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Accelerating high-resolution NMR of half-integer quadrupolar
nuclei in solids: SPAM-MQMAS and SPAM-STMAS

Akiko Sasaki,” Yu Tsutsumi,” Jean-Paul Amoureux*™“

In solid-state NMR, multiple-quantum MAS (MQMAS) and satellite-transition MAS (STMAS) experiments are well-
established techniques to obtain high-resolution spectra of half-integer quadrupolar nuclei. In 2004 and 2005, a soft-pulse-
added-mixing (SPAM) concept was introduced by Gan and Amoureux to enhance the S/N ratio of MQMAS and STMAS
experiments. Despite their robustness and simplicity, SPAM approaches have not yet been widely applied. Here, we
further exploit SPAM concepts for sensitivity enhancement upon acquisition of two-dimensional MQMAS and STMAS
spectra and also establish a general procedure upon implementation of SPAM-MQMAS and SPAM-STMAS NMR. Its
effectiveness and ease in experimental setup are demonstrated using simulations and experiments performed on | = 3/2
(®Na, ¥Rb), 5/2 (*’Al, ®Rb) and 9/2 (*>Nb) nuclei with a variety of quadrupolar coupling constants (Cq). Compared to the
conventional z-filter methods, sensitivity enhancements in between 2 and 4 are achievable with SPAM. We recommend to
use SPAM with a ratio of 4:1 for the number of echoes and antiechoes to safely maximize the sensitivity and resolution
simultaneously. In addition, a comparison of the experimental approaches is made in the context of SPAM-MQMAS and
SPAM-STMAS NMR with respect to repetition delay and spinning frequency, aiming to discuss the precautions upon

making a judicious choice of

1 Introduction

Quadrupolar nuclei (I > 1/2) represent more than 70% of NMR-
active nuclei. Nevertheless, their use in NMR is limited owing
to the presence of the quadrupole interaction which can cause
a significant loss of sensitivity and resolution. In solid-state
NMR of these nuclei, magic angle spinning (MAS)® is often
employed to eliminate the first-order quadrupolar broadening
and partly reduce the second-order one. For half-integer spin
quadrupolar nuclei (I = 3/2, 5/2, 7/2 and 9/2), high-resolution
NMR methods such as double rotation (DOR)2 and dynamic
angle spinning (DAS)® have been successfully implemented to
obtain isotropic spectra. However, these methods require
special probes with limited spinning frequencies. Multiple-
quantum MAS (MQMAS)4 and satellite-transition MAS
(STMAS)5 experiments are two-dimensional (2D) correlation
experiments that allow to obtain isotropic spectra under MAS
conditions. In MQMAS, a symmetrical multiple-quantum (MQ)
coherence is evolved in t; and correlated with the central-
transition (CT) coherence observed in t,, while in STMAS, a
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methods of half-integer quadrupolar nuclei.

single-quantum satellite transition (ST) is evolved in t; and
correlated with CT in t,. Both MQMAS and STMAS methods
exploit the refocusing of the second-order quadrupolar
broadening at t, = Rt;, where the constant R depends on the
spin value and the order of coherences used.®>” A 2D Fourier
transformation (FT) of such signals leads to a 2D spectrum
where each species appears as a ridge lying along the slope of
R. A projection onto an axis perpendicular to R yields an
isotropic spectrum free of anisotropic quadrupole interaction
while a cross section along the ridge retains the anisotropically
broadened MAS line-shape. Alternatively, a shearing
transformation produces a 2D spectrum in which the MAS
spectrum lies horizontally along the direct dimension (F,). The
isotropic spectrum can then be obtained from a projection
onto the indirect dimension (F;,). Although MQMAS is widely
used as a routine method owing to the ease in experimental
set up, its intrinsically low sensitivity due to the use of the
usually ‘forbidden’ multiple-quantum coherences is a limiting
factor in many practical applications. On the other hand,
despite its high sensitivity, STMAS is more challenging to
perform than MQMAS because of its technical requirements,
such as stable spinning frequency and accurate magic angle
setting, mandatory to eliminate the first-order quadrupole
broadening.8 MQMAS and STMAS are in fact complementary
as their comparison allows to detect the presence of motions
close to the various observed species.9 For the ease of a direct
comparison of all MQMAS and STMAS spectra, a unified
representation has been proposed, in which an identical ppm
scaling is used for Fiso.lo
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In MQMAS and STMAS experiments, most often used pulse
sequences are composed of three pulses: two hard pulses
followed by a soft one. The initial hard pulse excites the
coherence of interest (MQ or ST) and, after t; evolution, the
second hard and the final soft pulses perform an effective
conversion to observable CT coherences. Pulse sequences
proposed for MQMAS and STMAS experiments to achieve

