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Nuclear magnetic resonance (NMR) spectroscopy has become
an important tool for structural characterization of many important
materials such as minerals, ceramics, glasses, semiconductors, and
catalysts which contain elements such as11B, 17O, 23Na,27Al, 71Ga,
and87Rb.1 NMR spectra of nuclei with spinS> 1/2 are dominated
by the nuclear quadrupolar spin interaction. For half-integer
quadrupolar nuclei, relatively narrow spectral lines can be obtained
by limiting observation only to the central1/2 T -1/2 NMR
transition for which the first-order quadrupolar effect vanishes.
The second-order quadrupolar effect contains high-rank aniso-
tropic terms which are not completely averaged by magic-angle
sample spinning (MAS).2 Although high magnetic fields can
reduce the second-order effect, a complete removal of line
broadening requires double rotation (DOR)3 or dynamic angle
spinning (DAS)4 to achieve isotropic spectra. Recently, Frydman
and Harwood have introduced an elegant method which utilizes
multiple-quantum transitions.5 The multiple-quantum magic-angle
spinning (MQMAS) method requires only conventional MAS to
obtain isotropic spectra of half-integer quadrupolar nuclei. The
sensitivity and the quantitative features of MQMAS largely
depend on the efficiency of multiple-quantum excitation and the
quest for high efficiency drives an ongoing effort for pulse
sequence optimization.6 In this contribution, a different approach
based on satellite transitions is proposed. The satellite transitions
in the spin manifold of quadrupolar nuclei can be efficiently
excited using short radio frequency pulses and directly observed
under MAS.7 Therefore, as will be shown here the satellite

transition MAS method generates isotropic spectra of half-integer
quadrupolar nuclei with high efficiencies.

At high magnetic fields, the first- and second-order quadrupolar
effects to spin states-S e mS e Scan be expanded in terms of
spherical harmonics

whereωQ ) e2qQ/2S(2S - 1)p andωL is the Lamor frequency,
a2,m

(1) and al,m
(2) depend only on the asymmetry factor of the

electrical field gradient (EFG) tensor, and (θ,φ) are the polar
angles of the magnetic field in the principal axis frame of the
EFG tensor. The first-order termsES,mS

Q(1) have no effect on the1/2
T -1/2 central transition asES,1/2

Q(1) ) ES,-1/2
Q(1) . For satellite transi-

tions, the first-order effect can be averaged by MAS as it contains
only the second-rank anisotropic term,Y2,m(θ,φ). The second-
order effectES,mS

Q(2) contains the isotropicl ) 0 and the anisotropic
l ) 2, 4 terms with the expansion coefficients

whereC(22l, 1 - 1) andC(22l, 2 - 2) are the Clebsh-Gordon
coefficients. The ratios between the(3/2 T (1/2 and the central
transition frequencies forl ) 0, 2, 4 are listed in Table 1.8 Under
MAS, the second-rankl ) 2 terms are averaged, but the high-
rank l ) 4 terms are only scaled byP4(cos θM) which causes
broadening to both the central transition lines and the spinning
sidebands from satellite transitions as shown in Figure 1. The
remaining broadening can be completely removed by a correlation
between the satellite and central transitions in a two-dimensional
(2D) experiment. As listed in Table 1, thel ) 4 terms between
the satellite and central transitions are different only by a scaling
factor,R. Thus the dephasing of time-domain signals is refocused
at t2 ) RT1 and the refocusing leads to an averaging of the
remainingl ) 4 terms for isotropic spectra.

The correlation between satellite and central transitions can
be established using a two-pulse sequence where the first pulse
excites satellite transitions and the second pulse transfers coher-
ence to the central transition. A three-pulse version with az-filter
replacing the second pulse permits the data acquisition in
hypercomplexform for pure absorptive spectra. Figure 2 demon-
strates the satellite transition MAS experiment using a mixture
of 23Na2SO4 and 23Na2C2O4 as a model system. The correlation
of satellite transitions alongF1 and the central transition along
F2 yields ridge-shaped peaks parallel to each other. The slope of
the ridges equals to the ratio in Table 1 forl ) 4 and is-8/9 for
23Na spins. A spectral tilt alongF1 yields an isotropic-anisotropic
2D spectrum where the projection alongF1 is not affected by the
second-order quadrupolar interaction. The resulting isotropic peak
position inF1 can be derived from the ratios in Table 1 forl )
0 of S ) 3/2 spins

whereωδ is the isotropic chemical shift frequency and
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is the isotropic part of the second-order quadrupolar effect.
The complete averaging of the first-order quadrupolar effect

is critical for the satellite transition MAS experiment which
requires the spinning axis to be precisely on the magic-angle.
Also the evolution timet1 needs be a multiple of the rotor period.
A dwell time fixed to the rotor period causes a folding of spinning
sidebands into the spectral window that equals the rotor frequency.
The constructive superposition of all spinning sidebands yields a
total spectral intensity close to that for the central transition line,
although the intensity of an individual spinning sideband is very
low. Besides setting the magic-angle and evolution time t1, the
satellite transition MAS experiment requires short radio frequency
pulses to cover the wide spectral width of the satellite transitions.
The pulse length, experimentally optimized for the sample in
Figure 2, is about 31° and 36° in terms of flip angle for the
excitation and the coherence transfer of satellite transitions.

