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Magnetic field gradients have proven useful in NMR for coher- iment performed. The correct approach is to introduce a
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nce pathway selection, diffusion studies, and imaging. Recently
hey have been combined with magic angle spinning to permit
igh-resolution measurements of semi-solids, where magic angle
pinning averages any residual dipolar couplings and local varia-
ions in the bulk magnetic susceptibility. Here we show the first
xamples of coherence pathway selection by gradients in dipolar
oupled solids. When the gradient evolution competes with dipolar
volution the experiment design must take into account both the
trength of the dipolar couplings and the means to refocus it.
xamples of both homonuclear and heteronuclear experiments are

hown in which gradients have been used to eliminate the need for
hase cycling. © 1999 Academic Press

Gradient enhanced NMR spectroscopy is widely use
iquid state spectroscopy for coherence pathway selection
ent suppression, artifact reduction, and diffusion weigh
nd has had a tremendous impact by improving the quali
MR spectra (1–4). To date, the same advantages have
een realized in high-resolution solid state NMR. The requ
ents in solid state spectroscopy are of course different; r
oes one encounter a solvent-like signal (so limited dyn
ange is rarely a consideration) and typically the numbe
cans is sufficient to permit extensive phase cycling.
pplications of magnetic field gradients in solid state NMR
e to vary the spin dynamics and to eliminate artifacts, e
ially in two-dimensional spectra.
An important difference between liquid and solid state s

es is the change in geometry associated with magic a
ample spinning (MAS). For high-resolution solid state N
pectroscopy, magic angle spinning is nearly always us
educe the second-rank tensorial interactions to their isot
verage. This is particularly important for chemical shift in
ctions, which otherwise cause extensive spectral ove
ince the sample is spinning rapidly, typically 5 to 20 k
round an axis oriented at the magic angle (um 5 cos21(1/
3)), the commonly used gradient field geometryBz/ z

ntroduces a gradient interaction which is dependent on
ample geometry, the spinner rotation, and the specific e

1 To whom correspondence should be addressed at NW14-4111, 150 A
treet, Cambridge, MA 02139. E-mail: dcory@mit.edu.
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ient interaction that is not temporally modulated by the s
le spinning. Such a gradient is oriented along the magic a
xis, Bz/um, and has been described (5).
To date, MAS and gradients have been combined in h

esolution MAS studies of semi-solid samples (5), MAS dif-
usion studies (6), imaging (7, 8), and solid state NMR (9, 10).
n high-resolution MAS (hr-MAS) studies, magic angle sp
ing is used to increase the spectral resolution of non
amples which, in the nonspinning case, exhibit line broa
ng due to residual dipole–dipole couplings and magn
usceptibility variations. Gradients are used for coher
athway selection, solvent suppression, and artifact redu
r-MAS has found applications in combinatorial chemis
tudies of excised tissue and cultured cells, and studies of
5, 11–16). In heterogeneous samples, variations in the m
etic susceptibility over the sample lead to line broadening
ackground gradients. MAS averages the susceptibilit
uced background gradients, and the combination of MAS
radients enables correct diffusion measurements to be m

hese complex samples (6). Applications include diffusion i
ranular media, porous materials, and biological tissue. In
tate imaging, MAS is used to lengthen the effectiveT2, which
esults in a better image resolution. The elimination of sus
ibility broadening leads to distortion-free images. MAS a
ermits image contrast to be based on the isotropic che
hift (7, 8).
The application of a magnetic field gradient creates a sp
odulation across the sample. This modulation or grating17)

an be used to suppress a resonance or to selectively re
ignals based on a specific coherence pathway. The cha
n solids is to create a grating without destroying the ma
ization, i.e., the time required to burn a grating should be s
ompared to the decoherence time of the transverse c
nces.
The task of creating a magnetization grating in dipo

oupled solid samples on a time scale smaller than the effe
elaxation time has been widely explored in solid state im
ng. The conclusions from imaging studies are relevant to
pplication of gradients in solid state NMR and show
radient experiments must be tailored to the spin dynami
ny
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30 MAAS ET AL.
he sample under study (18). Three classes of gradient exp
ments can be distinguished as follows.

1. Motionally reduced dipole–dipole couplings.MAS av-
rages the residual dipolar interactions and any backgr
radients from local variations in the bulk susceptibility. Grad
ethods that are typical of liquid state approaches suffice (9).