absorptive line-shapes are of two categories: amplitude-
modulated, which contains a z—filter,”'12 or phase-
modulated,13’14 which is based on a full-echo acquisition. In the

amplitude-modulated z-filter approach, a pair of symmetrical

coherences are initially excited, evolved in t; and then
converted to CT via a z-filtered p = O state selected by phase
cycling. Frequency sign discrimination in t; is ensured by a
suitable data treatment (States or TPPI).

modulated full-echo approach, on the contrary, only a single

In the phase-

coherence pathway is selected by phase cycling. By the
insertion of an appropriate interval (t) after the second hard
pulse, the echo signal is shifted in the time domain so that
whole echo signals are acquired for all t; increments. A t-
dependent first-order phase correction gives rise to purely
absorptive line-shapes. As a rule of thumb, the full-echo
acquisition is often preferred for samples with long T,' (e.g.
crystalline compounds) to avoid the losses occurring during 27,
whereas the z-filtered approach is often used for samples with
short T, (e.g.
problems of distorted line-shapes observed when using a single

amorphous or disordered materials). The

pathway have been discussed in detail in the case MQMAS
experiments performed on a well-crystallized sample of RbNO3.15 In
the following we are concerned with the amplitude-modulated
approach, which is by far the most used method.

2 Soft-pulse-added-mixing (SPAM)

A large variety of sensitivity enhancement techniques (RIACT,16
FAM,""'® DFs,” FASTER>® HS,” RAPT,” and QCPMG-
MQMA523) have been proposed and proved useful in MQMAS
and/or STMAS contexts, although their optimization process
may sometimes be found time-consuming owing to the
presence of multiple parameters that need to be controlled. In
2004 and 2005, Gan et al.?* and Amoureux et al.”%
introduced the SPAM (soft-pulse-added-mixing) concept to
enhance the signal-to-noise (S/N) ratio of MQMAS and STMAS
signals, and they demonstrated its simple experimental setup
and successful application to 0 NMR.Z? To illustrate the
SPAM method, pulse sequences and coherence transfer
pathways of triple-quantum MQMAS and DQF (double-
quantum filtered) STMAS?* experiments are shown in Fig.1 for
z-filter and SPAM approaches. All the pulse sequences mainly
consist of three pulses, one for excitation (p1l) and two for
conversion (p2 and p3), except that the DQF-STMAS includes
an additional CT-selective n-pulse (p4) immediately before the
second hard pulse (p2) to remove unwanted autocorrelation
peaks to simplify the spectral analysis without significant loss
of sensitivity.28 In conventional z-filter approaches (Fig.1a,b),
signals from a pair of symmetrical coherence transfer
pathways, echo (E) and antiecho (AE), are simultaneously
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selected, evolved during t; and converted via the z-filtered p =
0 state so that the observed signal is a combination of E and AE
signals with equal amplitudes, which consequently yield a 2D
absorptive line-shape. For example, p = { 3 - 0 — -1} is
selected in z-filter MQMAS in Fig.laandp={+f1 > 12 >0 —
-1} is selected in z-filter STMAS in Fig.1b. In SPAM methods, on
the other hand, symmetrical coherence transfer pathways are
treated separately, and signals are acquired sequentially in an
alternating manner. By properly setting the phase of the CT-
selective p3 pulse, a constructive addition of signals from all p
= (+1, 0, -1) pathways can be achieved, resulting in an effective
