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We propose high-resolution magic angle spinning as a radical ~ dipolar field (also called “demagnetizing field” or “distant
method for the suppression of dipolar field effects in liquid NMR. dipole field”), acting on each spirb). In liquids, the dipolar
This technique works for any sample shape and any spatial dis-  coypling with close-by neighbors is averaged out to zero by tt
tribution of nuclear magnetization. Furthermore, it removes any  ¢4qt Brownian motion, leaving only the influence of distan
possnblllty of spec‘tral clustering or instability due to the dipolar spins. Due to the long range of the dipolar interaction, th
field.  © 2000 Academic Press . . . L.

resulting dipolar field is, in general, not zero, and depends upt

the position, the overall distribution of spin magnetization, an
INTRODUCTION the shape of the sample. The dipolar fiélg(r, t) at position

r is linearly related to the spin magnetization (i.e., the averag

NMR in solution is very often used to study the structure af@agnetic moment per unit volum&)(r’, t) at all other posi-
dynamics of diluted molecules. When the experiments affeé@ns r' in the sample. The typical dipolar field due to the
nuclei which are present in the sample at high concentratiopi®tons of water in equilibrium at 14 T shifts the NMR fre-
(e.g., protons in KD), these nuclei cause large collectivdluency of the protons by about 1 Hz. Such a small shift woul
effects which generate undesiret) @dditional spectral fea- be completely innocuous if it were time independent; howeve
tures and can even make “simple” experiments impossible.whenever the magnetization is tipped by pulses or interactior

Radiation damping is the collective effect in which théhe dipolar field is also tipped accordingly, hence causin
precessing spin magnetization induces an RF emf in the sam@giénplicated time dependences of the NMR frequencies
coil, which generates an RF current, hence an RF magndtltiple-pulse experiments and the appearance of a wealth
field which acts back on the spins and tends to rotate the sgifay peaks after Fourier transforms. In most experiments, tt
magnetization back toward its equilibrium direction. The rat@akes it very desirable to suppress dipolar field effects.
of this rotation is proportional to the total spin magnetic The standard properties of the dipolar field indicate a nun
moment, theQ of the coil, and the filling factor. In a typical ber of idealized situations in which a nonzero magnetizatio
liguid NMR spectrometer, with a large sample of water inigenerates a zero (or innocuous) dipolar field. A uniform mag
tially in equilibrium, this rate can be up to many hundredietization in a sample of ellipsoidal shape generates a dipol
radians per second, hence much larger than many of the sgéld which is also uniform inside the sample. For a spherice
tral features of direct interest. Of course, one can use a vegmple, this dipolar field is exactly zero. For samples in th
small filling factor if the correspondingly small sensitivity isshapes of a (very long) cylinder or a (very wide) plane slab, tf
acceptable. Various electronic techniques have been proposecular part of the dipolar field (i.e., the relevant part for spi
and demonstrated for the control of RF current in the cailynamics) has a (+ 3 co$6) dependence upon the andgle
(2—-4), hence of radiation damping, but, up to now, the manipetween the axis of symmetry and the direction of the larg
facturers have shown little enthusiasm in providing high-quadxternal fieldB,, hence it goes through zero at the “magic
ity versions of the required hardware. The standard solutionaogle” 0,,,qc = cos (\V2). This last prediction is confirmed by
the problem is to use field gradients (usually pulsed) whiatxperimental results, which we report here, obtained on
“suppress” the total precessing magnetization most of the tinsample contained in a long, thin capillary tube. It should b
This, however, places additional constraints on the sequencaofed that this mechanism does not operate efficiently for tf
pulsed field gradients and leaves open the problems of interere compact samples used in standard MAS experiments
play of radiation damping with selective pulses. Another type of simple situation, which arises almost inev

The other collective effect is caused by the nonzero averatgbly in experiments involving field gradients, is that of a
dipolar coupling of each spin with all other spins in the sampleragnetization depending upon position as a stationary pla
This can be described as an additional classical field, calledve with a wavelength much smaller than the size of th
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this assumption can only be a first approximation in any re:
Water experiment. Making things worse, one of us has indicate
recently that, in the typical dynamical situation after a largs
pulse, magnetization inhomogeneities tend to grow rapidl
under the effect of the dipolar field inhomogeneities which the
create {1). This mechanism of instability is not suppressed b

using a spherical samplell) and, presumably, is also not
\ ULM suppressed by the static magic angle techniques mentior
above, hence a more radical scheme is highly desirable for t
T 00 2000 0 —2000 —4000 Hz elimination of dipolar field effects in high-resolution NMR.

