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Many solid-state NMR experiments are sensitive to inhomoge-
neity in the radiofrequency field. We propose a method to restrict
the sample volume, in magic angle spinning experiments, using a
static magnetic field gradient and a selective pulse. The position of
the gradient is calculated for our experimental configuration and
we have simulated the effects of selective pulses to determine the
excited volume. The resulting sequences are applied to a sample of
sodium acetate using frequency-switched Lee–Goldburg proton–
proton homonuclear dipolar decoupling. A gain of a factor of 2 on
the carbon resolution is experimentally observed. © 2000 Academic

Press

INTRODUCTION

In solid-state NMR, proton–proton homonuclear dipolar
coupling sequences are interesting for a wide variety of a
cations (1, 2) as diverse as the characterization of proton s
ra of coal samples (3–6) to their use in carbon-13 spect
diting sequences (7). There has been continual developm
f the first sequences proposed by Lee and Goldburg (8) and

Waugh et al. (9), so that there now exist more than 1
different multiple-pulse homonuclear decoupling sche
(10–14). An inherent problem with all homonuclear dec
pling sequences is that they are more or less sensiti
inhomogeneity in the radiofrequency field. As a result, ex
iments are usually carried out using samples with a restr
volume, contained in the center of the coil.

However, preparing samples with restricted volumes is o
difficult. This is especially so since the ease of decoupling
thus the degree to which the sample must be restricte
sample dependent. Ideally one would like to restrict the sa
as little as possible in order to maintain a reasonable si
to-noise ratio. Also, the inserts used to fill the remaining s
in the rotor will normally have a different magnetic susce
bility from that of the sample, leading to additional inhom
geneity induced by the sample inserts themselves. This m
reduced somewhat by the use of spherical samples, but s
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ical samples are so difficult to pack that one seldom act
sees an improvement associated with their use.

In this article we provide an experimental demonstratio
how the sample can be restricted using purely spectros
techniques. The method is shown to work very well for on
the currently most popular decoupling sequences. Sinc
method eliminates the need for inserts, it does not suffer
any of the associated difficulties : there are no suscepti
problems, and the effective sample size can be contr
interactively to obtain a useful compromise between sensi
and resolution.

GENERATION OF MAGNETIC FIELD GRADIENTS

We propose to restrict the sample using techniques
monly used in magnetic resonance imaging experiments,
ing use of magnetic field gradients. To restrict the sam
volume we apply a field gradient to the sample and then
selective excitation sequence to excite magnetization only
certain part of the sample. For cross-polarization magic a
spinning applications the basic experimental setup we u
shown in Fig. 1. In our 2.5-mm-outer-diameter CPMAS pr
we can apply a magnetic field gradient to the sample using
opposite Helmholtz coils oriented perpendicular to the r
axis, as illustrated in Fig. 1a. Curiously enough, this does
lead to a field gradient aligned with the rotor axis (15). This can

e explained as follows.
In the laboratory frame we can calculate the gradient o
component of the magnetic field generated by one o

elmholtz coils along the three orthogonal directionsX, Y, and
. Note that this is the only component of relevance since
andY components do not commute with the main field

BZ 5
m0I

4p E
0

2p lR

r 3 da [1]@
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­BZ

­X
5

m0IR

4p E
0

2p sin a

r 3

1
3(D cosf 2 R sin a sin f 2 x)l

r 5 da [2]

­BZ

­Y
5

m0IR

4p E
0

2p 2cosa sin a

r 3

1
3(R cosa 2 y)l

r 5 da [3]

­BZ

­Z
5

m0IR

4p E
0

2p

3
3(D sin f 2 R sin a cosf 2 z)l

r 5 da. [4]

Here r andl are defined by

r 2 5 ~D cosf 2 R sin a sin f 2 X! 2 1 ~R cosa 2 Y! 2

1 (D sin f 1 R sin a cosf 2 Z) 2

FIG. 1. (a) Geometry of the two Helmholtz coils considered in the tex
D 5 R/ 2, which is the definition of a Helmholtz pair. In our CPMAS pr
coordinate system we use, and the geometry of the rotor and the gradie
rotor is 8.5 mm, and the coil is about 6 mm long. The rotor has a 1.5-mm
field in theX andZ directions as a function of the orientation of the Helm
enter of the rotor. For an orientationu at the magic angle, theZ componen
l 5 ~R 2 Y cosa!sin f 2 ~D cosf 2 X!sin a.

