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We achieve a significant signal enhancement for the triple-
quantum magic-angle spinning NMR of a spin- % system, by using an
amplitude-modulated radiofrequency field, followed by a selective
90° pulse and a phase-shifted strong rf field, for the triple-quantum
excitation, and an amplitude-modulated radiofrequency field for
the conversion of triple-quantum coherence to observable single-
quantum coherence. The experiment is demonstrated on the ' Rb
NMR of polycrystalline rubidium nitrate. © 2002 Elsevier Science (USA)

The introduction of multiple-quantum magic-angle spinning
(MQMAS) (1, 2) has made the high-resolution solid-state NMR
of half-integer quadrupolar nuclei routinely feasible. The me-
thod has found applications in many fields including catalysts,
zeolites, minerals, and glasses (3—-6).

MQMAS was first implemented using a simple two pulse
scheme (2), in which the first pulse is used for the excitation of
multiple quantum coherence (MQC) and the second pulse for the
conversion of MQC into observable single quantum coherence
(1QC). Both of these steps are rather inefficient, so the applica-
tion of this experiment was hampered by its low sensitivity.

Much effort has been expended in improving the sensitivity of
MQMAS experiments. Until recently, most progress was made
in improving the conversion efficiency of the MQC into 1QC.
For example, a long unmodulated radiofrequency (rf) pulse last-
ing one quarter of a rotor period was used to implement rotor-
induced adiabatic coherence transfer (RIACT) (7). Modulated
rf field methods were also introduced, such as the fast amplitude
modulation (FAM) (8§—10) and double frequency sweep (DFS)
(11-13) methods.

It has proven to be more difficult to enhance the efficiency of
the excitation part of the experiment. The RIACT-II (/4) scheme
uses a long unmodulated rf pulse lasting one quarter of a rotor
period for both the excitation and conversion parts of the pulse
sequence. Unfortunately, the enhancement in signal strength by
RIACT-II is often accompanied by distortions in the anisotropic
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lineshapes, and hence a loss of spectral information. Recently,
RIACT excitation of MQC was combined with a FAM sequence
for conversion into SQC, leading to appreciable signal enhance-
ments while avoiding unacceptable anisotropic lineshape dis-
tortion for spin—% systems (/5). In the discussion below, this is
called the RIACT-FAM method (/6).

In a related development, a FAM sequence lasting one rotor
period, followed by a selective 90° pulse, was used for the en-
hancement of central-transition single quantum signals in the
MAS of half-integer quadrupolar nuclei (/7). Experimentally,
the enhanced signal was a factor of 1.8 larger than that obtained
with a hard 90° pulse. The enhancement is due to the selective
saturation of the satellite transitions by the FAM sequence which
enhances the population difference across the central transition.
This application of FAM is termed rotary-assisted population
transfer (RAPT) (/7). The limiting theoretical ratio of the en-
hanced to the non-enhanced signals is / + %, where [ is the spin
quantum number (/7).

An initial FAM sequence has also been shown to enhance
the spin—% MOQMAS signals obtained with the RIACT-II scheme
(18). However, as remarked above, the RIACT-II scheme usually
gives rise to distorted anisotropic line shapes, so the applications
of this FAM-RIACT-II combination are expected to be limited.

In this communication, we show that the signal strengths pro-
duced by the RIACT-FAM method of Goldbourt ef al. (/5) may
be enhanced by a factor of around 1.5 by preceding the pulse se-
quence with another FAM scheme in order to implement rotary-
assisted population transfer. This FAM—-RIACT-FAM method
achieves high signal strengths in spin-% systems without appre-
ciable lineshape distortions. We report the pulse sequence used
for the experiment, numerical simulations which substantiate
the arguments and experimental results on the 8Rb NMR of
polycrystalline rubidium nitrate, RbNOs.

All MQMAS experiments were performed on a Chemagne-
tics CMX-200 MHz spectrometer using a 4-mm double reso-
nance probe at a magic-angle spinning frequency of 10.0 kHz.
8’Rb NMR signals were observed at a Larmor frequency of
65.502 MHz.
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FIG. 1. Schematic of the FAM-RIACT-FAM sequence with the relevant

spin operators that are chiefly active. The scheme makes use of the split-
method followed by a t delay and a selective 180° pulse to incorporate the
whole-echo acquisition.

A fully packed rotor of polycrystalline RbNO; was used for
the experiments. RbNO; has three 8’Rb sites, Rb(1) (1.7 MHz,
0.2), Rb(2) (2.0 MHz, 1.0) and Rb(3) (1.8 MHz, 0.5), where the
numbers in brackets refer to the quadrupole coupling constant
Co and asymmetry parameter n (19).

