanations of the d a t a  s e t  onto the  two axes. These spec t ra  a r e  
the same a s  t h e  normal shor t  contact  time CP/MAS spectram and the  combined 
mult iple  pulse  MAS proton spectrum. I n  the  contour p l o t  there  a re  three  c l e a r l y  
resolved peaks and two weaker peaks l a b e l l e d  1-5. For the  aromatic region t h e r e  i s  
one peak a t  6 %  = 6.8 ppm, 6°C = 128 ppm as  expected f o r  the  protonated 
aromatics. The r e s a l t s  i n  the  a l i p h a t i c  region are  much more reveal ing.  Eere t h e  
two most c l e a r l y  resolved peaks, 4 and 5,  a r e  a t t r i b u t e d  t o  methylenes with 6 %  = 
2.1 ppm, 6°C = 29 ppm, and t o  with 6'E = 1.0 ppm, 6°C = 18 ppm. These 
peaks a r e  c l e a r l y  resolved i n  both proton and carbon s h i f t  i n  t h e  2D spectram. As 
t h e  spec t ra  along t h e  top and s i d e s  ind ica te  t h i s  reso lu t ion  i s  not poss ib le  in 
e i t h e r  t h e  proton o r  carbon-13 one dimensional spec t ra .  I n  addi t ion  there  a r e  two 
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o t h e r  weakpeaks, 2 and 3. t h a t  a re  observed a s  shoulders  i n  the  2D apeotrum, one 
a t  6% = 3.5 ppm, 8°C = 40 ppm, and a second a t  8'H = 0.8 ppm, 8°C = 35 ppm . 
These peaks a r e  probably due t o  methyl groups with the  f i r s t  corresponding t o  
heteroatom s u b s t i t u t e d  methyls of  some type and the second t o  s t e r i c a l l y  hindered 
methyls. Taking i n t o  account the  b i a s  i n  i n t e n s i t i e s  t h a t  the  short  CP mixing time 
produces, the r e l a t i v e  amounts of  methyl t o  methylene t o  aromatic hydrogen can be 
est imated a s  1.0 : 0 . 9  : 0.7 respec t ive ly .  

From t h i s  2D spectrum one can e a s i l y  apprec ia te  the  increase in  reso lo t ion  
t h a t  the  method has over the usual  CP/MAS technique. It is a l s o  apparent t h a t  the  
d i s t r i b u t i o n  of  protons i n  t h e  organic  por t ion  i s  e a s i l y  access ib le  without 
s p e c t r a l  in te r fe rence  from water o r  mineral protons a s  would be encountered in 
d i r e c t  so l id  s t a t e  proton spectroscopy of coa ls .  As shorn above the method should 
be p a r t i c u l a r l y  usefu l  i n  disentangl ing t h e  overlapping bands i n  the  a l i p h a t i c  
por t ion  of coal CP/MAS spec t ra .  
Dipolar Resolved Chemical S h i f t  Spectroscopy- DIPSEIFT 

The previous method used s o l i d  s t e t e  pulse  sequence t r i c k e r y  to  adapt a 
l iqu id  s t a t e  method t o  the  s o l i d  s t a t e .  I n  the method diagrammed i n  f igure  3, the 
s o l i d  s t a t e  i n t e r a c t i o n s  a r e  a c t u a l l y  put t o  good use r a t h e r  than considered j u s t  
a nuisance. Let us begin by f i r s t  consider ing some of the fundamentals of the 
magic angle spinning experiment. 

