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INTRODUCTION 

Carbon-I3 NMR spectroscopy has been widely  accepted as a major 
a n a l y t i c a l  technique f o r  s tudy ing f o s s i l  fue ls .  Axelsonl and 
Davidson2 have reviewed the var ious so l  i d  s t a t e  NMR spectroscopic 
techniques f o r  coal studies. Cross polar izat ion/magic  angle sp inn ing 
(CP/MAS)3 provides i n fo rma t ion  on a r o m a t i c i t y  w h i l e  the d i p o l a r  
dephasing technique (DD/MAS)4 provides a d d i t i o n a l  d e f i n i t i o n  o f  the 
s t r u c t u r e  o f  coal by using the  %-1H d i p o l a r  coupl ing t o  separate the 
carbons i n t o  sub-classes; i.e., those t h a t  a re  s t rong ly  coupled t o  
protons from those t h a t  are weakly coupled i n  both the a l i p h a t i c  and 
aromatic reg ions o f  the spectrum. The combination o f  these two 
experimental procedures permi ts  one t o  de r i ve  a carbon s k e l e t a l  
s t r u c t u r e  o f  coal samples.5.6 

MAS experiments produce narrow l i n e s  i n  s o l i d s  b u t  va luable 
s t r u c t u r a l  i n fo rma t ion  i s  l o s t ;  i.e., the chemical s h i f t  an isot ropy 
(CSA) which i s  a man i fes ta t i on  o f  the three-dimensional s h i e l d i n g  o f  
the nucleus by the surrounding  electron^.^ The CSA i s  a second rank 
tensor having th ree  p r i n c i p a l  elements 011, 022, and a33 
character ized by unique resonance frequencies. These th ree  tensor  
components taken together w i t h  the i s o t r o p i c  sh ie ld ing  value ( the  MAS 
value which i s  the average o f  the th ree  tensor components) p rov ide  
valuable data regarding the l o c a l  e l e c t r o n i c  environment. The tensor  
can be obtained from the 13C NMR spectrum o f  a f i n e l y  powdered sample 
and the  tensor  elements are ex t rac ted  by ana lys i s  o f  the l i n e  shape. 
This technique prov ides not  on l y  tensor  components b u t  populat ion 
values as w e l l .  However, the spect ra l  ana lys i s  i s  complicated i f  more 
than one tensor  i s  present and uni  ue r e s u l t s  a re  no t  always 
achievable. Evenso, Pines, e t  a1.I used the technique t o  analyze the 
s t a t i c  spectra o f  several coals. These workers succeeded i n  
d i f f e r e n t i a t i n g  the con t r i bu t i ons  f r o m  aromatic and condensed aromatic 
carbons. Furthermore, they pointed ou t  t h a t  there i s  l i t t l e  
d i f f e r e n c e  i n  the  i s o t r o p i c  chemical s h i f t s  between these types o f  
carbons and these s h i f t  d i f f e rences  cannot be resolved i n  a CP/MAS 
experiment. The DD/MAS experiment has been shown t o  d i f f e r e n t i a t e  
between benzene-1 i k e  (i .e., C-H) and non-protonated aromatic carbons5 
( s u b s t i t u t e d  p l u s  inner ,  o r  bridgehead) b u t  the r e s o l u t i o n  o f  
s u b s t i t u t e d  and inne r  carbons i s  no t  r e a d i l y  a t t a i n a b l e  w i t h  standard 
MAS experiments. The sh ie ld ing  an iso t rop ies  o f  the th ree  general 
types of aromatic carbons are q u i t e  d i f f e r e n t  and, i n  p r i n c i p a l ,  
should be resolvable i n  the "non-spinning'' experiment. 
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Only f o r  i s o l a t e d  carbons, o r  f o r  simple compounds where break- 
po in ts  i n  the powder p a t t e r n  are d i sce rn ib le ,  i s  i t  poss ib le  t o  o b t a i n  
unique f i t s  o f  t he  l i n e  shape. Tensor i n fo rma t ion  can be ex t rac ted  by  
o the r  techniques such as anal s i s  o f  the spinning s ide  bands from 