signal accumulation. For example, as shown in Fig.1c-f, p = {+3
—(+1,0,-1) > -1}and p={-3 > (+1, 0, -1) — -1} are selected
in SPAM-MQMAS, and p = {+1 > +2 — (+1, 0, -1) > -1} and p
={1—> -2 > (+1, 0, -1) — -1} are selected in SPAM-STMAS,
respectively. Upon consideration of Wigner rotation matrix
elements, Gan indicated a possible 70% gain in signal intensity
by using these (+1, 0, -1) pathways compared to that of the
single p = 0 pathway.”* Numerical simulations performed by
Amoureux and co-workers revealed that the SPAM signal can
be further enhanced, depending on the C, value, and that a
maximum enhancement of ca. 2 was obtained at Cq = 0.5-1
MHz for | = 3/2 and Cq = 1-4 MHz for | = 5/2.”° It should be
noted that, although SPAM requires separate acquisition of E
and AE signals, the total number of t; increments to achieve
the same isotropic resolution is identical in both z-filter and
SPAM experiments. This is because, in the hyper-complex
(States) data treatment used in z-filter experiments, each t;
increment is in fact recorded twice, one with sine and one with
cosine modulation, to ensure frequency discrimination in the
indirect dimension. Therefore, for a given experimental time,
SPAM can yield a signal enhancement of up to 2 owing to the
effective accumulation of signals from p = (+1, 0, -1) pathways.
It should be reminded that in the conventional methods, there
is a z-filter delay of a few tens of ps in between the second
hard pulse (p2) and the last soft pulse (p3) to ‘purge’ the non-
desired coherences not situated on the p = 0 state, and thus
these two pulses are phase-cycled individually. With SPAM, on
the contrary, these two pulses can be considered as a single
composite pulse,zg without any delay in between them, and
they are thus phase-cycled globally. Since the main difference
between z-filter and SPAM methods is the phase cycling that
derives from the desired coherence pathways, the optimum
pulse lengths are expected to be similar. This was
demonstrated theoretically by Gan for p3 upon consideration
of Wigner rotation matrices, and experimentally on A (I =
5/2) MQMAS signals of berlinite for p2 or p3.24’26

In addition to the implementation of SPAM into MQMAS
and STMAS experiments, Amoureux et al. also introduced an
additional experimental trick, namely the “truncated SPAM”
for the 2D acquisition of MQMAS and STMAS signals.25 In the
truncated SPAM, either only a part or no AE signals are
acquired, which we denote, “partly” and “fully”-truncated
SPAM, respectively. To illustrate this concept, a time-domain
representation of E and AE signals experimentally recorded on
Al (I = 5/2) of berlinite and *Na (I = 3/2) of Na,SO, is shown
in Fig.2. It should be reminded that, by definition, the signal
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that moves forward in the t, acquisition window comes from
the echo pathway, whereas the signal that moves backward
and disappears from the t, acquisition window derives from
the antiecho pathway. Therefore, for MQMAS the echo
pathway during t; is p = -3 or +3 for | = 3/2 or > 5/2,
respectively. The coefficients relevant to MQMAS and STMAS
experiments are summarized in Table S1 of the Supplementary
Information. In a 2D time-domain representation, similar to
that shown in Fig.2, E and AE signals move along the opposite
slopes of +1/R. For example, taking ’Al (I = 5/2) MQMAS in
Fig.2a, |R| = 19/12 and the E and AE move along the slopes of
+12/19 and -12/19,
increments increases, eventually, there will be a point in t; at

respectively. As the number of t;