In  an MAS experiment the  sample spinning i s  t y p i c a l l y  used t o  average the 
an iso t ropic  chemical s h i f t s  t o  t h e i r  i so t ropic  values  producing l iqu id  l i k e  
spec t ra .  I f  the s p i n  r a t e  does not  exceed the  width of the s h i f t  anisotropy i n  
Eer tz ,  the spectrum rill conta in  spinning sidebands. I n  the  l i m i t  of very slow U S  
spinning the  envelope of the  sideband p a t t e r n  is the same as  t h e  s t a t i c  powder 
p a t t e r n .  I f  IlfLEV-8 decoupliug is  used t o  remove the  proton-proton d ipolar  
couplings i n  a s o l i d ,  the  remaining carbon-proton d ipolar  in te rac t ion  a l s o  a c t s  
l i k e  a s h i f t  anisotropy.  The combination of XEEV-8 decoupling and MAS then g ives  
d ipolar  coupled carbon-13 spectra  broken up i n t o  sideband patterns.From t h e  
envelope of the sidebands t h e  d i p o l a r  couplings can be determined. This i s  t h e  
pr inc ip le  behind the  DIPSEIFT methods used t o  measure C-E dis tances  v i a  carbon- 
proton d i p o l a r  coupl ings and t h e i r  l / r '  dependence. I n  the  cur ren t  appl ica t ion  t h e  
s t ra tegy  i s  t o  t a k e  advantage of the constancy of  C-E dis tances  in  organic s o l i d s  
and t o  r e a l i z e  t h a t  the  d ipolar  coupled s p e c t r a l  p a t t e r n s  thus  depend only on t h e  
number of protons at tached to  a given carbon center .  I n  f igure  4 are  t y p i c a l  
dipolar  coupled p a t t e r n s  f o r  methylene, methine, rap id ly  ro ta t ing  methyl and 
quaternary carbons using MEEV-8 proton decoupling with CP/MAS. Note t h a t  t h e  
methylene p a t t e r n  i s  approximately twice a s  wide a s  the  methine p a t t e r n  and t h a t  
bo th  are much wider than t h e  methyl or quaternary p a t t e r n s .  The d i f f e r e n t  widths 
of these p a t t e r n s  can be used t o  c leanly  separa te  overlapping carbon-13 resonances 
t h a t  have d i f f e r e n t  numbers o f  a t tached protons.  Consider the  case where t h e  
resonances for  a methylene, methine and methyl carbon a l l  overlap. In  the  I(BEV-8 
decoupled CP/WS spectrum t h e  outermost sidebands w i l l  come only from the  
methylene carbon. Since the  sideband i n t e n s i t y  r a t i o s  i n  each p a t t e r n  a r e  f ixed by 
the  s ize  of  the carbou-proton d ipolar  coupling and the  sp in  r a t e ,  the cont r ibu t ion  
of the methylene t o  the r e s t  of  the spectrum can  be subtracted.  I n  t h i s  r e s u l t a n t  
spectrum the  outermost sidebands w i l l  now only  be due t o  the methine. The 
subt rac t ion  operat ion used f o r  t h e  methylene can be repeated f o r  the methine 
leaving only t h e  methyl carbon spectrum. I n  th i s  r a y  the contr ibut ions t o  a l i n e  
from methylene. methine and methyl plus  quaternary carbons cen be separated. This  
is  a s i g n i f i c a n t  improvement over d ipolar  dephasing which cannot separate  
methylenes from methines. Also, s ince  a l l  carbons a r e  observed a t  the same time, 
t h i s  type of technique avoids the  problems with quant i ta t ion  encountered i n  
d ipolar  dephasing. 

