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Nuclear magnetic resonance (NMR) spectroscopy has becom
an important tool for structural characterization of many important
materials such as minerals, ceramics, glasses, semiconductors, al

catalysts which contain elements such'&s 1’0, 2Na, ?’Al, "'Ga,
and®Rb! NMR spectra of nuclei with spi§ > Y/, are dominated
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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 statesS < mg < Scan be expanded in terms of
spherical harmonics
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eWherech = €2qQ/292S — 1)h andw,_is the Lamor frequency,
>, and a2 depend only on the asymmetry factor of the

electrical field gradient (EFG) tensor, and,&) are the polar
angles of the magnetic field in the principal axis frame of the

by the nuclear quadrupolar spin interaction. For half-integer EFG tensor. The first-order ternﬁg(l) have no effect on th#,

quadrupolar nuclei, relatively narrow spectral lines can be obtained < —1/, central transition a&(), = rEsQ(l)

by limiting observation only to the centrdl, <= —%, NMR

transition for which the first-order quadrupolar effect vanishes.

s1j2 = Eg71p- For satellite transi-
tions, the first-order effect can be averaged by MAS as it contains
only the second-rank anisotropic terily(6,¢). The second-

The second-order quadrupolar effect contains high-rank aniso- 5 qer effectEg(z) contains the isotropit= 0 and the anisotropic

tropic terms which are not completely averaged by magic-angle

sample spinning (MAS). Although high magnetic fields can

reduce the second-order effect, a complete removal of line

broadening requires double rotation (DORY dynamic angle

spinning (DAS} to achieve isotropic spectra. Recently, Frydman
and Harwood have introduced an elegant method which utilizes

multiple-quantum transitior’sThe 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 optimizatidhin 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’ Therefore, as will be shown here the satellite
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| = 2, 4 terms with the expansion coefficients
C(S m) =C(22, 1 — 1)[4SS+ 1) — 8m; — 1]mg

+ C(22, 2 — 2)[25(S+ 1) — 2m& — 1]mg 2)
whereC(22, 1 — 1) andC(22, 2 — 2) are the ClebshGordon
coefficients. The ratios between tke/, < +%, and the central
transition frequencies fdr= 0, 2, 4 are listed in Table &Under
MAS, the second-rank = 2 terms are averaged, but the high-
rank| = 4 terms are only scaled hbiy,(cos 6y) 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, the= 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 t, = RT; 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 witkider
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 2Na,SQ, and°Na,C,0O, as a model system. The correlation
of satellite transitions alon§; and the central transition along
F, yields ridge-shaped peaks parallel to each other. The slope of
the ridges equals to the ratio in Table 1 for 4 and is—8/9 for
23Na spins. A spectral tilt alonB; yields an isotropic-anisotropic
2D spectrum where the projection aloRgis not affected by the
second-order quadrupolar interaction. The resulting isotropic peak
position inF; can be derived from the ratios in Table 1 for
0 of S= 3, spins

®3)

wherew is the isotropic chemical shift frequency and

(8) Rose, M. E.Elementary Theory of Angular MomentuWiiley: New
York, 1961.
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Table 1. Ratios ofl = 0, 2, 4 Expansion Coefficients between
~+%, < +3/, and the Central Transitions for Spi&s= /5, %, and’/,

rankl =0 2 4
S=73/, -2 -1/2 —8/9
5, -1/8 7116 7124
I 1/10 7/10 28/45
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Figure 1. 28Na magic-angle spinning spectrum of 488, showing the
spinning sidebands of the%, <> £/, transitions and the central transition

lines (*).
772)

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 timé; needs be a multiple of the rotor period.
A dwell time fixed to the rotor period causes a folding of spinning
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Figure 2. Figure 2. 2D satellite transition MAS spectra of a mixture of
N&aSOs and NaC,0,. (a) acquired using thps-ti-p-7-ps-to three-pulse
sequence. (b) using thm-t1-p.-t; two-pulse sequence. (c) 2D spectrum
obtained by a spectral tilt (b) along with the isotropic spectrum projected
in F; andF; slices of the twdNa peaks. (df, 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 usiag= X —X; ¢, = x for

real (—y for imaginary);¢s = X X =X —X; and¢rec = X —X —X X phase
cycle. The pulse lengths, p, andps were experimentally optimized to
1.75, 1.75, and 2s, withyB./2r = 50 kHz. A total of 64 (32 complex)

t, increments with 10@s per step and 4 acquisitions per increment were
acquired in 256 s. The firdt increment started at 9865, considering

sidebands into the spectral window that equals the rotor frequency.the finite pulse lengths gf, andp. A diagonalline was drawn in the
The constructive superposition of all spinning sidebands yields a 2D Plot with nonequal spectral widths. In b), the~ —1— —1 coherence

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 timeéhe
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 31and 36 in terms of flip angle for the
excitation and the coherence transfer of satellite transitions.
The relative sign of thé = 4 terms between the satellite and

transfer pathway was selected using the phase cyeke, X —X; ¢ = X

XYYy, and¢rec = X —X. The pulse lengthp: andp, were experimentally
optimized to 1.75 and 2s. A 40us soft pulse withyB:/2r = 5 kHz

was applied to saturate the central transition prior to the pulse sequence.
A total of 32t; increments with 4 acquisitions per increment were acquired
in 128 s. All experiments were performed on a 600 MMz)(wide bore
magnet using a Bruker DMX console equippedwat4 mm MASprobe.

The spinning frequency was regulated at 10 kHz withBHz. The magic-
angle was set by maximizing the rotational echo in?fh& free-induction
decay of a NaN@sample and a Bruker sample changer was used to

central transitions determines the coherence transfer pathway forgject and to load sample rotors without taking the probe out of the magnet.

the satellite transition MAS experiment. F8r= 3, spins, thep
= —1(t;) — —1(tp) pathway leads to aechofor cross-peaks
between the satellite and central transitions, but onlgirgirecho
for diagonal peaks of the central transitioife diagonal peaks

It has been shown that the correlation between satellite and
central transitions can be obtained efficiently using simple pulse

can be further reduced by applying a soft pulse prior to the pulse sequences for achieving isotropic spectra of half-integer quadru-
sequence. Saturation of the central transition can also increasepolar nuclei under magic-angle sample spinning. The strict
the polarization of satellite transitiofg.he three-pulse sequence requirement for setting the magic-angle accurately can be easily
selects both thep = —1 — —1 and the+1 — —1 pathways. satisfied using current state-of-art NMR hardware. The advantage
Thus the resulting 2D spectrum shows both the cross and diagonabf high spectral resolution and sensitivity along with the informa-
peaks which have opposite signs. Considering that the centraltion available on EFG tensors make the satellite transition MAS
transition is not affected by the frequency offset from the first- method a very useful NMR experiment especially at high
order quadrupolar effect, the intensity ratio between the cross andmagnetic fields for the study of solid materials containing half-
diagonal peaks is a good indicator on the efficiency of satellite jnteger quadrupolar nuclei.

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 strengB/2z of

50 kHz.
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