(VASS). 
study p e r t i n e n t  model compounds and have used these data as a guide t o  
analyze l i n e  shapes and e x t r a c t  CSA tensor  values and popu la t i on  
f a c t o r s  i n  coals. The experimental techniques are app l i cab le  t o  chars 
as w e l l  as coals. The data permi t  us t o  est imate the s i ze  o f  the 
polycondensed aromatic s t ruc tu re  t h a t  i s  the main s t r u c t u r a l  component 
i n  chars. The aromatic s t r u c t u r e  o f  coal chars should p rov ide  
Val uabl e i n f  o n a t i  on regarding t h e i  r r e a c t i v i t y .  

slow sp inn ing MAS experiments 3 and v a r i a b l e  angle sample ~ p i n n i n g l ~ - ~ ~  
I n  t h i s  study we have used the s t a t i c  and VASS methods t o  

EXPERIMENTAL 

1. NMR Spectroscopy 

The NMR spec t ra  were obtained on a Bruker CXP-100 as descr ibed 
previously.6 The VASS method has been described by  Seth i ,  e t  al.13 

2. Spectral F i t t i n g  Procedure 

recen t l y  developed f i t t i n g  methodsl4. 
described as f o l l ows .  I t  i s  assumed t h a t  spins a r e  o n l y  exper ienc ing 
o r i e n t a t i o n  dependent chemical s h i f t  i n te rac t i ons .  This  i s  u s u a l l y  
the case when employing h igh  power proton decoupling. S ing le  spec t ra l  
s imu la t i on  r e q u i r e s  an i n i t i a l  est imate o f  these parameters: 1) the 
p r i n c i p a l  values o f  the d i f f e r e n t  CSA's o r  a l i n e a r  combination o f  
elements i n  an i r r e d u c i b l e  form; 2) the r e l a t i v e  i n t e n s i t i e s ;  and 3) a 
broadening fac to r .  One o r  more o f  these parameters can be locked t o  
some predetermined o r  known value, which i s  then he ld  constant 
throughout t h e  f i t t i n g  process. For example, i n  model organic  
compounds, t h e  r e l a t i v e  i n t e n s i t y  i s  u s u a l l y  locked t o  the atomic 
r a t i o s  g iven by t h e  molecular s t ructure.  I n  coals, however, these 
populat ion parameters a re  al lowed t o  vary f r e e l y  so as t o  p rov ide  
q u a n t i t a t i v e  data on i n d i v i d u a l  carbon types. Theoret ica l  spect ra a r e  
ca l cu la ted  us ing the "POWDER" method14. The parameters a re  adjusted 
w i t h  a simplex o p t i m i z a t i o n  r o u t i n e  t o  minimize t h e  sum o f  squares 
d e v i a t i o n  between the  t h e o r e t i c a l  and experimental spectra. I n  cases 
which necess i ta te  ob ta in ing  spinning spectra a t  d i f f e r e n t  angles, a l l  
spectra are f i t  simultaneously w i t h  the same se t  o f  CSA values. The 
t o t a l  sum o f  squares from a l l  spectra i s  used as the  m in im iza t i on  
c r i t e r i a .  Using th i s  technique, the redundant data prov ide 
ref inements i n  f i t t i n g  parameters which, f o r  a s i n g l e  spectrum, may 
e x h i b i t  i l l - c o n d i t i o n e d  behavior. 