2. Heteronuclear and weak homonuclear couplings.Strong
F fields are applied for heteronuclear decoupling, w
eaker couplings between the dilute nuclei are average
AS. The gradient methods are similar to those used in li

tate experiments, but care has to be taken with the variat
he decoupling efficiency under the gradient-induced of
trong RF fields and relatively weak gradients are applie

3. Homonuclear experiments (strong coupling).Here co-
erent averaging schemes (multiple-pulse or magic ec
ust be used to reduce the homonuclear dipolar coup
ince the gradient interaction will not commute with the d

ar Hamiltonian in the toggling frame, the gradient pulses
nserted in selected windows of coherent averaging sche
he gradients should therefore be applied as short, s
ulses (19).
A separate case involves the study of quadrupolar nucl
hich dipolar couplings are usually not an issue. Fast MA
sed here to increase the effectiveT2, and decoupling i
sually not needed. Coherence selection in MQMAS ex
ents can be performed with short, strong gradient pulses10).
In this paper, we present the results from three different

tate NMR experiments. These examples illustrate the is
nvolved with the last two categories listed above. All exp
ments were obtained on Bruker Avance spectrometers,
ting at proton frequencies of 400 and 500 MHz, using
AS probes with 4-mm-od rotors and equipped with ma
ngle gradients (5.53 1022 Tm21 A21).
An example of a homonuclear experiment with weak dip

ouplings is a carbon double-quantum filter (Fig. 1).
esults from a sample of doubly13C-labeled glycine are d
icted in Fig. 2. In this case, fast MAS averages the dip

nteraction between the dilute nuclei, which may be rein
uced by rotational resonance, in which the MAS rota

FIG. 1. In the double-quantum filtered experiment, carbon magnetiz
s generated via cross polarization from protons and this magnetization
equently evolves under the homonuclear dipolar coupling into an anti
tate. This state is transferred to a double-quantum state and dephased b
agnetic field gradient pulse. A second gradient pulse is given after the
as been transferred back to a single-quantum state. When the amplitude
econd gradient pulse is twice that of the first one, only magnetization
ent through a double-quantum state will be refocused.
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oupled nuclei (20–22). This selective recoupling provides f
oherence transfers that occur via both double- and
uantum coherence pathways. A gradient-enhanced do
uantum filtered experiment restricts the transfer to only
ouble-quantum pathway (23).
In the above experiment, the rotational resonance cond

eintroduces the dipolar coupling between the carbon s
volution under this Hamiltonian creates an antiphase

hat is transferred to a double-quantum state by a RF pulse
pplied magnetic field gradient induces a spatially depen
hase shift, proportional to the coherence order of the
tate. Integration of the magnetization over the sample re
n zero net magnetization, hence the term dephasing. A se
radient pulse, given after the state has been transferred b
single quantum state, refocuses that part of the magnetiz

hat evolved as a12 quantum coherence. Double-quant
ltering is achieved by a 1:2 ratio of the amplitudes of

FIG. 2. Carbon spectra of doubly labeled glycine, obtained at a mag
eld strength of 9.4 T (400 MHz). The top two spectra are obtained off (a
n (b) the rotational resonance condition, respectively. The lower spect
ouble-quantum-filtered spectra, with coherence selection obtained via
ycling (c) and with magnetic field gradients (d). The dipolar evolution
as 1 ms; gradient pulses were 250ms at a strength of 20 and 40 G/c

espectively. Sixteen scans were accumulated for the double-quantum-
xperiments.
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31MAGNETIC FIELD GRADIENTS IN MAGIC ANGLE SPINNING NMR
radient pulses. The expected double-quantum spectrum
n antiphase state.
The transfer efficiency in rotational resonance can be us
easure the distance (via the dipolar coupling strength

ween the selected spins. An advantage of restricting the
ays over which a coherence is transferred is that the dis
alibration is simplified if the transfer is isolated to either
ouble-quantum or the zero-quantum pathway (23). There are
owever, two costs associated with using gradients in
xperiment. First, for the sequence as written, the gra
elects only the12 quantum pathway and therefore half of
otential signal (that which went through the22 state) is lost

n addition, the system is forced to evolve for a finite time
he double-quantum state, and this state decays more q
han the single quantum. This time is longer than would
ecessary in a phase-cycled measurement, where the onl
equired is that to change the RF phase.

In the next example, we demonstrate that a magnetiz
rating can be created in a spin system with strong dip
ouplings. The challenge in such a system is to create a g
n a short time compared to the lifetime of the transv

agnetization. Since in a typical rigid solid, the protonT*2 is on
he order of only tens of microseconds, coherent avera
echniques need to be employed in combination with mag
eld gradients (18, 19).
In this experiment (Figs. 3 and 4), a sequence of magic

ycles is used to lengthen the proton decay time. A magic
ycle refocuses the homonuclear dipolar interaction (24, 25)
nd provides a convenient window in which to place
radient. After generation of proton magnetization and a s
f magic echoes concurrent with a magnetic field gradie
rating is created on the proton spins,k 5 gH * G(t)dt. The
patial grating can be envisioned as the proton magnetiz
ound in a helix along the spinner axis.
The use of gradients in heteronuclear studies depends o

fficient transfer of the grating to a heteronucleus. Su
ransfer can be achieved simply through cross polarizatio
pin-locking RF pulse applied to the proton system locks