For a complex s o l i d  t h e  d i p o l a r  coupled p a t t e r n s  are  bes t  obtained from a 
ZD experiment a s  i n  f i g u r e  3. During t, the  carbon-13 nuc le i  evolve under the  
e f f e c t  of  lbBEV-8 decoupling and the  oarbon-proton d i p o l a r  coupling. Afterwards i n  
t, the carbon s i g n a l  i s  acquired under t h e  inf luence of s t rong d ipolar  decoupling. 
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As before a s e t  of carbon-13 spec t ra  f o r  successively longer values  of t, i s  
acquired. The second Fourier  t ransform gives  a 2D spectrum with the normal carbou- 
13 chemical s h i f t  along one a x i s  and chemical s h i f t  p lus  d ipolar  coupl ings along 
the  second ax is .  I n  o ther  DIPSEIPT methods t h e  chemioal s h i f t s  a re  removed during 
the  t ,  i n t e r v a l  with a n refocussing pulse .  To refocus the an iso t ropic  a s  well as  
the  i so t ropic  s h i f t  t h e  n pulse  must be  appl ied a t  an in tegra l  mul t ip le  of  the  MAS 
spinning cycle .  Since accura te ly  c o n t r o l l i n g  MAS sp in  r a t e s  i s  d i f f i c u l t .  an 
a l t e r n a t i v e  method is  a t t r a c t i v e .  I n  the  new method presented here the chemical 
s h i f t  i s  kept i n  both t, and t,. Spec t ra l  d i s t o r t i o n s  w i l l  occur i n  t h i s  
experiment from t h e  so-called phase t w i s t  problem ( 3 )  unless  the  carbon 
magnetization i s  projected a t  the end of t,. This i s  done by f l i p p i n g  a por t ion  of 
the carbon-13 magnetization up along the  appl ied f i e l d ,  wai t ing a shor t  dephasing 
time t o  des t roy  any t ransverse  magnetization, and f l ipp ing  the  s p i n s  back d o m  
i n t o  the  x-y plane. This  method has t h e  advantage t h a t  none of the  experiment need 
be done synchronously with the  MAS r o t a t i o n .  I n  addi t ion  the  MIEV-8 sequence can 
be incremented a piece a t  a time giving a g r e a t l y  increased bandwidth i n  the 
d ipolar  dimension. The pulses  used i n  the pro jec t ion  s t e p  a r e  a l s o  phase cycled in  
90 degree increments f o r  each successive point  t o  s imulate  the  e f f e c t  of having 
the  de tec tor  off-resonance during t,. This  allows the  c a r r i e r  frequency t o  be 
placed in  the  center  of the  spectrum while appearing t o  be a t  the  extreme edge and 
makes the most e f f e c t i v e  use of the  ava i lab le  bandwidth i n  t,. This  f e a t u r e  is 
e s p e c i a l l y  important f o r  methylenes because t h e i r  d ipolar  coupled p a t t e r n s  a r e  so 
wide. 

By using the  subtract ion scheme out l ined  above on the  2D spectrum the 
methylene only, methine only  and methyl p lus  quaternary only spec t ra  can be 
generated. With s u i t a b l e  software rout ines  the r e l a t i v e  numbers of methylenes, 
methines and methyls plus  quaternary carbons can a l s o  be ex t rac ted  f o r  the 
d i f f e r e n t  resolvable  s p e c t r a l  regions.  Application of t h i s  method i n  model polymer 
systems has allowed separa t ion  of overlapping resonances such as  the  methine and 
methylene t h a t  overlap i n  polystyrene.  Whereas the  peak i n  question seems t o  be a 
s ing le  resonance i n  t h e  normal CP/MAS spectrum, the d ipolar  s l i c e s  taken i n  the  2D 
experiment c l e a r l y  show t h a t  t h i s  l i n e  i s  a superposi t ion of a methylene and 
methine. The advantage of t h i s  method over the heteronuclear  s h i f t  c o r r e l a t i o n  
technique i s  t h a t  a l l  carbons a re  de tec ted  a s  a long mixing time cen be used and 
therefore  the  s ignal  t o  noise  obtained in  a given amount of time i s  much b e t t e r .  
The information obtained i s  complementary being i n  terms of proton m u l t i p l i c i t y  
r a t h e r  than chemical s h i f t .  For coa ls  the  method should prove p a r t i c u l a r l y  usefu l  
f o r  separat ing and assigning the  resonances observed i n  CP/MAS spec t ra .  
Zero F i e l d  NWR 

