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Different approaches to obtain pure absorption-mode line-
shapes in MQMAS experiments employing a train of 180° phase-
alternating pulses for the multiple-quantum to single-quantum
mixing period are investigated. Four pulse sequences, which
achieve this by using either the shifted-echo approach or the
hypercomplex approach with symmetric coherence transfer path-
ways, are presented and their improved lineshape- and sensitivity-
performance is experimentally demonstrated by ¥'Rb MQMAS of
RbNO;. Compared to the original modulated-rf mixing sequence,
sensitivity enhancements by factors up to 1.3 are obtained with the
sequences described here. © 2000 Academic Press

Key Words: MQMAS; modulated RF pulses; pure absorption-
mode spectra.

The field of high-resolution solid-state NMR of half-integer
quadrupolar nuclei has experienced several important advances
during the past decade. One of the most recent milestones
within this field was the introduction of the multiple-quantum
magic-angle spinning (MQMAS) experiment by Frydman and
Harwood (7). Like the double rotation (2, 3) and dynamic-
angle spinning (3—5) techniques the MQMAS experiment pro-
vides isotropic spectra of half-integer quadrupolar nuclei dom-
inated by the second-order quadrupolar broadening which is
only partly averaged by MAS. As this experiment only uses
MAS and combined multiple-quantum and single-quantum
coherence evolution periods to achieve this, it enjoys the
benefit that its implementation requires only a simple MAS
probe. However, the critical factor of the MQMAS experiment
is that it relies on efficient excitation and reconversion of the
multiple-quantum coherences. Unfortunately, these are nor-
mally associated with low transfer amplitudes, which further-
more decrease with increasing quadrupole couplings. There-
fore, the applicability of the MQMAS experiment is often
limited by a low sensitivity, especially for nuclei with large
quadrupole couplings. While numerous groups have proposed
alternative schemes for improved multiple-quantum excitation
(6-18), less attention has been drawn to optimizing the mul-
tiple-quantum to single-quantum mixing (7, 14, 18).

Based on the early work of Vega and Naor (/9) some very
recent studies have demonstrated that significant sensitivity
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enhancements of the MQMAS experiment for spin [ = 3/2
nuclei can be obtained by optimizing the triple- to single-
quantum reconversion (20-22), i.e., using modulated pulses
that selectively irradiate the satellite transitions. In addition to
an improved mixing efficiency they also found a highly selec-
tive excitation of the p = 0 — —3 — —1 coherence pathway
over the p = 0 — +3 — —1 pathway (22). This selectivity
has the drawback that it inhibits the acquisition of the p = 0 —
+3 — —1 pathway signal which is necessary in the hyper-
complex or TPPI approaches to pure absorption-mode line-
shapes.

In this Communication we present four MQMAS sequences
with modulated pulses that provide pure absorption-mode 2D
spectra while retaining the sensitivity gain obtained with mod-
ulated-RF mixing period. The pure absorption-mode line-
shapes are achieved by using either the shifted-echo approach
(9, 14, 23, 24) or the hypercomplex approach (25) with sym-
metric coherence transfer pathways (26, 27).

The MQMAS pulse sequence with modulated-RF mixing
period proposed by Madhu et al. (21) is shown in Fig. la. We
will use this sequence as the basis for our modified acquisition
schemes because it is easier to implement than the double
frequency-sweep sequence presented by Kentgens and Verha-
gen (20). It should be noted that although these two sequences
rely on similar physical principles they are still quite different
because the latter sequence sweeps the carrier frequency over
the entire satellite spectrum (20). On the other hand, the mod-
ulated pulses used by Madhu et al. (21) correspond to irradi-
ation at two distinct frequencies, ideally on the singularities of
the satellite powder pattern. This pulse sequence consists of a
triple-quantum excitation pulse followed by the triple-quantum
evolution period #,. The triple-quantum to single-quantum
reconversion is performed by the (p.(7) — 7 — p(7) — 7),
block of pulses which represents a simple but easy-to-imple-
ment approximation to a cosine modulation of the RF signal.
The acquisition begins immediately after the reconversion
pulses. Figure 1b shows the *Rb free-induction decay (FID)
for a sample of RbNO; obtained by this pulse sequence and
splitintothep =0 —> -3 —> —landp =0 —> +3 — —1
signals. We note that the p = 0 — +3 — —1 signal is almost
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(a) MQMAS pulse sequence with modulated triple- to single-quantum conversion pulses as proposed by Madhu et al. (21). (b) *Rb FID of RbNO,