FIG. 3. A magic echo cycle is used to refocus the homonuclear di
nteraction, while a simultaneously applied magnetic field gradient crea
rating on the proton spin. Spin-locking the proton magnetization conver
rating to an amplitude-modulated cosine grating, which retains half o

nitial proton reservoir. This amplitude-modulated grating is transferred t13C
nd then refocused by a second gradient. The gradients are applied at a 1 to 4
atio, according to the gyromagnetic constants of protons and carbons.
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eld. The spatially phase-modulated grating is hence conv
o an amplitude-modulated cosine grating, with a loss of ha
he proton reservoir (26). This amplitude-modulated grating
ransferred to13C and then refocused by a second gradien
our times the amplitude. The factor of 4 arises from the r
f the gyromagnetic ratios of proton and carbon spins;
rating on carbon unwinds four times slower than the crea
f a grating on protons.
The experiment can be thought of as a gradient-filt

ross-polarization in which the gradients replace spin tem
ture alternation as a means of suppressing the Zeeman

zed signal. Figure 4 shows the results of this experiment
ample of glycine. While there is little need for gradi
election to limit the pathways in cross-polarization meas
ents, the above sequence opens the way for gradient-

pectral editing.
The third example of using gradients in solid state M
MR is a heteronuclear experiment in which two wea
oupled nuclei are correlated. In heteronuclear correlatio
eriments, gradients may be used to suppress the magn

ion of the uncorrelated spins through the formation o
eteronuclear gradient echo. Since the signals from the c

ated spins are usually much smaller than those from unco
pins, the use of gradients presents a clear advantage.
radient version of the experiment, coherence selectio
chieved in each individual scan, eliminating the need to
hase cycling to subtract the large signals of the uncou
pins.

FIG. 4. Carbon spectra of natural abundance glycine, obtained at a
etic field strength of 9.4 T (400 MHz). The top spectrum is obtaine

ransferring magnetization from protons to carbons after the proton d
ouplings have been refocused by a series of magic echo sequences
ower spectrum, a gradient is used to impose a grating on the protons p
ransferring the magnetization to carbon. The magic echo timet was 25ms and
our cycles were applied. Gradients of 10 and 40 G/cm were used, respec
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32 MAAS ET AL.
The example shown in Fig. 5 is a two-dimensional nitrog
arbon correlation. Nitrogen magnetization is generated
ross polarization from protons and is transferred, after ev
ion during t 1, to carbons. In this particular experiment
ransferred echo double resonance or TEDOR (27) sequence i
sed to correlate the nitrogen spins to dipolar coupled ca
pins. (Alternatively, the nitrogen magnetization can be tr
erred to carbon via a ramped CP sequence.) A gratin
reated on the nitrogen prior to the transfer and refocused
he creation of in-phase carbon magnetization. The ratio o
mplitudes of the gradient pulses is adjusted according t
atio of the gyromagnetic constants of the heteronuclei.

Figure 6 shows the result of this experiment on a samp
niformly 13C- and 15N-labeled arginine. Additional free ev

ution periods, equal to multiples of the rotor period, have b
sed both before and after the TEDOR transfer. These pe
rovide windows in which to place the gradient pulses. The
f p pulses refocuses the chemical shift evolution during t
eriods. Note that when using shorter and stronger gra
ulses, these can be inserted in the TEDOR sequence
liminating the need for these additional periods. The ex
ent was performed with 200-ms gradient pulses of 55 and
/cm, respectively. The use of magnetic field gradients in
uces a spatially dependent offset across the sample,

nterferes with the efficiency of the proton decoupling du
he gradient intervals.

Magnetic field gradients can be introduced in solid s
MR experiments, provided that the experiment is desig

o take into account the strength of the dipolar couplings
his paper, three experiments are shown, illustrating the
f weak homonuclear, strong homonuclear, and he
uclear dipolar couplings. We show that gradients ca
seful even in the presence of dipolar coupling, emplo
oherence selection via the dipolar coupling, as wel
ogether with heteronuclear dipolar decoupling. The los

FIG. 5. Pulse sequence of the 2D gradient-enhanced heteronuclear
rotons. A magnetization grating is then created on the nitrogen spins. A

o in-phase carbon magnetization the grating is refocused by a second g
he ratio of the gradient strengths reflects the ratio of the gyromagnetic
xperiment by the addition of two free evolution periods in which the g
–
m
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ignal associated with the use of gradients in these ex
ents compared to their phase-cycled versions can b
rated, provided that the advantages of improved spe
uality and cleaner coherence selection are realized
xpect that the use of gradients in solid state MAS s

roscopy will find useful applications.

FIG. 6. Two-dimensional nitrogen–carbon correlation spectrum of
ormly 13C- and15N-labeled arginine, obtained at a magnetic field streng
1.7 T (500 MHz). The spectrum is obtained via magnetization transfer
itrogen to carbon. The sample was spun at 10 kHz, and the dipolar evo

imes equaled three rotor cycles. Gradient pulses of 55 and 22 G/cm wer
n 15N and 13C, respectively, for a duration of 200ms. Two scans wer
ccumulated per fid, and 2 fids were acquired for each of the 128t 1 increments
States method).

relation sequence. Nitrogen magnetization is first created by cross pola
DOR sequence transfers the magnetization grating to carbon and afternversion
ient pulse. (The filled bars represent 90° pulses, while the open bars reent 180°)
stants of nitrogen and carbon. The sequence differs from a conventionorrelation
ent pulses are placed.
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