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FIG. 1. Pulse sequence for ‘%I- “N rotational-echo double-resonance (REDOR) NMR. Carbon magne- 
tization is prepared by a cross-polarization transfer from protons and then evolves under proton decoupling 
and the influence of two r5N * pulses per rotor period. The first “N K pulse is placed at one-half the rotor 
period (P = 2), or one-third (P = 3), or one-fourth (P = 4), and so on, including delays as short as one- 
seventh of the rotor period (P = 7 ) . The second r5N K pulse occurs at the completion of each rotor period. 
A single 13C P pulse replaces the 15N rr pulse in the middle of the evolution period and refocuses isotropic 
chemical shifts. The illustration is for four rotor cycles with P = 3. 
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FIG. 2. The 50.3 MHz REDOR 13C NMR difference signals (top) and standard rotational spin echoes 
(bottom) for [ 15N] alanine (left) and an alanine recrystallized from a mixture of four specific, single-labeled 
13C and 15N alanines (right). A 13C REDOR difference signal is the difference between spectra obtained 
with and without “N * pulses. The pulse sequence of Fig. 1 was used over two rotor cycles with P = 2. 
Magic-angle spinning was at 1 kHz. 
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alanine are between molecules in adjacent unit cells (5). These C-N distances are ot 
the order of 4-6 A, or the equivalent of three to four bond lengths (5 ). With dephas- 
ing accumulated over eight rotor periods, REDOR difference signals are about 50’1; 
of the normal signal for the mixed-label alanine (Fig. 3, right). REDOR difference 
signals due to intramolecular 13C- “N couplings are as large as the normal rotational 
echoes for all the carbons of alanine after eight rotor cycles (Fig. 3, left). 

Using the methods introduced by Griffin and co-workers to describe the behavior 
of rotational spin echoes under R pulses (6, 7)) we have calculated the ratio of the 
REDOR difference signal intensity to the normal rotational echo signal intensity, 
AS/S, under the condition that the first 15N K pulse occurs either at half the rotor 
period (I’ = 2), or at one-seventh the rotor period (I’ = 7). The second r pulse in 
each rotor period always occurs at the end of the period (see Fig. 1). The calculations 
were performed for dephasing accumulated over two rotor cycles for the directly 
bonded r3C- “N pair of alanine, assuming a dipolar coupling of 895 Hz (8). More 
dephasing is calculated for P = 2 than for P = 7 under high-speed spinning, and the 
reverse under low-speed spinning. These predictions are in agreement with experi- 
ment (Fig. 4). In general, maximizing a REDOR difference signal for a given dipolar 
coupling requires selection of both pulse location and number of rotor cycles. 
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FIG. 3. The 50.3 MHz REDOR 13C NMR difference signals (top) and standard rotational spin echoes 
(bottom) for [ “N] alanine (left) and an alanine recrystallized from a mixture of four specific, single-labeled 
“C and 15N alanines (right). The pulse sequence of Fig. 1 was used over eight rotor cycles with P = 2. 
Magic-angle spinning was at 1 kHz. 
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FIG. 4. REDOR difference signal intensity relative to normal rotational-echo intensity, AS/S, of 
[ 2- r3C, 15N]alanine (recrystallized in the presence of 10 times as much natural-abundance afanine) for P 
= 2 (squares) and P = 7 (triangles) after two rotor cycles, as a function of spinning rate. The calculated 
solid lines agree with experiment, assuming the dipolar coupling, D, is equal to 895 Hz. 

In the past, we have used double-cross-polarization magic-angle spinning 
( DCPMAS) to detect 13C- 15N labels in studies of metabolism and structure of bacte- 
ria ( 9)) plants ( IO), and insects ( 1 I ) . Some comparisons between DCPMAS and 
REDOR may be of interest. The mechanism of 13C-“N detection in DCPMAS is 
polarization transfer from one rare spin to another, while in REDOR the mechanism 
is the dephasing of magnetization of one spin in the presence of the local dipolar field 
of the other. The DCPMAS r3C- 15N transfer rate depends on proton-proton spin 
flips and is difficult to interpret ( 12). REDOR dephasing arises from an isolated spin 
pair and is simple to interpret. Dipolar couplings and internuclear distances can be 
obtained directly from REDOR spectra of solids having several types of chemically 
different carbons and nitrogens. 