which AE signals are no longer present in the t, acquisition
window and only noise is acquired. By skipping the AE
acquisition beyond this point, the total experimental time
required for 2D acquisition can be largely reduced. This is
schematically shown in Fig.3 where a series of FIDs is
compared between z-filter (E + AE), SPAM (E = AE), partly-
truncated SPAM (0 < AE < E) and fully-truncated SPAM (AE =
0), where we designate E and AE as the number of echoes and
antiechoes, respectively. In z-filter (E + AE), E and AE signals
are acquired simultaneously, whereas in SPAM (E = AE), they
are acquired in an alternate manner. In partly-truncated SPAM
(0 < AE < E), the AE acquisition is skipped beyond an arbitrarily
point and a blank dataset is inserted in place of AE signals,
while in fully-truncated SPAM (AE = 0), no AE signals are
acquired. With truncated SPAM approaches, a sensitivity
enhancement can be simply achieved by increasing the
number of scans (NS) for echo signals proportionally to the
number of antiecho signals being skipped. For example, for a
fixed experimental time, if no antiecho signals are recorded at
all (AE = 0), then NS can be simply doubled. If the number of
antiechoes is set to a quarter of the number of echoes (E:AE =
4:1), then NS can be increased by 1.6, and so on. More
generally, is given by
2E/(E+AE). It should be noted, however, that some dispersive

the multiplication factor for NS

parts may become visible in the 2D SPAM spectra when an
insufficient number of AE are recorded. This may obscure the
resonances and hinder an accurate spectral analysis, especially
for well-crystalized samples presenting close narrow
resonances and species with small CQ.2 Nevertheless,
successful demonstrations of SPAM experiments have been
reported on two spin | = 5/2 nuclei: 2’ Al with MQMAS of AIPO,-
14, or YO (enrichment < 30%) with MQMAS of 3Al,05-
48.5Na,0-48.5P,0s glass,”” and MQMAS and DQF-STMAS of
Nbl_glpz'gzolz,zs emphasizing the SPAM sensitivity advantage,
especially in the case of distributed samples in which the
absence of AE acquisition did not compromise the quality of
the 2D spectra. The fully-truncated SPAM concept was also
utilized in hetero-nuclear correlation (HETCOR) experiments
combined with MQMAS (SPAM-MQ-HETCOR),* in which only
an echo pathway is selected prior to population transfer via
dipolar interaction (MQ-D-HETCOR) or J coupling (MQ-J-
HETCOR). These high-resolution SPAM methods have been
applied to Y AI2P and 27Al-2%si through-space and through-

5
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bond HETCOR spectra and they provided a considerable
sensitivity gain.30

Despite its robustness and simplicity, the SPAM concept
has not been widely applied since its introduction and only a
few number of publications exist since then.®?3¥33 Thjs
limited application of SPAM methods, is mainly due to three
reasons: (i) solid-state NMR spectroscopists rarely use the echo-
antiecho method, (ii) the data treatment of the truncated SPAM
methods was not easy to do before, and (iii) no simple rule for the
best E:AE ratio was proposed. However, (i) this complexity of the
data treatment is now completely overcome with the new NMR
consoles, (i) we provide in this article a simple rule for the E:AE
ratio, and (iii) very simple and robust SPAM sequences are presently
available (see Supplementary Information). Here, we further
exploit the SPAM approach to accelerate the acquisition of
MQMAS and STMAS spectra with respect to sensitivity. Its
effectiveness setup
demonstrated using both simulations and experiments
performed on | = 3/2 (**Na, ¥'Rb), 5/2 (*’Al, ®Rb) and 9/2
(*®*Nb) nuclei with a wide range of Cq values. It will be shown

and ease in experimental are

that sensitivity enhancements of up to 4 can be attained by
SPAM-MQMAS and SPAM-STMAS without additional time-
consuming pulse optimization. Recent developments of high-
field (Bo) spectrometers and fast MAS probes have potential to
facilitate the solid-state NMR investigations of half-integer
quadrupolar nuclei. In the context of SPAM, we also present a
comparison of several experimental approaches with respect
to repetition delay (RD) and spinning frequency (vg), discussing
the precautions upon making a judicious choice of high-
resolution NMR methods (MQMAS versus STMAS) for half-
integer quadrupolar nuclei in solids.

