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INTRODUCTION 
The 13C CP/MAS exper iment  has  proven t o  be a powerfu l  technique  
f o r  o b t a i n i n g  h igh  r e s o l u t i o n  s p e c t r a  i n  complex s o l i d s  such a s  
c o a l  (1). MAS narrows t h e  chemical s h i f t  a n i s o t r o p y  (CSA) t o  i t s  
i s o t r o p i c  s h i f t  when t h e  sample sp inn ing  speed  i s  g r e a t e r  t han  t h e  
a n i s o t r o p y .  While t h e  i s o t r o p i c  chemica l  s h i f t  is  u s e f u l  i n  
c h a r a c t e r i z i n g  chemica l  s t r u c t u r e ,  t h e  p r i n c i p a l  v a l u e s  of t h e  
chemica l  s h i f t  t e n s o r  p r o v i d e  even more i n f o r m a t i o n .  These 
p r i n c i p a l  v a l u e s  a r e  a v a i l a b l e  from t h e  powder p a t t e r n  ob ta ined  
from a s t a t i o n a r y  or s lowly  sp inn ing  sample.  Unfo r tuna te ly ,  t h e  
o v e r l a p  of many b road  powder p a t t e r s  i n  a complex s o l i d  o f t e n  
p reven t s  t h e  measurement of t h e  i n d i v i d u a l  p r i n c i p a l  va lues .  

I n  an e f f o r t  t o  a d d r e s s  t h i s  problem of s p e c t r a l  ove r l ap ,  many 2 D  
t e c h n i q u e s  have been developed  t o  s i m u l t a n e o u s l y  o b t a i n  t h e  
d i s p e r s i o n  by i s o t r o p i c  s h i f t ,  such  a s  produced by MAS, i n  one 
d imens ion  and  t h e  t e n s o r i a l  i n f o r m a t i o n  a s  s e p a r a t e  powder 
p a t t e r n s  i n  t h e  second  d imens ion  ( 2 - 6 ) .  A v e r y  s u c c e s s f u l  
t e c h n i q u e  i s  t h e  slow s p i n n i n g  m o d i f i c a t i o n  o f  t h e  magic a n g l e  
hopping experiment ( 2 )  r e c e n t l y  proposed by Gan (5), which w e  c a l l  
t h e  Magic Angle Turning (MAT) experiment (6). This  experiment has 
a number o f  advan tages  o v e r  e a r l i e r  2 D  methods. The u s e  of ve ry  
slow sp inn ing  speeds  (<SO Hz) f a v o r s  t h e  q u a n t i t a t i v e  p o l a r i z a t i o n  
of a l l  carbons  and a l l o w s  t h e  use  o f  a l a r g e  volume sample r o t o r  
r e s u l t i n g  i n  a t y p i c a l  2 D  spectrum a c q u i s i t i o n  r e q u i r i n g  l e s s  t han  
24 hours .  The mechanical dev ice  f o r  slow sp inn ing  i s  very s t a b l e  
and h igh  r e s o l u t i o n  i n  t h e  i s o t r o p i c  chemical s h i f t  dimension can 
b e  e a s i l y  o b t a i n e d .  The MAT expe r imen t  c o u l d  be done on a 
s u i t a b l y  s t a b l e  MAS probe.  The on ly  d i sadvan tage  of t h e  o r i g i n a l  
MAT exper iment  i s  t h a t  d a t a  a c q u i s i t i o n  s t a r t s  r i g h t  a f t e r  t h e  
last  pulse, c a u s i n g  d i s t o r t i o n  i n  t h e  e v o l u t i o n  dimension ( t h e  
second dimension) even if a de lay  as s h o r t  as  20ps i s  used. 

In t h i s  pape r ,  a t r i p l e - e c h o  MAT sequence, p r e v i o u s l y  d e s c r i b e d  
(6,7), is employed which improves t h e  2D b a s e l i n e .  Two a d d i t i o n a l  
expe r imen t s ,  u s i n g  s h o r t  c o n t a c t  t i m e s  and  d i p o l a r  dephas ing  
t e c h n i q u e s ,  are a lso employed t o  f u r t h e r  s e p a r a t e  t h e  powder 
p a t t e r n s  o f  p r o t o n a t e d  a n d  n o n p r o t o n a t e d  ca rbons  i n  complex 
compounds. Experimental  r e s u l t s  on r e p r e s e n t a t i v e  model compounds 
a s  we l l  a s  c o a l s  are p r e s e n t e d  i n  t h i s  pape r .  