Another method t h a t  should prove usefu l  i n  the  study of coa l  s t r u c t u r e  i s  
zero f i e l d  NlIB (ZFW). I n  the  2D methods descr ibed so f a r  t h e  b a s i c  s t r a t e g y  has 
been t o  use carbon-13 chemical s h i f t s  t o  i d e n t i f y  d i f f e r e n t  func t iona l  types of 
carbon. Then e i t h e r  proton chemical s h i f t s  o r  carbon-13 proton d i p o l a r  couplings 
a re  used t o  separa te  resonances t h a t  occur a t  the same s h i f t .  I n  ZFNlIB a very 
d i f f e r e n t  approach is used. Ins tead  of suppressing the  la rge  s o l i d  s t a t e  
an iso t ropic  i n t e r a c t i o n s  such a s  d i p o l a r  o r  quadrupolar couplings t o  obta in  l i q u i d  
l i k e  chemical s h i f t  spectra .  these in te rac t ions  themselves a r e  used a s  the  
pr inc ipa l  means of resolving d i f f e r e n t  chemical species .  

Consider the case of a spin 1 nucleus i n  a large s t a t i c  magnetic f i e l d .  
The main i n t e r a c t i o n  t h a t  t h i s  nucleus f e e l s  i s  the coupling t o  the  s t a t i c  f i e l d  
giving the usual  Zeeman s p l i t t i n g 8  observed i n  an NWR experiment. I n  a r i g i d  s o l i d  
a sp in  1 nucleus a l s o  has a quadrupole coupling t h a t  produces an addi t iona l  
s p l i t t i n g  of the  energy l e v e l s .  For deuterium i n  organic  s o l i d s  t h i s  i n t e r a c t i o n  
i s  a measure of the a-character i n  t h e  C-D bond and i n  a sense i s  analagona t o  a 
chemioal s h i f t .  Deuterium quadrupole couplings t y p i c a l l y  range from tens  t o  
hundreds of kEz. Thia i s  much la rger  than t h e  spread of deuterium chemical s h i f t s  
t h a t  span only  750 BE a t  t h e  highest  f i e l d 8  ava i lab le  today. Thus quadrupole 
couplings could p o t e n t i a l l y  be the b a s i s  f o r  a deuterium spectroscopy with much 
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grea ter  resolving power than standard NMR. Unfortunately the  quadrupolar 
i n t e r a c t i o n  does not simply add t o  t h e  Zeeman i n t e r a c t i o n  and t h e  s i z e  of  t h e  
s p l i t t i n g  a t  high f i e l d  depends on the  o r i e n t a t i o n  of t h e  e l e c t r i c  f i e l d  grad ien t  
tensor  with respec t  t o  the appl ied f i e l d .  I n  a randomly or ien ted  powder sample 
t h i s  r e s u l t s  i n  a range of observed s p l i t t i n g s  and the  spec t ra  a re  broad 
overlapping powder p a t t e r n s .  

The a p p l i c a t i o n  of a s t rong magnetic f i e l d  produces powder broadening 
because i t  polar izes  t h e  nuc le i  along a p a r t i c u l a r  d i r e c t i o n  i n  space. However i n  
the  absence of an appl ied f i e l d ,  a l l  denterium n u c l e i  of  the same type experience 
t h e  same s p l i t t i n g  o f  t h e i r  energy l e v e l s  independent of  t h e i r  absolute  
o r i e n t a t i o n  i n  space and the sp ins  are  quantized i n  a molecule f ixed frame. Thus 
the  zero f i e l d  deuterium NUB (ZFDMR) spectrum of a randomly or ien ted  powder i s  t h e  
same a s  f o r  a s i n g l e  c r y s t a l  and has narrow resolved l i n e s .  This i s  the bas ic  idea 
behind pure nuc lear  quadrupole resonance (NQR) spectroscopy as  wel l .  The t r i c k  i s  
t o  do a high s e n s i t i v i t y  experiment in the  absence of  an appl ied f i e l d .  Several 
c lever  f i e l d  cycl ipg and double resonance techniques have previously been 
developed f o r  pure NQB spectroscopy of nuc le i  such as  deuterium ( 8 ) .  Eowever a l l  
of the s tandard methods a r e  e i t h e r  continuous wave techniques o r  involve low 
frequency de tec t ion .  The ZFNLIB method i s  more genera l ly  appl icable  t o  n u c l e i  snch 
a s  deuterium with r e l a t i v e l y  small qnadrupole coupl ings.  The method uses high 
frequency de tec t ion  f o r  good s e n s i t i v i t y  and i s  a l s o  a Fourier  transform 
technique. This  l a t t e r  fea ture  gives  ZFNMR a b e t t e r  inherent  r e s o l u t i o n  than any 
of the  continuous wave methods ( 8 ) .  