obtained by this pulse sequence recorded on a Bruker DSX 300 spectrometer (7.0 T) with a larmor frequency for ¥Rb of 98.2 MHz. The spectrum was recorded
employing 10 kHz MAS, a spectral width of 50 kHz, rotor synchronized ¢, incrementation (100 us) (28), RF field strengths of 100 kHz for the triple-quantum
excitation pulse (7,4 = 4ps) and 80 kHz for the triple- to single-quantum reconversion pulses (Tyu. = Taay = 1) With an optimized number of loops (n =
3), and 48 transients followed by a repetition delay of 2 s for each #, slice. (c) Isotropic/anisotropic spectrum obtained by a shearing transformation (6, 9, 11)
of the FID in (b). This spectrum employs 50 Hz shifted-gaussian apodization in the ¢, dimension. Contours are drawn at 10, 20, ...,90% of the maximum

intensity.

absent in accordance with the fact that the modulated pulses
mainly transfer the p = 0 — —3 — —1 signal.

The selectivity obtained by the cosine-modulated mixing
pulses may easily be justified by looking at the effec-
tive Hamiltonian for a spin-3/2 nucleus during the mixing
pulse

W = wQ(O’ d’) (121__2 - 13_4)
— (1) (BT H+ Y + 2177, (1]

where the quadrupolar frequency (w,) is given by wq(0, ¢) =
e’qQ/2h X (1/2(3 cos® § — 1) + m sin” 0 cos 2¢), w,(t) =
w, cosw,t, and I’ represent fictitious spin-1/2 operators (29).
For our purposes it is convenient to express this Hamiltonian in
a frame that rotates about the quadrupolar interaction (I}™> —
I}™*) with an angular frequency of w,,, as proposed by Vega
and Naor (/9). In this frame, which does not influence the
triple-quantum- and central-transition single-quantum-opera-
tors, the effective Hamiltonian takes the form

%eff = [(DQ(O, d)) - wm] (1272 - 1274)

\3

o [0+ 1Y

— 2w, cos(w,t)[** —

X (1 + cos2w,t) — (1,77 + I1;7%) sin 20,.1].
[2]

Neglecting all the time-dependent terms, which will average to
zero over a period of 27/w,,, and assuming that it is possible
to choose w,, to be on resonance with wq(6, ¢) for elimination
of the first term, the effective Hamiltonian reduces to

—

!/3
— 5 o7+ 0. [3]

Hege =

Immediately before the mixing pulses, described by the effec-
tive Hamiltonian above, we assume that the spin system con-
tains only triple-quantum coherence, represented by, e.g., I'™*
(p = —3 coherence). Suppose the mixing period is of duration
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(a—d) MQMAS pulse sequences with modulated-RF mixing period yielding pure absorption-mode spectra by (a,b) the split-#, and shifted-echo

approaches where the echo is shifted with a central-transition selective 7 pulse, (c) hypercomplex acquisition of symmetric pathways (the duration of the selective
pulse immediately after the modulated pulses is tuned to optimize the signal and may vary slightly from a 7/2 pulse), or (e) a combination of the shifted-echo
and hypercomplex sequences. For the four sequences 24 or 48 step phase cyclings were applied to select the indicated pathways. (e~h) *'Rb free-induction decays
for a sample of RbNO; for the two-dimensional experiments in (a—d) and obtained under the same conditions as the FID in Fig. 1b and split into the p = 0 —

*+3 — —1 signals. The RF-field strength for the selective pulses was 40 kHz.