The NMR powder p a t t e r n  analyses were c a r r i e d  ou t  by means o f  
The technique i s  b r i e f l y  

RESULTS AND DISCUSSION -- 
Aromatic CSA bands can be c a l s s i f i e d  i n t o  fou r  d i f f e r e n t  sub- 

groups which have tensor  components t h a t  e x h i b i t  v a r i a t i o n s  o f  ca. 
10-20%. These groups are: 1) benzene-l ike (sp2 C-H); 2) s u b s t i t u t e d  
(e.g. a1 ky la ted )  ; 3) condensed ( i n n e r  and bridgehead) ; 4) carbons 
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bonded t o  heteroatoms (nitrogen, oxygen, etc.l.15 The spectrum of an 
i s o l a t e d  carbon i n  a s t a t i c  sample presents  a c h a r a c t e r i s t i c  powder 
pa t te rn  which e x h i b i t s  break po in ts  corresponding t o  the tensor  
elements of  t he  i n d i v i d u a l  carbons o f  each sub-class. Examples o f  t h e  
i s o t r o p i c  peak superimposed w i t h  t h e i r  f i r s t  t h ree  Sub-ClaSSeS, 
together  w i t h  t h e i r  i s o t r o p i c  peaks, are g iven i n  F igure 1. 
three sub-classes represent the predominant types o f  aromatic carbons 
present i n  chars and h igh rank coals. An unambiguous tensor ana lys i s  
usua l l y  cannot be performed on s t a t i c  l ineshapes due t o  the over lap of 
several d i f f e ren t  CSA bands. This problem i s  e s p e c i a l l y  aCCUte f o r  
aromatic carbons s ince the u p f i e l d  components o f  these bands a r e  
usua l l y  bu r ied  under the much narrower a l i p h a t i c  resonances. 
s t a t i c  spectrum o f  1,2,3,6,7,8-hexahydropyrene prov ides a convenient 
representat ion o f  t h i s  problem. I n  add i t i on ,  t h i s  molecule conta ins 
the  types o f  carbons o f  i n t e r e s t  i n  chars and h i g h  rank coals. The 
components o f  the i n d i v i d u a l  aromatic carbon tensors have been 
simulated together  w i t h  t h e i r  composite pat tern.  
pa t te rn  i s  compared w i t h  the experimental data (F igure 2). The low 
f i e l d  components are resolved b u t  t he  h igh  f i e l d  (033 components) a r e  
obscured by the a1 i p h a t i c  carbons. 

The VASS method scales the i n d i v i d u a l  carbon tensors w i t h  respect  
t o  t h e i r  i s o t r o p i c  frequencies by a f a c t o r  o f  1/2(cos 3€12-1) where 8 
i s  the sp inn ing angle r e l a t i v e  t o  the  external  magnetic f i e ld .13  The 
break p o i n t s  f r o m  d i f f e r e n t  bands change as 8 i s  changed. The h igh 
f i e l d  component o f  t he  aromatic carbon s h i e l d i n g  tensors can be 
i nve r ted  through the i s o t r o p i c  value by proper s e l e c t i o n  o f  8. Hence, 
0ver lapping. tensor  components can be unscrambled by t h i s  technique. 
I n  add i t i on ,  a change i n  8 produces pronounced changes i n  a l l  o f  the 
aromatic tensors so t h a t  the l i n e  shape i s  no longer a scaled r e p l i c a  
o f  the s t a t i c  powder pat tern.  Such i n t e n s i t y  and shape changes are 
r e a d i l y  recognized i n  our f i t t i n g  rou t i nes  which a re  s e n s i t i v e  t o  
small changes i n  the l i n e  shape. I n  F igure 3, one observes the  l i n e  
shape changes o f  an a l k y l a t e d  aromatic carbon as the sp inn ing angle i s  
changed. 
simulated and the tensor components are given i n  Table 1. 

t o  the ana lys i s  o f  complex mater ia ls .  The hexahydropyrene model i s  o f  
s u f f i c i e n t  complexity t o  demonstrate the f e a s i b i l i t y  o f  unscrambling 
overlapping tensor components. The a v a i l a b i l i t y  o f  m u l t i p l e  angle 
data decreases the chance o f  encountering a given spectrum which i s  
i n s e n s i t i v e  t o  one o r  more o f  the adjustable parameters and t h e r e f o r e  
reduces i l l - c o n d i t i o n e d  f i t s  o f  the data. 