In order to find the total field gradient generated by both c
we simply add the equations for the second coil which d
only in that the anglef is replaced byf 1 p.

A complete study of the behavior of the gradient is com
cated by the fact that the gradient depends on both the po
in the sample and the orientation of the coils. By way
simplification, we can show that the magnitude of the grad
is a maximum at the center of the rotor (X 5 Y 5 Z 5 0)

S­BZ

­X D
max

5
m0IR

4p

9RD

4~R2 1 D 2! 5/ 2 sin 2f [5]

S­BZ

­Z D
max

5
m0IR

4p

9RD

2~R2 1 D 2! 5/ 2 ~1 2 3 cos2f! [6]

and that the behavior at the center of the rotor is represen
of other points in space. Figure 1 shows the variation o
gradient components as a function of the orientation o
gradient coils. We remark immediately that theZ componen
of the gradient vanishes at the magic angle, leaving on
relatively large component of the gradient along theX direc-

he two anti-Helmholtz coils have opposite currents and are separated b
, the coils are oriented at the magic angle,u 5 um 5 54.7°. In (b) we show th
in our 2.5-mm-outer-diameter CPMAS probe. The length of the sample
rnal diameter. The variation of the gradient of theZ component of the static magne
ltz coils,u, is shown in (c) and (d), respectively. The gradient is calculated a
the gradient is zero, and theX component is almost a maximum.
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336 CHARMONT ET AL.
tion. This result is true for any location in the sample, so
conclude that the field gradient will be oriented along thX
direction if the Helmholtz coils are aligned with the rotor a

SAMPLE RESTRICTION USING MAGNETIC
FIELD GRADIENTS

Figure 2 shows the result of recording a carbon-13 spec
of a singly carbon-13-labeled sample of sodium acetate
tained after a nonselective 90° pulse with acquisition in
presence of this gradient (calibrated to be 30 G/cm).
spectrum is a projection of the spin density onto the axis o
gradient (16). Note how the intensity diminishes slightly
ward the top of the sample, an effect which reflects the
texing of the sample. Note that many studies have de
strated the possibility of doing imaging in MAS experime
(17–25). In this paper we are concerned with the effects
high-resolution spectra.

Sample restriction equivalent to the use of inserts ca
obtained using the pulse sequence shown in Fig. 4a. Afte
standard cross-polarization step, a nonselective 90° puls
tates the magnetization to theZ axis of the rotating frame.
suitable (amplitude-modulated) selective 90° pulse is the
plied in the presence of the gradient to excite magnetizati
a slice of the sample. There exist many different pulse sh
to do this (16, 26, 27), and we have used one of the simpl
a truncated sinc-shaped pulse of durationtp. This type of puls
leads to a large phase dispersion which must be refoc
before acquisition, and this is achieved by a nonselective
pulse followed by a refocusing gradient. For a sinc-sha
pulse the duration of the refocusing gradienttref 5 tp/2. Note
that this sequence is identical to that widely used for
selection in MRI experiments. The shape of the slice ca
modified by changing the pulse shape; e.g., a Gaussian-s
pulse has a roughly Gaussian excitation profile. The
shaped pulse has a nearly square excitation profile. Que
regarding the excitation bandwidth and slice profile have
widely discussed (26–28), and we will not provide furthe
discussion here. The experimental details of our experim
are given in the relevant figure legends. All the pulse seque
used in this work are available from our website (ht
www.ens-lyon.fr/STIM/NMR) or upon request to the auth

