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The Detection of Connectivities of Rare Spin-; Nuclei in the Solid State Using Natural 
Abundance Samples: 13C and 29Si INADEQUATE and COSY Type Experiments 
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a Max-Planck-Institut fur Kohlenforschung, 0-4330 Mulheim a.d. Ruhr, West Germany 
b Laboratoire d'Application Bruker Spektrospin, F-67160 Wissembourg, France 

The cross polarization (c.p.)-magic angle spinning (m.a.s.)-INADEQUATE and c.p.-m.a.s.-COSY techniques for 
detection of connectivities of rare spin-4 nuclei in the solid state are introduced and illustrated using the scalar 
lJ(I3C,l3C) and 2J(29Si,29Si) coupling of natural abundance samples. 

The connectivities of atoms in molecules can be established by 
a variety of powerful two dimensional n.m.r. techniques.' 
Methods based on double quantum coherences involving the 
indirect scalar spin-spin coupling are highly effective for the 
elucidation of the carbon skeleton of dissolved molecules. In 
the solid state, W-enriched samples and dipolar couplings 
have been employed for similar purposes.2.3 Here we present 
what we believe to be the first two-dimensional solid state 
n.m.r. spectra from which the connectivities of rare spin-4 
isotopes in organic and inorganic material can be derived using 
the homonuclear indirect scalar couplings, e.g. J( 13C,13C) or 
J(*9Si,29Si), of natural abundance samples. 

A prerequisite for the determination of connectivities of 
atoms by n.m.r. techniques is that there is a coupling between 
magnetically active nuclei. In most organic solids the direct 
dipolar coupling D(13C, 13C) is less than a few kHz4 and 
therefore can be removed by magic angle spinning (m.a.s.). 
Provided that the line widths of the carbon resonances in the 
solid state are not too large,s the scalar lJ(13Cc, 13C) coupling 
(in the range l(L2.50 Hz in most organic compounds6) can be 
used for the detection of connectivities by an INADE- 
QUATE1.7 or COSY1.8 type experiment. In the experiments 

described here, the initial 90" pulse of the original INADE- 
QUATE or COSY sequences was replaced by a cross 
polarisation pulsing scheme in order to obtain a better 
sensitivity for the solid state spectra. -t Phase sensitive spectra 
and various variants well known from liquid state pulse 
experiments' such as F1-decoupled COSY spectra and double 
quantum filtered COSY spectra are also feasible. 

In Figure 1 the two dimensional 75.5 MHz 13C c.p.-m.a.s.- 
INADEQUATE spectrum of camphor is presented. The 
carbonyl carbon was not recorded and consequently the 
connectivities of C-1 with C-2 and C-6 are missing. All the 
other one bond relations except that between C-2 and C-3, 
whose satellite subspectrum is of the AB type, can be obtained 
unambiguously. The line width of the I T ,  13C satellite lines 
was greater than 4 Hz thus preventing a detailed comparison 
of 1J(l3C, 13C) values in the solid and liquid state. 

i C.p.-m.a.s.-INADEQUATE: 9O0('H)-Spin Lock(1H)Spin Con- 
tact ( I T)-1/4J( I T ,  13C)- 1 SO0( IT)-  1 /4J( 13C, 13C)-90°( 1 'C)-t,- 
135"( lT)-FID(t,). C. p .-rn . a.  s .-COSY: 9V( H)-Spin Lock( 1H)Spin 
Contact( "%i)-t 1-90°( 2?Si)-FID(t,). 
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Figure 1. The 75.5 MHz solid state two-dimensional c.p.-m.a.s.- 
INADEQUATE spectrum of camphor. The spectrum was recorded 
with a natural isotopic abundance sample packed in a double 
bearing rotor. Repetition period 4 s, contact time 10 ms, 256 phase 
cycles, 32 increments in the F,-dimension, total acquisition time ca. 
10 h. 
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Figure 2. Expansions of the 59.6 MHz solid state two-dimensional 
c.p.-m.a.s.-COSY spectrum of the silicate OHMx with ‘“Si in natural 
abundance. A delay of 0.05 s was introduced in the evolution period in 
order to emphasize the long range J(2ySi-O-2ySi) couplings. Repeti- 
tion time per scan 3.2 s, contact time for the cross polarisation 5 ms. 90 
increments in F,-dimension, total experimental time 43 h. Individual 
rows of the cross peaks are illustrated in each of the contour plots. The 
conventional one dimensional ‘YSi spectrum of QxMx is shown at the 
top. 

Connectivities of atoms with rare spin-4 nuclei can also be 
detected via two-dimensional COSY spectroscopy applied to 
the satellite subspectra.9 A solid state c.p.-m.a.s.-COSY 
experiment was performed on the silicate Q8M810 similar to 
the measurements carried out on polytungstates via liquid 
state two-dimensional 183W spectroscopy.9 Since 2J(%i-O- 
29Si) can be assumed to be small (1-4 Hz),” a long range 
c.p.-m.a.s.-COSY experiment was performed with a fixed 
delay of 0.05 s introduced into the evolution period to 
emphasize cross peaks due to small 2J(*9Si-O--29Si) coupl- 
ings.12 The observed cross peaks (cf. Figure 2) provide 
evidence for the connection of the four high field Q8 lines with 
the major and minor [6(29Si) 11.77 and 11.551 M8 lines of the 
silicate. (Owing to slight distortions of the cubic geometry, the 
Q 8  silicon atoms give four lines in the solid state spectrum;lO 
the splitting of the M8 lines can be seen at higher fields and 
under good recording conditions.) 

From our findings we conclude that the two dimensional 
correlation experiments known from solution studies can also 
be fruitfully applied in the solid state provided that the 
resonance lines under study are not broad compared to the 
homonuclear scalar couplings. A wealth of experiments for 
many areas of inorganic and oganic chemistry then can be 
forseen. Possible applications could include the study of the 
silicon backbone of zeolites and the identification of the a and 
p anomers in sugars, or the elucidation of carbon skeletons of 
natural products, e.g. terpenes and steroids. 
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