EXPERIMENTAL DETAILS 
The 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 a V a r i a n  VXR-200 NMR 
spec t romete r .  A large-sample-volume s low-spinning  MAS probe w a s  
c o n s t r u c t e d  f o r  t h e  exper iment .  The probe ho lds  approximate ly  5 
cm3 of sample and has  a ve ry  s t a b l e  sample sp inn ing  r a t e  ranging  
from 20 t o  300 Hz. A s p i n n i n g  r a t e  o f  4 4  HZ was used  f o r  t h e  
exper iments  d i s c u s s e d  below. 1 ,2 ,3- t r imethoxybenzene  (TMB) and 
2,3,-dimethylnaphthalene were used as r e c e i v e d  from Ald r i ch  and 
t h e  c o a l  samples w e r e  o b t a i n e d  from Argonne Premium Coal Sample 
Bank. 

RESULTS AND DISCUSSION 
The t r i p l e - e c h o  and d i p o l a r  dephased MAT sequences  a r e  g iven  i n  
F i g .  1. The 2D spectrum ob ta ined  i n  t h i s  manner and p l o t t e d  i n  a 
s q u a r e  h a s  t h e  bands  i n c l i n e d  r e l a t i v e  t o  t h e  a c q u i s i t i o n  
dimension a x i s  a t  an a n g l e  a r c t a n ( o 2 / ( 3 6 1 1 ) ) ,  where 01 and02  a r e  
t h e  evo lu t ion  and a c q u i s i t i o n  s p e c t r a l  widths,  r e s p e c t i v e l y .  I n  
o r d e r  t o  o b t a i n  a 2 D  spec t rum whose p r o j e c t i o n  a long  one a x i s  
g i v e s  t h e  i s o t r o p i c  s h i f t  spec t rum,  t h e s e  d a t a  m u s t  b e  shea red  
through t h e  i n c l i n a t i o n  a n g l e .  For a l l  exper iments  r e p o r t e d  i n  
t h i s  paper,  t h e  evo lu t ion - t ime  increments  are chosen t o  be t h r e e  
t i m e s  t h e  a c q u i s i t i o n  dwe l l  t imes ,  so t h a t  t h e  s p e c t r a l  widths f o r  
t h e  a c q u i s i t i o n  dimensions a r e  t h r e e  t i m e s  t h o s e  f o r  t h e  evo lu t ion  
dimensions.  This  r e s u l t s  i n  2 D  s p e c t r a  wi th  bands i n c l i n e d  a t  an 
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angle of arctan(1) = 45'. After a 45' shearing operation, the- 
1SOtropic shift spectrum is obtained from the projection on one 
axis, while the powder patterns are taken as the perpendicular 
slices at the isotropic shift positions. The resultant contour 
Plot spectrum of 1,2,3-trimethoxybenzene (TMB) is shown in Fig. 2. 
The resolution achieved for the isotropic chemical shift dimension 
is about 1 ppm, as illustrated in Fig. 2, where the resonance for 
M1 and ~ 3 ,  separated by 1 ppm, are resolved (8). The flat 
baseline in the isotropic shift projection of Fig. 2 indicates the 
quality of the 2D baseline achieved, which is essential for the 
quantitative measurement of the aromaticity (fa) of coal. The 
individual powder patterns, from which the principal values of the 
chemical shift tensor can be extracted, are displayed in Fig. 3 .  