FIG. 2. The profile of the whole rotor for a sample of [2-13C]sodium
cetate. The profile was obtained with a nonselective 90° pulse in the pr
f a 30 G/cm gradient along theX direction. For the 8.5-mm sample, this yie
linewidth of 25 kHz.
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There are, however, some interesting questions abou
excited volume that arise due to the orientation of the gra
not being colinear with the sample rotation axis (Fig. 1b)
a result the excited volume is not a simple slice perpendi
to the gradient axis. We have calculated the excited volum
solving the Bloch equations numerically for the time-dep
dent system under consideration,

dMx

dt
5 2VMy [7a]

dMy

dt
5 VMx 2 v1Mx [7b]

dMz

dt
5 v1My, [7c]

where

V 5 GS 1

Î3
r cosv rt 1 Î2

3
z9D , G 5 30G/cm [8]

and

v1 5 v0

sin~b~t 2 tp/ 2!!

b~t 2 tp/ 2!
, 0 # t # tp. [9]

In Fig. 3 we show the result of these calculations for
2.5-mm-outer-diameter rotor system we use, as a functio
the length of the selective pulse. The figure shows both
form of the region excited and the total signal from the volu
We find that to a very good approximation the volume exc
has a cylindrical form with conical “end caps.” As a res
except for very small excited volumes, the excited volu
depends linearly on the inverse of the pulse length. Thus
can very easily interactively control the degree of sam
restriction by simply varying the selective pulse length.

One might expect, since the gradient axis is not colinear
the rotation, that there should be some interference effe
certain rotor speeds which distort the excited volume. H
ever, for the range of experimental relevance, we have s
not seen any visible variations of the slice profile as a func
of rotor frequency, and neither have we seen any effects
could be attributed to the anisotropy of the chemical shif
contrast, note also that with the currently available grad
strengths, offset effects are difficult to avoid, and represen
principal Achilles’ heel of this method. Offset problems w
become less and less important as gradient strengths inc

nce
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337SAMPLE RESTRICTION USING MAGNETIC FIELD GRADIENTS
APPLICATION TO HOMONUCLEAR
DIPOLAR DECOUPLING

After the slice selection step the gradient is removed an
the sequence of Fig. 4a, acquisition of the carbon-13
induction decay is carried out in the presence of a homonu
proton–proton decoupling sequence. We have used th
quency-switched Lee–Goldburg (FSLG) decoupling seque
introduced by Levitt and co-workers (29, 30), since it is the
sequence with which we have recently obtained the best q

FIG. 3. The excited volumes calculated using Eqs. [7] to [9]. The ca
lations were carried out for a sinc shaped pulse truncated after thre
crossings on either side of the maximum for a rotor with a 1.5-mm int
diameter rotating around the magic angle at a rate of 5 kHz. (a) The re
this calculation for a 5-ms pulse length. Since gradient direction and roto
are not parallel, the excited volume is not simply a slice through the rot
discussed in the text. (b) Schematic illustration of the variation of the ex
volume as a function of the “slice width,” which is in turn directly proportio
to the inverse of the pulse length. (c) The calculated excited volume
function of the excitation bandwidth. Except for very small excited widths
than 0.9 mm), the excited volume is a linear function of the excited width
thus easy to control.
in
e
ar
re-
e,

ity

spectra (31). Using this sequence, under favorable conditi
we have previously demonstrated that one can resolve h
nuclear carbon–proton scalar couplings. Effectively, if
homonuclear proton–proton decoupling is sufficiently go
then the heteronuclear dipolar coupling becomes inhom
neous in the sense of Maricq and Waugh (32) and is remove

y magic angle spinning. Thus the only remaining interac
s the scaled heteronuclear carbon–proton scalar cou
hich typically has an unscaled value of around 100 Hz7).
e find that the degree of resolution of this coupling

articularly good indirect indicator of the performance of
omonuclear decoupling sequence.
While the FSLG decoupling sequence provides us with