Using the  f i t t i n g  procedure described above, we have f i t  t h e  
a n t h r a c i t e  da ta  (F igure 5). With an a romat i c i t y  va lue f a  = 1.0, no 
a l k y l a t e d  carbons a re  present and, hence, a m u l t i p l e  angle f i t  o f  t he  
data was not  deemed necessary. A two tensor  f i t  o f  the s t a t i c  
spectrum produced the  r e s u l t s  presented i n  Table 1. The populat ion 
f a c t o r  of 0.13 f o r  t he  C-H tensor i s  e s s e n t i a l l y  the same as the  
at0mi.c r a t i o  H/C = 0.123 f o r  t h i s  coal. Hence, we are ab le  t o  
independently v e r i f y  t h a t  the method gives v a l i d  resu l t s .  

These 

The 

This  composite 

I n  F igure 4 the VASS data on hexahydropyrene has been 

The a b i l i t y  t o  f i t  experimental data w i t h  h igh  p rec i s ion  i s  v i t a l  
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The a n t h r a c i t e  prov ides a usefu l  model f o r  a char t h a t  has been 
subjected t o  extens ive p y r o l y s i s  o r  t o  a h igh  temperature environment 
and thus may be thought o f  as one extrema o f  a char model. 
o the r  hand, coals  t h a t  undergo p y r o l y s i s  f o r  r e l a t i v e l y  s h o r t  pe r iods  
of t i m e  or  a t  moderate temperatures a re  not composed e n t i r e l y  o f  
polycondensed aromat ic  r i n  s 
1.0 are observed i n  chars.q6* The i n e r t i n i t e  macerals semi - fus in i t e  
and f u s i n i t e  found i n  coals  prov ide a usefu l  model f o r  char. Na tu ra l  
processes o f  hea t  and pressure have produced a char-1 i ke mate r ia l .  
Such i s  t h e  case f o r  t h e  Aldwarke S i l ks tone  i n e r t i n i t e  (86% 
i n e r t i n i t e )  c o n s i s t i n g  c h i e f l y  o f  cha rcoa l - l i ke  f u s i n i t e  w i t h  an f a  
va lue o f  0.88.6 The tensor  components (see F igure 6) and popu la t i on  
f a c t o r s  conta ined i n  Table 1 prov ide a d i s t r i b u t i o n  o f  t h e  three major 
types o f  aromat ic  carbons present and one i s  no t  requi red t o  ca l cu la te  
the atomic r a t i o  f o r  hypo the t i ca l  unsubst i tu ted nuc le i  (Har,/Car) as  
has been done i n  the past.16 One can now d i r e c t l y  measure t h i s  
parameter together  wi th the f r a c t i o n  o f  subs t i t u ted  carbons w i thou t  
r e s o r t i n g  t o  c a l c u l a t e d  approximations. 

p rev ious l y  by means o f  d i p o l a r  dephasing data6 and, hence, t h i s  va lue 
was used i n  f i t t i n g  t h e  spectra. 
t h e  o the r  t w o  tensors. 
s u b s t i t u t e d  carbons (0.07) prov ide the  remainder o f  the aromatic 
s t r u c t u r a l  types. The subs t i t u ted  carbon popu la t i on  i s  o f  the o rde r  
o f  0.10, o r  less,  and the  t o t a l  a l i p h a t i c  carbon content i s  0.12. 
Using the  elemental analys is ,  i.e., t he  H/C r a t i o ,  i t  i s  c l e a r  t h a t  
t h e  a l k y l  subs t i t uen ts ,  on average, cons i s t  o f  1-2 carbon fragments 
and t h a t  t h e  non-methyl carbons are h igh l y  subst i tu ted.  

The VASS technique provides a very usefu l  means f o r  supplementing 
o the r  types o f  NMR data and i s  p a r t i c u l a r l y  usefu l  i n  assessing the  
s t r u c t u r e  o f  polycondensed aromatic ma te r ia l s  such as chars. As char 
r e a c t i v i t y  i s  an  impor tant  cons iderat ion i n  combustion studies, NMR 
data may be a b l e  t o  p l a y  a s i g n i f i c a n t  r o l e  i n  s t r u c t u r e / r e a c t i v i t y  
co r re la t i on .  