\ 
t 

\ 
\ 

Results from a triple-echo MAT spectrum of 2.3-dimethylnapthalene 
(2,3-Dm) are given in Fig. 4 and Table 1. The methyl carbon 
isotropic shift at 21 ppm is well-separated from those of the ring 
carbons, and is easily assigned. Assignment of the closely-spaced 
aromatic carbon shifts is more difficult. An expansion of the 
aromatic region of the MAT isotropic-shift projection and a 
similar portion of the MAS spectrum are shown in Figure 4(a). 
These spectra are interpreted as showing isotropic shift peaks at 
124 ppm, 128 ppm, 133 ppm, and 134 ppm. The 128 ppm peak has 
double intensity, but it is no wider than the single intensity 
peak at 124 ppm, indicating that two pairs of chemically 
equivalent carbons have virtually identical isotropic shifts in 
the solid. A dipolar-dephasing MAS spectrum (not shown) indicates 
that the nonprotonated carbons are those with isotropic shifts of 
133 ppm and 134 ppm. A tentative assignment of the aromatic 
carbons can be made by assuming that the order of the solid 
isotropic shifts is the same as that in solution. The chemical 
shift assignments for 2,3-DMN in solution reported by Wilson and 
Stothers (9) are given in Table 1. On the basis of the isotropic 
shift order the 124 ppm shift is assigned to C6,7, the 133 ppm 
shift to C4a,8a, and the 134 ppm shift to C2,3. These assignments 
are consistent with the dipolar-dephasing MAS data. The isotropic 
shifts of C1,4 and C5,8 have moved together in the solid to form 
the double-intensity peak at 128 ppm. Assignment of C1,4 and C5,8 
requires examination of the principal values of the tensors and 
the details for the assignments of all carbons are given in 
reference 6. The important point of note from the example of 
2,3,DMN is that the triple-echo MAT experiment provides sufficient 
resolution to deconvolute overlapping tensor principal values. 

The combination of triple-echo MAT, dipolar dephasing triple-echo 
MAT, and short-contact-time triple-echo MAT experiments can be 
used as a basic technique for extracting I3C tensor information in 
complex powdered solids, e.g. coal. The flat 2D baseplanes 
produced by these modified sequences and the quantitative cross 
polarization of the MAT technique are especially important to this 
application. Shown in Figure 5(a) is the 2D contour plot of a 
spectrum of Pocahontas coal obtained with the triple-echo MAT 
pulse sequence; the projection onto the isotropic shift axis is 
given in Figure 5(b). The aromaticity (fa) obtained by a volume 
integration of the spectrum in the aliphatic and aromatic regions 
is 0.86, in good agreement with the value of 0.86 obtained by a 
variable contact time of I3C MAS experiment at a field of 2.35T 
(1). Pocahontas coal powder pattern slices are shown in Figure 6. 
The normal triple-echo MAT powder pattern at an isotropic shift of 
20 ppm in Figure 6(a) corresponds to methyl carbons on aromatic 
rings. The dipolar dephasing triple-echo MAT powder pattern at 
139 ppm in Figure 6(e) arises from the substituted aromatic 
carbons, some of which Cluster in the 135-139 ppm range. Figure 
6(b) shows the normal triple-echo MAT powder pattern from the 
overlapping protonated and nonprotonated aromatic carbons at 124 
PPm. These overlapping patterns are successfully separated in 
Figures 6(c) and 6(d) by the short contact time and the dipolar 
&phasing experiments, respectively, into patterns characteristic 
of protonated and nonprotonated (bridgehead) carbons. 
Nonprotonated and protonated structural types can thus be 
distinguished in coal by these MAT techniques. The principal 
values of the tensors for different types of carbons obtained by 
measuring the shift at the peaks and half-heights of the 
breakpoints are given in Table 2. The principal values are in 
good agreement with those obtained by a 1D variable-angle spinning 
experiment (10). The extraction of the methyl powder pattern, 
difficult to see in a coal by any other technique, further 
demonstrates the power of the MAT experiment. 
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With t h e  MAT exper iment  w e  have examined a number of a n t h r a c i t e  
c o a l  as w e l l  a s  t h e  coals from t h e  Argonne Premium Sample Bank. 
I t  is clear t h a t  a g r e a t  d e a l  of  i n f o r m a t i o n  i s  a v a i l a b l e  i n  t h e  
exper imenta l  d a t a  and  w e  a r e  e v a l u a t i n g  methods f o r  a n a l y s i s  of 
t h e  p r i n c i p a l  v a l u e  d a t a .  The q u a n t i t a t i v e  a s p e c t s  of t h e  MAT 
experiment on c o a l s  i n  p o r t r a y e d  i n  F ig .  7 .  The t r i p l e - e c h o  MAT 
v a l u e s  of a r o m a t i c i t y  c o r r e l a t e  c l o s e l y  w i t h  t h o s e  r e p o r t e d  by 
Solum (1) .  A careful a n a l y s i s  of t h e  q u a n t i t a t i v e  n a t u r e  of  t h e  
experiment w i l l  be  pursued i n  t h e  f u t u r e .  