est results, we have noted that sample restriction is
mportant, and indeed the original paper notes that the
eakness of FSLG is its sensitivity to RF inhomogeneity. T
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FIG. 4. (a) The pulse sequence used to restrict the sample volume
effect of the sequence is described in the text. (b) The efficiency of F
decoupling with varying degrees of sample restriction obtained usin
sequence (a). The experiments were performed on a 500-MHz WB B
AVANCE spectrometer with a 2.5-mm-outer-diameter double-tuned
MAS probe. The spectra show the region of the carbon-13 spe
containing the CH3 resonance of a sample of polycrystalline [2-13C]sodium
acetate. FSLG decoupling was achieved using a proton RF field amp
of 120 kHz. The resolution of the fine structure is directly related to
efficiency of the proton–proton homonuclear decoupling. The excited
is always centered in the middle of the rotor. For each spectrum, we
the effective slice width in mm and the corresponding excitation bandw
in kHz. As the slice width diminishes, the decoupling performanc
significantly improved, as expected, but the signal-to-noise ratio decr
accordingly.
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338 CHARMONT ET AL.
it provides a very good test case for our sample restri
scheme. The effect of the sequence of Fig. 4a using pro
sively thinner slices through the sample is shown in Fig. 4
the methyl carbon resonance in a sample of polycrysta
[2-13C]sodium acetate. When the slice thickness contain
whole sample, we see that the heteronuclear scalar coup
barely resolved. However, a quite spectacular improveme
resolution (i.e., decoupling performance) is observed a
slice thickness is reduced. In the extreme case, with a sli
0.6 mm (representing 7% of the total sample length) we o
almost baseline resolution (the carbon-13 full linewidth
half-height going from 90 Hz for a 9-mm slice to 40 Hz for
0.6-mm slice). Note, of course, that as we reduce progress
the effective sample volume, the sensitivity diminishes acc
ingly. (There is little we can do about this, but it motivates
development of sequences which are proportionally less
sitive to RF inhomogeneity, thereby requiring less sam
restriction for the same result (33, 34).)

As a further demonstration, in Fig. 5 we show a “decoup
profile” of the sample. Each spectrum represents the de
pling performance for a 2-mm slice at different positions in
sample (the slice position is adjusted simply by changing
transmitter offset). As expected we see that the best resu
obtained for the slice at the center of the coil. The RF in
mogeneity increases rapidly toward the edges of the coil
this is reflected in the clear degradation of decoupling pe
mance.

To confirm that the resolution of the carbon-13 fine struc
does really reflect the homonuclear decoupling performa
we have measured the proton lineshapes for a 2-mm slic
for the whole sample which yield linewidths of 300 and
Hz, respectively. These spectra were obtained indirectly u
a through-bond carbon–proton correlation experiment (31). As
expected, we find that the proton linewidth is narrower in
restricted sample.

FIG. 5. The variation of the performance of FSLG decoupling a
function of the slice position. The spectra were obtained using the
conditions as for Fig. 4b for a 2-mm slice, and the slice position is cha
simply by varying the transmitter offset frequency. The decoupling param
were optimized for the center of the rotor, and they were not reoptimize
each slice. We conclude that, as expected, the homogeneity of the R
decreases as we move away from the center of the coil.
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CONCLUSIONS

In conclusion we have demonstrated that sample restr
can be achieved using a simple spectroscopic protocol
method can be adapted to most solid-state NMR seque
and should prove useful in many areas. Since the me
eliminates the need for inserts, it does not suffer from an
the associated difficulties: there are no susceptibility probl
and the effective sample size can be controlled interactive
obtain a useful compromise between sensitivity and resolu

For the experimentally very convenient gradient coil ge
etry that we use, the gradient is not colinear with the rotor
but it is aligned with theX axis. However, this does not lead
any practical inconvenience in the NMR experiments.
excited volume is linear with the excitation bandwidth, an
thus easy to control, and we have shown that there should
dependence on the rotation speed for experimentally rel
rotor speeds, so there is only one parameter to adjust.

For the example we show of FSLG homonuclear dip
decoupling, we have gained over a factor of 2 in resolu
using gradient sample restriction.

Finally, we note that this method will also improveB0

inhomogeneity and reduce susceptibility broadening, ther
reducing the linewidth of dilute nuclei such as carbon
However, this is usually of little consequence in solid-s
NMR (for example, we observe only a few hertz reductio
the carbon linewidth for a CPMAS spectrum of alanine).
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