The pulse sequence for the FAM-RIACT-FAM method is
shown in Fig. 1 together with the selected coherence tran-
fer pathways. Each FAM loop consisted of the sequence
Bo — Tw — Br — Tw, Where By represents a rf pulse of phase ¢
and duration 7, corresponding to ,,T, =B, where w,, =
ly + %)B,f| is the central transition nutation frequency dur-
ing the pulse. The pulse duration 7, and window duration t,,
during the FAM loops were 7, = 7, = 1 us. This corresponds to
a nutation frequency of 250 kHz. An optimization of the FAM
pulse lengths and interpulse delays is expected to enhance the
signal intensity further. The rf nutation frequency during the
FAM loops was wy,,/2wr = 70 kHz. The number of repetitions
of the two FAM loops were n; = 25 and n, = 3. The overall
duration of the first FAM loop, used for implementing the RAPT
enhancement, corresponds to one whole rotor period.

The pulse sequence in Fig. 1 involves selective /2 and &
pulses applied to the central transition. These pulses used a rf
nutation frequency of 20 kHz. The long rf pulse used for the
RIACT scheme employed a nutation frequency of 70 kHz and
had a duration of 25 us, corresponding to one quarter of a ro-
tor period. The two-dimensional (2D) experiments employed
a split-#; (20) whole-echo (27) method to obtain pure absorp-
tion spectra with separation of the isotropic signals in the w;
dimension. A total of 128 #; increments were acquired, each
of which was obtained with 96 phase-cycled transients. The
recycle delay was 1 s. The evolution interval #; was incre-
mented in steps of 20 us. The signal was digitized in #, us-
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ing a sampling interval of 50 us. The delay t was set to the
value T = 5.120 ms, so that the echo signal appeared in the mid-
dle of the acquisiton window. The rf phases were cycled ac-
cording to ¢y = M /6, ¢ =0, ¢3 = floor(42) /4, ¢rec =0 and
@aig = —3¢1 + 2¢3 in order to select the coherence pathways
indicated in Fig. 1. Here M =0, 1,2, ..., 95 is the transient
counter, ¢, is the rf receiver phase, and ¢g;, is the postdigitiza-
tion phase shift (22). An abbreviated phase cycle, which achieves
the same degree of selectivity using 23 steps, will be described
elsewhere (23).

In the following discussion, the performance of the FAM—
RIACT-FAM is compared with a number of other MQMAS
methods, including the original two-pulse scheme (CW-CW)
2, 7, 24), the RIACT-II method (/4), the pulse-FAM method
(CW-FAM) (8), the RIACT-FAM method (/5), and the FAM-
RIACT-II method (Z8). In these comparisons, all relevant pulse
sequence parameters are the same as those used in the FAM—
RIACT-FAM sequence. The MQ excitation pulses used in
the two-pulse scheme (2, 7, 24) had a duration of 8 us. The
MQ — 1Q conversion pulse in the two-pulse scheme (2, 7, 24)
had a duration of 2 us.

In this discussion, we index the Zeeman eigenstates of a half-
integer spin according to |1) = |+%), [2) = |+%), |3) = |—%),
|4) = |—%). Single-transition operators may then be defined in
the usual way (25). The performance of the FAM-RIACT-FAM
sequence in a spin—% system is based upon the following obser-
vations:

e The initial spin density operator is proportional to I, =
31 + I3, i.e., the largest population difference exists across
the two extreme Zeeman eigenstates.

e As described in Ref. (17), the extended FAM sequence
leads to an equalization of the populations of the outer state pairs
{I1),12)} and {|3), |4)}, leading to a density operator roughly
proportional to 271442123, The effect is to reduce the population
difference across the extreme eigenstates by a factor of % and to
enhance the population difference across the central transition
by a factor of two.

e The selective 90° pulse following the extended FAM se-
quence mainly converts the enhanced central transition popu-
lation difference, /2°, to central transition coherence, /2°. This
process is depicted (loosely) by the transformation /23 — 12} in
Fig. 1.

e The strong rf irradiation for an interval of %rr leads to a
reasonably efficient conversion of central transition 1QC (133)
to three-quantum coherence (3QC), through rotor-assisted adia-
batic coherence transfer, RIACT (7, /4). Note that both compo-
nents |2) (3| and |3) (2| contribute to the (43)-quantum coherence
|1) (4|, as indicated by the two coherence transfer pathways in

Fig. 1.
e After the first part of the split evolution interval, the (43)-
quantum coherence /}* = [1)(4] is converted by the second

FAM sequence into (+1)-quantum coherence /3 = [2)(3],
as described in Refs. (9, 27). Note that this process is not
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symmetric, in the sense that the transfer of 7} into the (—1)-
quantum coherence I = |3)(2| is weak. As discussed in
Refs. (9, 21), this lack of symmetry is favourable, since the sym-
metrical pathway (4+3) — (—1) does not lead to an echo of the
second-order quadrupolar interaction, and is of no use in MQ-
MAS NMR. If a RIACT sequence is used for the (43) — (+1)
conversion on the other hand, the superfluous (4-3) — (—1) path-
way is enhanced at the expense of the desirable (+3) — (+1)
pathway, which leads to a loss of echo intensity.

e The selective central transition 7 pulse leads to an echo
of the (—1)-quantum signals, allowing the acquisition of pure
absorptive 2D spectrum, as recommended by Massiot et al.
19, 21).