On t h e  

Aromat ic i ty  values i n  the  range 0.8 - 

The experimental va lue o f  Haru/Car = 0.39 has been repor ted 

The f i t  o f  the VASS data prov ided 
The populat ion o f  i nne r  carbons (0.54) and 
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TABLE 1 

Tensor Componentsa f o r  Aromat ic  Carbons 

SamplelCarbon Type 

1,2,3,6,7,8 hexahydropyrene 

Benzene-1 i k e  

S u b s t i t u t e d  

I n n e r  

A n t h r a c i t e  (PSOC-867) 

Benzene-1 i k e  

I n n e r  

I n e r t  i n i  t e c  

Benzene- l i ke  

S u b s t i t u t e d  

I n n e r  

01 1 

225 

231 

203 

217 

194 

223 

231 

204 

a22 033 

128 22 

168 9 

197 -6 

137 20 

180 -8 

149 17 

161 46 

192 -30 

Popul a t i o n b  
F a c t o r  

0.40 

0.40 

0.20 

0.13 

0.07 

0.39 

0.07 

0.54 

a. ppm f r o m  TMS. 

b. Based on t o t a l  a r o m a t i c  carbon present .  

c. S e m i - f u s i n i t e  f r o m  Aldwarke S i l k s t o n e  c o a l  (Great  B r i t a i n ) .  The sample i s  descr ibed 
i n  r e f e r e n c e  6. 
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FIGURE CAPTIONS 

\ 
FIGURE 1. 

FIGURE 2. 

FIGURE 3. 

FIGURE 4. 

FIGURE 5. 

FIGURE 6. 

Chemical sh ie ld ing  tensors o f  aromatic carbons. The 
c h a r a c t e r i s t i c  shapes a re  used t o  f i t  over lapping tensor  
elements. The narrow i s o t r o p i c  l i n e  obtained by magic 
angle spinning i s  a l so  shown f o r  purposes o f  c l a r i t y .  

The s t a t i c  spectrum ( top)  o f  1,2,3,6,7,8 
hexahydropyrene. The i n d i v i d u a l  tensors f o r  t h e  th ree  
d i f f e r e n t  types o f  carbons a re  shown (bottom) together  
w i t h  the composite pat tern.  This  t h e o r e t i c a l  f i t  o f  t he  
data i s  superimposed i n  the top o f  the f igure.  Only the  
simulated aromatic carbon tensors are shown. 

The tensor for a subs t i t u ted  aromatic carbon i s  
simulated as a func t i on  o f  0 ,  t he  spinning a x i s  r e l a t i v e  
t o  t h e  magnetic f i e l d .  The VASS experiment can be used 
t o  sca le the p o s i t i o n  o f  the tensor components 011, 022, 
and 033. A t  the magic angle, 0 = 54.7", the components 
converge t o  the i s o t r o p i c  value. 

VASS spectra o f  1,2,3,6,7,8 hexahydropyrene together  
w i t h  the simulated spectra a r i s i n g  f r o m  the aromatic 
carbons. 

Experimental and simulated spectra o f  an a n t h r a c i t e  
coal. The t w o  tensor f i t  gives near i dea l  c o r r e l a t i o n  
and the populat ion f a c t o r  f o r  the benzene l i k e  tensor  i s  
w i t h i n  experimental e r r o r  o f  the H/C value. 

VASS spectra o f  Aldwarke S i l ks tone  i n e r t i n i t e  maceral 
( f u s i n i t e ) .  The simulated spectrum o f  the aromatic 
carbons (bottom) i s  used t o  p o r t r a y  the populat ion 
factors .  The simulated aromatic carbon spectra a t  43" 
and 72" are o v e r l a i d  on the  experimental data. 
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CSA 
(aromatic carbons) 

Protonated AI 

Substituted - 
Inner i 

225 150 75 0 PPm 
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E 
L 240 120 
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VASS 

66” 
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150 100 50 
165 



240 120 
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240 120 
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