The magnetic f i e l d  cyc le  used i n  t h e  ZFNKR method i s  shown i n  f igure  5 .  The 
f i r s t  s t e p  i s  t o  p o l a r i z e  the  nuc le i  i n  a high f i e l d  magnet t o  produce a 
measureable s i g n a l .  The sample i s  then mechanically removed t o  an intermediate  
region i n  the f r i n g e  f i e l d  of the high f i e l d  magnet. I f  t h i s  i s  done rap id ly  
compared t o  the c b a r a c t e r i s t i c  re laxa t ion  times of t h e  sample. the high f i e l d  
polar iza t ion  i s  maintained in  the intermediate  f i e l d  system. As long a s  t h e  
intermediate  f i e l d  i s  chosen t o  give a Zeeman s p l i t t i n g  several  times l a r g e r  than 
t h e  quadrupole s p l i t t i n g s ,  the polar iza t ion  w i l l  oontinue t o  be al igned with t h e  
appl ied f i e l d  a x i s .  This  intermediate f i e l d  i s  suddenly removed by a s e t  of pulsed 
c o i l s  t h a t  can c o l l a p s e  the  f i e l d  r a p i d l y  compared t o  the inverse of the  NQB 
f requencies  of t h e  sample. The magnetization t h a t  was i n i t i a l l y  along t h e  
appl ied f i e l d  a x i s  now f inds  i t s e l f  influenced s o l e l y  by the  quadrupolar 
in te rac t ion .  Since the polar iza t ion  a t  zero f i e l d  would prefer  t o  be aligned in  
t h e  i n t e r n a l  a x i s  system of t h e  e l e c t r i c  f i e l d  grad ien t  tensor ,  any por t ion  t h a t  
is not so o r i e n t e d  now o s c i l l a t e s ,  a t  the zero f i e l d  NQB f requencies .  I f  a 
receiving c o i l  was in place aronnd t h e  sample a t  t h i s  point ,  a zero f i e l d  f r e e  
induct ion decay (FID) would be observed. The Fourier  transform of t h i s  zero f i e l d  
FID would give t h e  ZFNMR spectrum. Because of t h e  low frequencies  involved, it i s  
b e t t e r  t o  tu rn  t h i s  o s c i l l a t i o n  in to  a high f i e l d  observable. This  requi res  a 2D 
type of da ta  tak ing  sequence with the zero f i e l d  time as  t,. A t  the  end of the 
zero f i e l d  i n t e r v a l  the  intermediate  f i e l d  i s  suddenly pulsed back on t rapping the  
component of the  magnetization p a r a l l e l  t o  the appl ied f i e l d .  A f t e r  t h e  sample i s  
re turned t o  the  NHB magnet t h i s  component can be measured a s  a high f i e l d  NMR 
s igna l .  The amplitude of t h i s  s ignal  n a t u r a l l y  o s c i l l a t e s  as a funct ion of the 
length  of  time t, t h a t  the  sample spent a t  zero f i e l d .  A Four ie r  transform of the 
high f i e l d  s i g n a l  amplitude versus  t, then r e s u l t s  i n  t h e  ZFNMR spectrum. Although 
a 2D type of d a t a  s e t  i s  a c t u a l l y  acquired. a f u l l  2D transform i s  not  performed 
s ince  the high f i e l d  spec t ra  do not provide any addi t iona l  information. 