The relative sign of thel ) 4 terms between the satellite and
central transitions determines the coherence transfer pathway for
the satellite transition MAS experiment. ForS ) 3/2 spins, thep
) -1(t1) f -1(t2) pathway leads to anecho for cross-peaks
between the satellite and central transitions, but only anantiecho
for diagonal peaks of the central transitions. The diagonal peaks
can be further reduced by applying a soft pulse prior to the pulse
sequence. Saturation of the central transition can also increase
the polarization of satellite transitions.9 The three-pulse sequence
selects both thep ) -1 f -1 and the+1 f -1 pathways.
Thus the resulting 2D spectrum shows both the cross and diagonal
peaks which have opposite signs. Considering that the central
transition is not affected by the frequency offset from the first-
order quadrupolar effect, the intensity ratio between the cross and
diagonal peaks is a good indicator on the efficiency of satellite
transition MAS experiment. The projections in Figure 2d show a
ratio of about 0.3 for the three-pulse sequence and about 0.8 for
the two-pulse sequence, both with an rf field strengthγB1/2π of
50 kHz.

It has been shown that the correlation between satellite and
central transitions can be obtained efficiently using simple pulse
sequences for achieving isotropic spectra of half-integer quadru-
polar nuclei under magic-angle sample spinning. The strict
requirement for setting the magic-angle accurately can be easily
satisfied using current state-of-art NMR hardware. The advantage
of high spectral resolution and sensitivity along with the informa-
tion available on EFG tensors make the satellite transition MAS
method a very useful NMR experiment especially at high
magnetic fields for the study of solid materials containing half-
integer quadrupolar nuclei.

Acknowledgment. This work is supported by the National High
Magnetic Field Laboratory through the NSF Cooperative Agreement
DMR-9527035 and by the State of Florida.

JA9939791
(9) (a) Hasse, J., Conradi, M. S.,Chem. Phys. Lett. 1993, 209, 287. (b)

Kentgens, A. P. M.; Verhagen, R.,Chem. Phys. Lett. 1999, 300, 453.

Table 1. Ratios ofl ) 0, 2, 4 Expansion Coefficients between
+1/2 T +3/2 and the Central Transitions for SpinsS ) 3/2, 5/2 and7/2

rank l ) 0 2 4

S) 3/2 -2 -1/2 -8/9
5/2 -1/8 7/16 7/24
7/2 1/10 7/10 28/45

Figure 1. 23Na magic-angle spinning spectrum of Na2SO4 showing the
spinning sidebands of the(3/2 T (1/2 transitions and the central transition
lines (*).
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Figure 2. Figure 2. 2D satellite transition MAS spectra of a mixture of
Na2SO4 and Na2C2O4. (a) acquired using thep1-t1-p2-τ-p3-t2 three-pulse
sequence. (b) using thep1-t1-p2-t2 two-pulse sequence. (c) 2D spectrum
obtained by a spectral tilt (b) along with the isotropic spectrum projected
in F1 andF2 slices of the two23Na peaks. (d)F2 projections (from left to
right) of the diagonal peak in (a), cross-peaks in (a), and cross-peaks in
(b) displayed on an absolute scale for comparison of sensitivity. In (a),
the hypercomplex 2D data were acquired usingφ1 ) x -x; φ2 ) x for
real (-y for imaginary);φ3 ) x x -x -x; andφrec ) x -x -x x phase
cycle. The pulse lengthsp1, p2, andp3 were experimentally optimized to
1.75, 1.75, and 2µs, with γB1/2π ) 50 kHz. A total of 64 (32 complex)
t1 increments with 100µs per step and 4 acquisitions per increment were
acquired in 256 s. The firstt1 increment started at 98.5µs, considering
the finite pulse lengths ofp1 andp2. A diagonal line was drawn in the
2D plot with nonequal spectral widths. In b), thep f -1 f -1 coherence
transfer pathway was selected using the phase cycle,φ1 ) x -x; φ2 ) x
x y y; andφrec ) x -x. The pulse lengthsp1 andp2 were experimentally
optimized to 1.75 and 2µs. A 40 µs soft pulse withγB1/2π ) 5 kHz
was applied to saturate the central transition prior to the pulse sequence.
A total of 32t1 increments with 4 acquisitions per increment were acquired
in 128 s. All experiments were performed on a 600 MHz (1H) wide bore
magnet using a Bruker DMX console equipped with a 4 mm MASprobe.
The spinning frequency was regulated at 10 kHz within(2Hz. The magic-
angle was set by maximizing the rotational echo in the23Na free-induction
decay of a NaNO3 sample and a Bruker sample changer was used to
eject and to load sample rotors without taking the probe out of the magnet.
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