3 Methods

All experiments were performed using a Bruker Avance NEO
spectrometer with a B, = 14.1 T wide-bore magnet at a Larmor
frequency of 158.75 (**Na), 156.38 (*’Al), 196.37 (*'Rb), 57.94
(BSRb) and 146.89 (93Nb) MHz, equipped with HX MAS probes
using either & = 3.2 mm rotors at vg = 20-22 kHz or & = 1.3
mm at vg = 20 and 62.5 kHz. For hard pulses, maximum rf field
strengths of v, = 120 (¥Rb), 95 (**Na), 90 (*’Al), 35 (®°Rb) kHz
were attained with & = 3.2 mm, and v; = 160 (87Rb), 128 (93Nb)
kHz with & = 1.3 mm. A range of v; = 5-20 kHz was used for
CT-selective soft pulses. Powder samples (Na,SO,, NaH,PO,,
sodium citrate dihydrate, AIPO,4-14, Berlinite, y-Al,05, RbNOs,
Rb,SO,, NaVO; CS4;Nb;;03,, and Nbs(NbO),(PO,);) were
packed as purchased or as synthesized. All MQMAS
experiments were performed using the triple-quantum
versions described in Fig.1a,c and all STMAS ones with the DQF
(double-quantum filtered) versions described in Fig.1b,d. The
coefficients of MQMAS and STMAS experiments and
quadrupolar parameters of selected compounds are provided
in Tables S1 and S2, respectively. Prior to any 2D signal
acquisition, for each sample all pulse lengths were
experimentally optimized using a 1D version that corresponds
to either the first row or the first echo of the 2D acquisition,
for z-filter or SPAM experiments, respectively. Chemical shift
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scales, shown in ppm, were referenced using the sample of
interest itself as a secondary reference, and MQMAS and
STMAS spectra were referenced after shearing transformation
according to the unified representation.10 Prior to any STMAS
investigations, accurate adjustment of the spinning axis to the
magic angle was performed using a DQF version of the split-t;
shifted-echo pulse sequence on the sample of interest itself.>*
Further experimental details are given in the figure captions.

We used the TS4.0.6 version of Topspin software. It must be
noted that with previous versions, in the case of for | = 3/2 nuclei
the minimum number of AE that can be acquired with SPAM is not
0, but 1.

All simulations were performed using the SIMPSON density
matrix simulation program.* The variable input parameters
were the nucleus of interest, spinning frequency (vg), rf field
strength (v;), and the quadrupolar coupling constant (Cq). The
quadrupole interaction, with ng = 0, was taken into account up
to the second-order, without scalar or dipolar coupling. Input
pulse programs and coherence selections were chosen to
emulate the real MQMAS and STMAS sequences shown in
Fig.1 without any delay, except for the rotor-synchronized
STMAS experiments (timin = Tr - p1/2 - p4 - p2/2). All pulses
were applied on the gravity center of the line-shape using v, =
90-160 kHz for hard pulses and v; = 5-20 kHz for CT-selective
soft pulses. Input parameters intrinsic to powder averaging
under MAS conditions (crystal file, number of y-angles and
maximum time step (At) over which the Hamiltonian is
considered time independent) were tested for convergence,
and a combination of ZCW20 x 10 y-angles with At = 0.1 us
was sufficient to produce a contour plot of signal intensity
versus pulse lengths for the given range of Cq used in the
following investigations. Since the imaginary part of the signal
was found to be minor, only the real part of the signal is
plotted as the signal intensity. Further computational details
are given in the figure captions.