CONCLUSIONS 
The d a t a  p r e s e n t e d  i n  t h i s  s t u d y  demonst ra te  t h a t  t h e  Magic Angle 
Turning experiment e n a b l e s  t h e  measurement of  I3C p r i n c i p a l  va lues  
i n  complex powdered s o l i d s  by s e p a r a t i n g  t e n s o r  powder p a t t e r n s  
a c c o r d i n g  t o  t h e i r  i s o t r o p i c  s h i f t s .  Fur thermore ,  t h e  p r i n c i p a l  
v a l u e s  o f  d i f f e r e n t  t y p e s  o f  t e n s o r s  a r e  r e c o g n i z a b l e  even when 
t h e  i s o t r o p i c  s h i f t s  o v e r l a p .  The t r i p l e - e c h o  MAT experiment 
produces 2D s p e c t r a  w i t h  f l a t  baseplanes  which a r e  well-adapted t o  
q u a n t i t a t i v e  a n a l y s i s .  P r o t o n a t e d  and nonprotonated  carbons  may 
b e  s e p a r a t e d  by t h e  s h o r t - c o n t a c t - t i m e  and  d i p o l a r - d e p h a s i n g  
v a r i a n t s  of  t h e  t r i p l e - e c h o  MAT exper iment .  The major problems 
a s s o c i a t e d  w i t h  o b t a i n i n g  MAS s p e c t r a  a t  h i g h  f i e l d s ,  t h e  very  
h i g h  s p i n n i n g  s p e e d s  r e q u i r e d  t o  s u p p r e s s  or s e p a r a t e  s idebands  
and t h e  consequent d i f f i c u l t y  i n  uni formly  p o l a r i z i n g  a l l  s p i n s ,  
a r e  e l i m i n a t e d  by  t h e  MAT e x p e r i m e n t .  The t r i p l e - e c h o  MAT 
e x p e r i m e n t  e f f e c t i v e l y  s u p p r e s s e s  s p i n n i n g  s i d e b a n d s  a t  l o w  
r o t a t i o n  f r e q u e n c i e s ,  and  t h e  s l o w l y  r o t a t i n g  sample appears  t o  
promote t h e  p o l a r i z a t i o n  of  a l l  s p i n s .  To d a t e ,  none of  t h e  
experiments performed i n  t h i s  l a b o r a t o r y  on a wide range  of  model 
compounds e x h i b i t  r e c o g n i z a b l e  magic a n g l e  h o l e s .  The MAT 
exper iments  d e s c r i b e d  above a r e  p a r t i c u l a r l y  promis ing  f o r  t h e  
i n v e s t i g a t i o n  o f  complex s o l i d s  such  as c o a l  a t  h i g h  f i e l d s .  
Hence, i t  a p p e a r s  t h a t  t h e  MAT experiment w i l l  be  v e r y  u s e f u l  i n  
t h e  s t u d y  of a wide r a n g e  of complex m a t e r i a l s .  A p a r t i c u l a r  
advantage  i s  found i n  t h e  r e l a t i v e l y  h i g h  r e s o l u t i o n  f e a t u r e s  of 
t h e  exper iment .  I n  t h e  i s o t r o p i c  chemica l  s h i f t  dimension t h e  
s p e c t r a l  r e s o l u t i o n  i s  comparable t o  t h a t  of a t r a d i t i o n a l  CP/mS 
exper iment ,  whi le  t h e  u n c e r t a i n t y  i n  t h e  p r i n c i p a l  v a l u e s  i n  t h e  
powder p a t t e r n  p r o j e c t i o n s  is e s t i m a t e d  a t  f 2  ppm. 
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Table 1. 
Carbon-13 C h d c a l  Shift Tensor8 in 2,3-~imethylnaphthalene and 

Naphthalene. 