The radical scheme which we propose here is to spin tt
liquid sample at the magic angle, using the recently develope
Acetone high-resolution MAS probes (or slow rotation versions there
of). As usual, this rotation does not interfere with the use c
pulsed field gradients applied parallel to the rotation axis. At
high enough spinning rate, MAS will average out to zero th
secular part of the dipolar field seen by any nucleus in th
sample caused by the magnetization in each separate volu

" . element in the sample, irrespective of the shape of the sam|
‘ : : : : ‘ and of the spatial distribution of the magnetization. In a liquid
4000 2000 0 -2000 -4000 Hz the large dipolar interactions at very short distance are ve

FIG. 1. The sample is a mixture of 90% water and 10% acetone in &fTICiENtly averaged out by the fast molecular Brownian mo
capillary tube parallel to the external magnetic field. The offset is 220 Hz féon. The residual dipolar interactions which have to be ave
water and—1350 Hz for acetone. The skyline projections correspond to tt@ged out by the rotation are just the coupling with the dipole

regions of the absolute value COSY spectrum centered on the acquisitipsld typically about 1 Hz, so that extremely modest spinnin
offsetsw, for H,O (top) and acetone (bottom). The horizontal offset scale is t tes are sufficient ‘

indirectly detected frequency,. The vertical scale is larger for acetone to . . .
improve the visibility of the peaks. The strong, unusual satellites of the A complete experimental demonstration of this property o

diagonal peaks are due to dipolar field effects. a realistic large sample (i.e., a full MAS rotor) was not possibl
because we still lack a high-quality setup for the electroni
suppression of radiation damping. In the mean time, we prese

sample. In this situation, the plane wave modulated part of the

dipolar field at positiom can be expressed in terms of the plane

wave modulated part of the magnetization at the same position Water

r, except for a thin layer (of the order of magnitude of the

wavelength) at the surface of the sample. The modulated part

of the dipolar field has a secular part of exactly zero if the

perpendicular to the plane is tilted at the magic an@g (

However, one should not forget that the “unmodulated” part of

the magnetization still generates its own component of the A
dipolar field, which depends directly upon the overall shape of | | ' . ‘ .
the sample §). The methods mentioned above, for the sup- 4000 2000 0 2000 —4000 Hz

pression of the spectroscopic effects of the dipolar field, de-
pend upon a precise balance between contributions to the
dipolar field arising from different parts of the sample.

An alternative technique has been proposed and demon-
strated for the elimination of undesired dipolar field effects
caused by the solvent spins in homogeneous situations, which
consists of a decoupling of these spins by weak selective
irradiation, for instance, by the DANTE methoiQj.

Besides their obvious limitations and interferences with . [ ‘ . : }
other aspects of multiple-pulse experiments, all of the methods 4000 2000 0  -2000 -4000 Hz
mentioned above assum_e that the “large” mggnetlzatllon, WhldI]—'IG. 2. The same experiment as in Fig. 1, with the capillary tube at the
could cause unwanted dipolar field effectsei@ctlyuniform  magic angle with respect to the external magnetic field, without rotation. Th
or has somexactly specifiegpatial dependence. Obviously satellite peaks due to dipolar field effects have vanished, as expected.

Acetone
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FIG. 3. The same experiment as in Fig. 2, with rotation of the capillar
sample at the magic angle at about 500 Hz. The results are essentially the same

0

as without rotation, again as expected.
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The following experiments were performed with a capillary
sample centered in the empty 4-mm rotor of a HR-MAS probe
No lock was used. Figure 2 shows the results obtained witho
rotation (capillary sample at the magic angle). The addition:
peaks due to the dipolar field are not visible any more, again
expected. Figure 3 corresponds to the same situation, but w
rotation at about 500 Hz. Compared to Fig. 2, very wea
rotation sidebands appear, which are presumably due to vib
tions of the rotor or other imperfections.

CONCLUSION

We have proposed the use of magic angle spinning as
radical scheme for the complete elimination of all dipolar fielc
effects (additional peaks, multiple echoes, spectral clusterin
instabilities . . .) in high-resolution liquid NMR. Experimental
results obtained on capillary tubes indicate that this schen
will work on spinning samples of any size and shape. Howeve
the full benefit of this new method will often be difficult to
achieve due to the present lack of a suitable technique offer
)t/)y manufacturers for the suppression of radiation damping.
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