A t y p i c a l  r e s u l t  i s  shown in  f igure  6 where t h e  ZFDMR 6a and high f i e l d  
U S  NJdR 6b spec t ra  of perdeuterated dimethoxy benzene a r e  conpared. In spectrum 6a 
t h e  methyls give a resonance a t  about 40 kEz and t h e  aromatics appear in  the  
region aronnd 135 LBz. This  reso lu t ion  i s  comparable t o  the reso lu t ion  of the 
methyl and aromatic carbon-13 resonanoes i n  the CP/IIAS spectrum. The two types of 
deuterium are  b a r e l y  resolved i n  spectrum 6b with the  aromatics appearing a t  2 and 
4 PPm from t h e  methyl. This  s e t  of spec t ra  dramat ica l ly  demonstrates t h e  snperior  
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resolving power of p(DyB over the  more conventional high f i e l d  HAS technique. I n  
f a c t  the reso lu t ion  of ZFDMR is comparable t o  high f i e l d  deuterium NMR in  so lu t ion  
and can discr iminate  among d i f f e r e n t  f u n c t i o n a l i t i e s  a s  well a s  carbon-13 CP/MAS 
spectrosoopy can. Thus the method should be the  technique of choice f o r  
determining the d i f f e r e n t  types of hydrogen i n  organic  s o l i d s .  For  ins tance  proton 
aromaticies in  coa ls  could accura te ly  be measured with ZFDME. The successful  
appl icat ion of t h i s  method w i l l  undoubtedly requi re  addi t iona l  developments t o  
increase the  s e n s i t i v i t y  of the  method such a s  combining ZFDME with dynamic 
nuclsar  po lar iza t ion  (1) o r  i n d i r e c t  de tec t ion  of  the deuterium v i a  the  abundant 
protons (8) .  A l l  experiments t o  da te  hive used i s o t o p i c a l l y  enriched samples 
because of the low n a t u r a l  abundance of deuterium. A t  present  n a t u r a l  abundance 
s tudies  a r e  not  f e a s i b l e  and in  the  immediate fu ture  t h e  most f r u i t f u l  
cont r ibu t ions  t o  coal  chemistry w i l l  involve chemically modified coa ls  e i t h e r  by 
using deuterated reagents  o r  exchanging l a b i l e  hydrogen f o r  deuterium. 
Conclnsions 

The increase i n  reso lu t ion  made poss ib le  by these new ZD WR and zero 
f i e l d  NME methods should make it  poss ib le  t o  determine the  chemical s t r u c t u r e s  
present  i n  coals  t o  a much f i n e r  degree than previously poss ib le .  With a b e t t e r  
knowledge of the  func t iona l  u n i t s  i n  coa ls  i t  should be poss ib le  t o  develop more 
sophis t ica ted  chemistry f o r  convert ing coa l  t o  a chemical feedstock or fuel. These 
NME methods are s t i l l  in  an e a r l y  s tage  of development but  have already had some 
sucess i n  appl ica t ion  t o  polymers and coa l .  The question of quanta t ive  response 
has yet t o  be f u l l y  addressed but  a t  present  t h e r e  is no evidenoe t o  ind ica te  t h a t  
t h i s  rill be any more of  a problem than i n  s tandard carbon-13 CP/MAS spectroscopy. 
More development i s  needed t o  make these techniques genera l ly  access ib le  t o  t h e  
prac t ic ing  chemist and work i n  t h i s  area i s  being a c t i v e l y  pursued. 
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