Carbon 61 1 62 2 63 3 k o .  b0l.b 

2 I 3-Dimethylnaphthalenec 
Hethyl 30 25 
c1.4 218d 132 
c 2 , 3  232 157 
cs, 8 222d 142 
c 6 , l  225 135 
C4ar8a 207 197 
Naphthalanee 
Cltc4 224.7, 223.9 140.3, 145.6 
c2, c3 227.6.227.6 139.3.138.2 
C4a 208.5 202.2 

8 21 20.1 
34 128 127.3 
14 134 135.2 
20 128 126.7 
11 124 124.8 
-4 133 132.3 

22.8, 20.4 129.6 127.7 
11.1,10.4 125.7 125.6 
-5.9 134.9 133.3 

a .  S h i f t  obtained from i so t rop ic  project ion and MAS spectrum. 
b. Solution s h i f t s  from Reference 9 .  

c .  Sol id  s h i f t s  i n  ppm from TMS. Estimated e r r o r  i n  s o l i d  da t a  i s  f2 ppm. 
The s h i f t s  a r e  referenced v i a  the  methyl carbon of hexamethylbenzene 
a t  17.3 ppm from TMS. 

d. Calculated from622. 633, and 6isotropic .  

e .  Sol id  s h i f t s  taken from Reference 11; t h e  s ing le  c r y s t a l  environment 
exh ib i t s  C i  symmetry and has two values f o r  t h e  alpha and beta  
carbons. 

T a b l e  2. 1% chemical shift tenaora in Pocahontas coa1.a 

I 
Carbon type 61 62 63 Gave. Giso. 

1 2 3 

35 22 20.7 20.3 
Protonated 223 13 20 124.7 126. 

Wonprotonated 197 18 -8 124.3 124. 

Substituted 228 16 32 141.0 139. 

Methyl 5 
I 

1 7 

4 0 

3 4 
a.  S h i f t s  i n  ppm from TMS referenced v i a  methyl carbon of 

b. Average of t h r e e  p r inc ipa l  value s h i f t s .  
c .  Chemical s h i f t  of slice used. 

I 
hexamethylbenzene a t  17.3 ppm from TMS. 

1 
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i l Y  A A 1 I1 A A t.13 A A 

X g X d :  b Y d :  c X e :  
0 TI3 2113 

Figure 1. Pulse sequences f o r  t h e  2D MAT experiments. 90' pu l se s  a r e  
represented by s i n g l e  rectangles:  two adjacent  r ec t ang le s  denote a 180' 
pu l se .  The c ross -po la r i za t ion  pu l ses  a r e  shaded. The time T i s  an 
i n t e g r a l  number of r o t o r  pe r iods  (excluding a mul t ip l e  of  t h r e e  r o t o r  
p e r i o d s ) .  The magnetization precesses i n  t h e  t r ansve r se  plane during the  
per iods l abe led  f l  and f2, and is along t h e  long i tud ina l  a x i s  during the  
per iods labeled L. 
( a )  Normal t r i p l e -echo  MAT pu l se  sequence. A is an echo delay t i m e  
determined by t h e  probe ring-down and r e c e i v e r  recovery t i m e .  The 
cha rac t e r  above each pu l se  i n d i c a t e s  t h e  e n t r y  i n  t h e  phase cyc le  t a b l e  
( reference 6 )  which g ives  t h e  phase of t h e  pulse .  
(b)  Dipolar  dephasing t r i p l e - e c h o  MAT p u l s e  sequence. The spin-lock 
pu l se  is darkened. The cha rac t e r  above each pulse  ind ica t e s  t h e  e n t r y  i n  
t h e  phase cycle  t a b l e  ( reference 6 )  which gives  t h e  phase of t h e  pulse .  
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Figure  2. Contour p l o t  of t h e  c e n t r a l  po r t ion  of t h e  1,2,3,-TMB 2D 
spectrum obtained by shear ing t h e  spectrum by 4 5 ' .  The contour  i n t e r v a l  
i s  4 %  of t h e  maximum peak he igh t .  The p o s i t i o n  of t h e  breakpoints  and 
peaks i n  t h e  bands a r e  given c o r r e c t l y  by t h e  ppm s c a l e  on t h e  horizontal  
a c q u i s i t i o n  dimension a x i s .  The i s o t r o p i c  s h i f t s  of t h e  carbons can be 
r e a d  from pprn s c a l e  on t h e  v e r t i c a l  a x i s .  A 1 .5  ppm Gaussian l i n e  
broadening was app l i ed  i n  bo th  dimensions, except  t h a t  t h e  i s o t r o p i c  
s h i f t  project ion was prepared from a 2D spectrum with no l i n e  broadening. 
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