Tmix = 277/(\@@), the evolution during the mixing period
yields

e~ i Hetrmin 1 17* 4 e i FetTimi

1-2

. 1-2 ;13-4
in(l v )

I 1A —im

=e o

(4]

From this equation it is clear that under the conditions de-
scribed above, the cosine-modulated mixing pulses select
uniquely the p = 0 — —3 — —1 coherence pathway.
Moreover, it is also clear why the modulated-RF sequences
give improved sensitivity, because the Hamiltonian in Eq. [3]
transfers /'~ into I’~’ without loss to other coherences. It

should be noted that Vega and co-workers (30) are working on
a more extensive description of the modulated-RF mixing.

The isotropic/anisotropic correlation spectrum shown in Fig.
Ic is obtained by a shearing transformation of the p = 0 —
—3 — —1 signal of the FID in Fig. 1. The contour plot clearly
reveals three distinct rubidium sites in accordance with the
crystal structure (37) and previously published NMR results
9, 11, 24, 32). However, when taking a closer look at the cross
sections through the three isotropic peaks we observe signifi-
cant phase distortions of the lineshapes compared to ideal
second-order quadrupolar lineshapes. These distortions show
that this sequence does not provide a pure absorption-mode
spectrum.

To obtain a pure absorption-mode 2D spectrum while taking
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FIG. 3. “Rb MQMAS spectra of RbNO; obtained by shearing transfor-

mations (except from the FID in Fig. 2e that requires no shearing) of the FIDs
in Fig. 2 with the spectrum in (a) corresponding to the FID in Fig. 2e, (b) to
Fig. 2f, (c) to Fig. 2g, and (d) to Fig. 2h. For each spectrum the FIDs were
weighted with 50 Hz shifted-gaussian line broadening, processed, and for the
spectra in (c) and (d) the spectra for the two pathways were added to yield the
spectra shown. Contours are drawn at 10, 20,..., 90% of the maximum
intensity.

advantage of the improved sensitivity of the pulse sequence in
Fig. 1a, we designed the four pulse sequences shown in Figs.
2a-2d. The simplest sequences (Figs. 2a and 2b) use the
shifted-echo approach (9, 24) to obtain pure absorption-mode
lineshapes. The sequence in Fig. 2a uses a delayed acquisition
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(14) in which the ¢, period is split between evolution periods as
p = 3 and p = 1. Consequently, the 2D FID, shown in Fig.
2e, contains echo tops that do not advance with increasing ¢,
and because of the selective mixing pulses contains only the
p=0—+3 — +1 (— —1) coherence pathway. When there
is an inhomogeneous broadening associated with the isotropic
dimension (as often occurs in glasses), then the shifted-echo
sequence in Fig. 2b may be able to refocus a greater signal
volume and therefore would be preferred over the sequence in
Fig. 2a. In this experiment the delay between the mixing pulses
and the selective 7 pulse is constant. The FID (Fig. 2f) is now
dominated by the p = 0 — +3(— +1) — —1 pathway, and
we note that for a crystalline compound the echo shifts toward
lower t, values with increasing #,. As an alternative to the
shifted-echo sequences, acquisition of both of the =3 quantum
coherence pathways may also provide a pure absorption-mode
spectrum. The sequence in Fig. 2c creates symmetric pathways
by use of two central-transition selective /2 pulses immedi-
ately after the mixing period (25-27). As the antiecho signal is
shifted to negative ¢, values and therefore only partly detect-
able, the FID obtained by this hypercomplex sequence (Fig.
2g) is dominated by the echo signal. Finally, to acquire the full
p=0—--3—>...>—-landp=0—>+3—>...— —1
signals we have combined the hypercomplex and shifted-echo
sequences as shown in Fig. 2d. Employing this sequence the
FID (Fig. 2h) indeed contains both pathway signals with same
intensity. Finally, it should be emphasized that the selectivity
of the modulated mixing pulses may be used to reduce the
phase cycling in other MQMAS experiments as they require
p = =3 — *1 coherence pathway selection of the mixing
pulse (14, 27, 33).