4 Results and discussion

4-1 Pulse length optimization

As previously discussed by Gan* and Amoureux,”® the
optimum pulse lengths for SPAM are expected to be close to
those of z-filter. This has been verified using simulations. Fig.4
shows a series of plots of calculated MQMAS and STMAS signal
intensities with respect to each pulse length for a large range
of Cq values for Al (I = 5/2) and Na (I = 3/2) nuclei. Only the
signal intensity of the echo pathway has been considered since
it gives rise to the overall signal intensity, while the antiecho
signal mainly contributes to cancel the residual dispersive part
of the echo signals.

Upon comparison of contour plots between z-filter and
SPAM, it can be observed that the optimum pulse lengths are
identical in both MQMAS and STMAS approaches. For
example, for Al with Cq = 4 MHz, the optimum MQMAS
pulse lengths for z-filter and SPAM are {p1, p2, p3} = {4.0, 1.4,
16.7} ps, and similarly {p1, p2, p3, p4}=1{1.8, 1.1, 16.7, 33.4} us
for both z-filter and SPAM-STMAS approaches.

4| J. Name., 2012, 00, 1-3

Since the optimum pulse lengths are identical with z-filter
and SPAM, no additional experimental time is required for
further optimization upon implementation of SPAM
experiments. This makes SPAM a simple, efficient and user-
friendly approach compared to other sensitivity enhancement
techniques that might involve complicated and time-
consuming parameter optimization procedure.

4-2 Sensitivity enhancement and reduction in experimental time

Despite their robustness and simplicity, SPAM methods have
not been widely used since their introduction and not many
examples are available in the literature to demonstrate the
effectiveness of SPAM as a sensitivity enhancement technique
for MQMAS and STMAS acquisition. In the following
subsections, we present a selected series of comparison of
MQMAS and STMAS spectra of inorganic crystalline powder
samples with various Cq values for | = 3/2 (BNa, 87Rb) or 5/2
(*’Al, *°Rb).

We show that, for a given experimental time, a signal
enhancement of 2 to 4 is easily achieved by SPAM compared
to z-filter. In addition, although SPAM was originally developed
for sensitivity gains of MQMAS and STMAS signals, it can
readily be used for reduction of the experimental time to
obtain an identical isotropic spectrum. In the following, three
sets of MQMAS or STMAS experiments were compared: z-
filter, SPAM (E = AE), and truncated SPAM (0 < AE < E) in which
the AE acquisition is partly or fully skipped. An identical
combination of optimum pulse lengths was used in z-filter and
SPAM, as anticipated from the simulations and confirmed
experimentally.

4-2-1 Sensitivity enhancement

Figs.5a,b show a comparison of isotropic projections of Zp|
(AIPO,-14) MQMAS and ®Rb (Rb,S0O,) STMAS spectra recorded
using z-filter and SPAM approaches. The experimental time
(Texp), repetition delay (RD), and total number of t; increments
(Nt1) were fixed, while the number of scans (NS) was the same
in z-filter and SPAM (E = AE) but doubled in fully truncated
SPAM (AE =0 or 1) to amount to the same T,,,. Compared to z-
filter, the signal intensity of SPAM (E = AE) is twice as large, as
anticipated by the previous numerical simulations® and our
simulated contour plots in Fig.4. This signal enhancement
originates from the constructive addition of (+1, 0, -1)
coherences intrinsic to the SPAM concept. With the fully
truncated SPAM (AE = 0), a signal enhancement of 4 can be
observed with respect to z-filter. This gain can be decomposed
as 2 x 2, where the first factor of 2 comes from the
constructive addition of (+1, 0, -1) coherences intrinsic to
SPAM and the second is related to the doubling of NS to
compensate for the time saved by skipping the AE acquisition.
For example, in the case of Al MQMAS of AIPO,4-14 in Fig.5a,
24 scans were accumulated for each of 256 t; increments in z-
filter, 24 scans for each of 128 E and 128 AE acquisition in
SPAM (E = AE), and 48 scans for each of 128 E acquisition in
fully-truncated SPAM (AE = 0). It can be concluded that, for a
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given T, a signal enhancement of 2 is attainable by SPAM (E
= AE) and of 4 by fully truncated SPAM (AE = 0).