Both DCPMAS and REDOR require control of the spinning speed to about 0.3%. 
DCPMAS also requires the accurate control of long spin-lock pulses for the Hart- 
mann-Hahn match between rare-spin nuclei. This technically demanding condition, 
which in some experiments must be maintained for periods of the order of days, is 
eliminated in REDOR experiments. However, as in all echo-rephasing experiments 
involving long pulse trains, phase errors due to transients can accumulate in REDOR 
pulse sequences. We have found that phase cycling helps control the effect of tran- 
sients on REDOR dephasing. Our experience is that REDOR difference signals are 
bigger than DCPMAS difference signals, sometimes by as much as an order of magni- 
tude. Some of this sensitivity advantage is the result of little homogeneous dephasing 
in the systems we have examined so far (homogeneous dephasing decreases REDOR 
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sensitivity), combined with our instrumental limitation of low-y H,‘s of only 40 kHz 
( a weak spin-lock field decreases DCPMAS sensitivity). 

Additional REDOR experiments, calculations, and applications, some of which 
involve pairs of rare spins other than 13C and 15N, are in progress. 

ACKNOWLEDGMENTS 

The authors thank Edward Hodgkin and Garland Marshall (Washington University Medical School) 
for calculating CN pair distances in alanine. The authors also thank Mark Conradi (Department of Physics, 
Washington University) for discussions concerning echo refocusing. This work has been funded, in part, 
by the Office of Naval Research under Contract NOOO14-88-K-0183. 

REFERENCES 

1. S. E. SHORE, J. P. ANSERMET, C. P. SLIGHTER, AND J. H. SINFELT, Phys. Rev. Lett. 58,953 (1987). 
2. P.-K. WANG, C. P. SLICHTER, AND J. H. SINFELT, P&s. Rev. Lett. 53,82 (1984). 
3. E. LIPPMAA, M. ALLA, AND T. TUHERM, “High Resolution 13C NMR in Solids with Polarization 

Transfer, Decoupling, and Sample Spinning at the Magic Angle,” XIXth Congress Ampere, Heidel- 
berg, 1976. 

4. Y. YARIM-AGAEV, P. N. TUTUNJIAN, AND J. S. WAUGH, J. Magn. Reson. 47,5 l(l982). 
5. M. S. LEHMANN, T. F. KOETZLE, AND W. C. HAMILTON, J. Am. Chem. Sot. 94,2657 (1972). 
6. M. G. MUNO~ITZAND R. G. GRIFFIN, J. Chem. Phys. 76,2848 (1982). 
7. E. T. OLEINICZAK, S. VEGA, AND R. G. GRIFFIN, .f. Chem. Phys. 81,4804 (1984). 
8. E. 0. STEISKAL, J. SCHAEFER, AND R. A. MCKAY, J. Magn. Reson. 57,47 l(l984). 
9. G. S. JACOB, J. SCHAEFER, E. 0. STEISKAL, AND R. A. MCKAY, J. Biol. Chem. 260,5899 (1985). 

10. G. T. COKER, J. R. GARBOW, AND J. SCHAEFER, Plant Physiol. 83,698 (1987). 
11. J. SCHAEFER, K. J. KRAMER, J. R. GARBOW, G. S. JACOB, E. 0. STEJSKAL, T. L. HOPKINS, AND R. D. 

SPEIRS, Science 235,120O ( 1987 ) 
12. J. SCHAEFER, E. 0. STEJSKAL, J. R. GARBOW, AND R. A. MCKAY, J. Magn. Reson. 59,150 (1984). 


	Rotational-echo double-resonance NMR