Two-dimensional Fourier transforms of the FIDs in Figs.
2e—2h are shown in Fig. 3. For the FIDs in Figs. 2g and 2h the
spectra are obtained by separate processing of the two path-
ways which are added to yield the spectra shown. It is noted
that the FID from the hypercomplex shifted-echo sequence
(Fig. 2d) provides pure absorption-mode spectra from either
thep=0—>+3—>...—>—-lorthep=0—>-3—>... >
—1 pathway signals. The contour plots of all four sequences

TABLE 1

Signal to Noise Ratios of the Cross Sections through the Three
Sites of the “Rb MQMAS Spectra of RbNO,

Pulse sequence (Figure) Site 1 Site 2 Site 3
Original (1a) 1 1 1
Split-7, (2a) 1.27 1.32 1.21
Shifted echo (2b) 1.21 1.24 1.12
Hypercomplex (2c) 0.56 0.56 0.44
Hypercomplex shifted echo (2d) 0.77 0.85 0.74
Two-pulse sequence” 0.57 0.48 0.44

Note. For all sites the S/N ratio is given relative to the S/N ratio achieved by
the sequence in Fig. 1.
“ Two-pulse sequence with single-pulse mixing (6, 8, 9, 11).
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resemble the spectrum in Fig. Ic obtained by the original
sequence (27). However, looking at the cross sections of the
three sites, we observe a significant improvement of the line-
shape performance of all four sequences compared to the
sequence in Fig. 1. Thus, the proposed sequences all eliminate
the dispersion-mode lineshapes of the original experiment pro-
posed by Madhu et al. (21).

Provided there is no significant damping of the signal due to
T, relaxation, which is the case for ¥Rb in RbNO,, the sensi-
tivity should increase when the whole echo is acquired (24). To
investigate the resulting improvement on the complete 2D
spectra, Table 1 summarizes the S/N ratios for the traces of the
three sites for the four present sequences relative to the se-
quence in Fig. 1. Indeed the improved S/N ratio obtained by
acquiring the whole echo is also reflected in the complete 2D
spectrum. Thereby, sensitivity improvements by factors up to
1.32 are obtained using the shifted-echo sequences. The two
hypercomplex sequences (Figs. 2c¢ and 2d) do not provide
improved S/N ratios, most likely due to the increased number
of pulses employed. Moreover, the two hypercomplex se-
quences suffer the usual decrease in the S/N ratio by employing
symmetric pathways (24). To evidence the improved sensitiv-
ity obtained using modulated-RF mixing, the S/N ratios for the
simple two-pulse sequence (6, 8, 9, 11) are included in Table 1.
Indeed we achieve a significant improvement of the sensitivity
employing modulated-RF mixing, i.e., improvements of the
S/N ratio by factors up to 2.75 are achieved by the shifted-echo
sequences relative to the single-pulse mixing sequence (for
w,/2m7 ~ 80 kHz).

It is of interest to investigate the possible applicability of this
new type of MQMAS experiments to nuclei with larger spins,
e.g., “Aland O (both with spin I = 5/2). For spin-5/2 nuclei
only the p = 0 — +3 — —1 pathway signal is refocussed at
positive 7, values. Thus, for a spin-5/2 nucleus it is imperative
to use sequences like those in Figs. 2b—2d that allow acquisi-
tion of the p = 0 — +3 — --- — —1 coherence pathway
signal. Preliminary theoretical and experimental results in our
laboratory show that the sensitivity may be doubled and the
efficiency for large quadrupole couplings increased by using
modulated-RF mixing on “Al, and similar results have very
recently been reported by other groups (34, 35). An extended
study of improved p = 3 — | and p = 5 — 1 quantum
coherence mixing schemes for spin-5/2 nuclei will be given
elsewhere.

In conclusion, we have demonstrated that it is possible to
acquire pure absorption-mode 2D MQMAS spectra by choos-
ing appropriate acquisition schemes in combination with mod-
ulated-RF mixing MQMAS experiments. In addition to pro-
viding the undistorted second-order lineshape the proposed
sequences improve the sensitivity by factors up to 1.3 com-
pared to the original sequence and 2.75 compared to the
single-pulse mixing sequences.
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