Figure 2 shows a set of 3Q echo simulations for different
pulse sequences. The simulations are done for a powder sam-
ple containing a spin-% site with quadrupole parameters Cp =
2.0MHz and n = 1.0, corresponding to the Rb(1) site in RbNOj.
The signal during #, is shown for a 3Q evolution time of ¢, =
900 ws. The second-order quadrupolar echo is observed at
t; = 700 ws. The magnetic field was assumed to be 4.7 T.

All simulations were performed using the program SIMPSON
(26). A total of 615 quadrupolar orientations, selected according
to the ZCW scheme (27-29), were used to simulate the powder
response. The simulation parameters were the same as used for
the experiments, outlined in Section 2.

Figures 2a and 2b show 3Q echo signals obtained with the
original two-pulse sequence (2, 7, 24) and the RIACT-II method
(I4) respectively. Figure 2c shows the enhancement in the
RIACT-II signal intensity by the application of an initial FAM
modulation leading to rotor assisted population transfer (/8).
The simulated signals are also enhanced by using FAM for the
(+3) — (+1) conversion, as shown in Figs. 2d and 2e. Figure 2f
shows that the FAM-RIACT-FAM scheme produces a further
increase in the simulated echo intensity.

The quadrupolar parameters used in Fig. 2 represent moder-
ate values of the quadrupolar coupling constant. This particular
site has a large n value leading to modest FAM enhancement.
The enhancements are larger for small n values. Further sim-
ulations (not shown) indicate that FAM-RIACT-FAM is even
more advantageous for sites with higher C. Note that the opti-
mal parameters of the FAM sequences are not the same for the
RAPT application at the beginning of the pulse sequence and
for the (+3) — (+1) coherence transfer process. Lowering the
rf amplitude for the first FAM sequence further enhances the
signal. This is presumably because the rough equalisation of
the populations across the two satellite transitions is relatively
undemanding, while too powerful rf fields tend to partially sat-
urate the |2) <> |3) central transition, leading to a loss of the
123 density operator component. These factors are under further
investigation.

Figure 3 shows a compilation of 3QMAS 8Rb NMR data
obtained on polycrystalline RbNO; using a variety of pulse
sequences. The first column shows the isotropic projection of
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FIG.2. Numerical simulation of a 3Q echo resulting from various MQMAS
pulse schemes for a 3Q evolution time of 900 us. The simulation parameters
correspond to the 37Rb(1) site of RbNO3 (see text) in a field of 4.7 T.

the 2D spectrum, showing peaks from the Rb(1), Rb(2), and
Rb(3) sites, resolved according to their isotropic chemical and
quadrupolar shifts. The central column shows the anisotropic
projections, which corresponds to the conventional MAS spec-
tra. The third column shows a slice through the 2D spectrum at
the Rb(3) site. Analysis of this second-order quadrupolar line-
shape allows determination of the quadrupole interaction pa-
rameters.

The spectra in 3a, 3b, and 3c were produced with the two-
pulse sequence. The isotropic peaks are assigned to the Rb sites
in Fig. 3p. Higher intensity was produced with the RIACT-1I
method, Figs. 3d, 3e, and 3f, but the anisotropic lineshape in
Fig. 3f is quite distorted. This is a common observation with
RIACT-II (15).
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FIG. 3. [Isotropic projection of the 3QMAS ®7Rb spectra of RbNO3 (column 1), anisotropic projection of the 3QMAS spectra of RbNO3 (column 2), and
anisotropic slice corresponding to Rb(2) site (column 3) obtained with MQMAS pulse schemes, CW-CW, RIACT-II, CW-FAM, RIACT-FAM, FAM-RIACT, and

FAM-RIACT-FAM.

The spectra in the next two rows were produced by using FAM
for the 3Q — 1Q conversion. In Figs. 3g—3i a short CW pulse
was used for the 3Q excitation, while in Figs. 3j-31 a RIACT
pulse was used. The results are fairly similar.

The fifth row, Figs. 3m-3o0, has spectra from the sequence
FAM-RIACT-II (also known as RAPT-RIACT-II (/8)), which
has an enhanced signal intensity in comparison with the spectra
from the RIACT-II scheme, Figs. 3d-3f. The anisotropic line-
shape shows an improvement with respect to that from RIACT-1I
scheme, but some distortions are still evident.

In the final row, Figs. 3p-3r, results from the new FAM—
RIACT-FAM sequence are shown. The signal enhancement is

obvious and the anisotropic lineshape shown in Fig. 3r has a
clean appearance.

Figure 4 shows a 2D spectrum of the same sample produced by
using the FAM-RIACT-FAM sequence. The experimental pa-
rameters are the same as before with the number of transients be-
ing 384. Also shown are the anisotropic slices from experiments
and simulations corresponding to the three Rb sites. For the sim-
ulations, using the program SIMPSON (26), 4185 quadrupolar
orientations were chosen according to the ZCW scheme (27—
29). The simulations show that the second-order lineshapes are
slightly distorted but are still usable for determination of the
quadrupolar interaction parameters.
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