4-2-2 Reduction in experimental time

Although SPAM was originally developed to increase the
intensity of MQMAS and STMAS signals, it can also be used to
reduce T, to obtain an identical isotropic spectrum. Figs.5c,d
show the isotropic projections of Al MQMAS of berlinite or
BNa STMAS of NaH,PO,, and the experimental times to
achieve such identical isotropic resolutions. With respect to z-
filter, SPAM (E = AE) and fully truncated SPAM (AE = 0) can be
twice and four times faster, respectively. For example, in the
Al MQMAS case of berlinite (Fig.5c), to obtain the same
isotropic projections, recording the z-filter took 4 hrs (24 scans
x 200 t; increments), SPAM (E = AE) 2 hrs (12 scans x (100 E +
100 AE)), and truncated SPAM 1.2 hrs (12 scans x (100 E + 20
AE)). This considerable time-saving advantage of SPAM, as well
as the associated sensitivity gain, are particularly useful when
the isotropic signal acquisition via MQMAS or STMAS is
combined with other experiments such as hetero-nuclear
correlation experiments.30

4-3 Analysis of SPAM 2D spectra

So far, only the isotropic 1D projections were used to
demonstrate the advantages of SPAM over z-filter. However,
as the integrated surface of the dispersion is always zero,
these 1D isotropic projections are immune to any dispersive
signal. This is not the case of the SPAM 2D spectra. The E signal
is directly related to the intensities of the 2D line-shapes, while
the AE signal cancels the dispersive parts of the resonances to
achieve absorptive Iine-shapes.25 This implies that, when an
insufficient number of AE signals is acquired, some dispersive
parts may become apparent in the 2D SPAM spectra, possibly
hindering an accurate spectral analysis. However, it has been
shown experimentally that only a small number of AE is
required to minimize the dispersion of distributed samples
such as glasses,26 while a significant number of AE may be
necessary for crystalline materials.”>* This presence of
dispersion is systematically illustrated in Fig.6 using 8Rb
MQMAS and STMAS spectra of RbNOj;. In z-filter STMAS
(Fig.6a), three Rb sites, with Rb1l and Rb3 overlapping, are
clearly present, whereas in z-filter MQMAS (Fig.6d), the Rb2
site with the largest Cq is barely visible. In the isotropic
projection of these spectra, the signal intensity of STMAS is
approximately 5 times higher than that of MQMAS. In SPAM (E
= AE) spectra (Fig.6b,e), the signal intensity is doubled with
respect to that of z-filter, as expected. In fully truncated SPAM
spectra (Fig.6¢,f), the signal intensity is scaled up by a factor of
4 as NS was doubled. In the fully truncated SPAM-STMAS
spectrum (Fig.6¢c), however, the dispersive tails are
significantly visible above the noise due to the lack of
cancellation by AE signal. This is not the case with the fully
truncated SPAM-MQMAS spectrum (Fig.6f), in which the
dispersive tails are just above the noise level. This is related to
the fact the dispersion is proportional to the signal intensity

This journal is © The Royal Society of Chemistry 20xx

and that STMAS exhibits a ca. five times higher signal intensity
than MQMAS for this compound.

A question that arises here is, “is it possible to find a
ratio of the number of echo and antiecho (E:AE), in between
1:1 and 1:0, which simultaneously minimizes the dispersion
and maximizes the intensity even for species with small Cq in
well-crystallized samples?” In order to answer this question, a
set of SPAM (E = AE) spectra were recorded for well-
crystallized samples containing nuclei with | = 3/2 (23Na, 87Rb)
and 5/2 (27AI, 85Rb) with various Cq values. Starting from the
experimental SPAM (E = AE) dataset, a series of truncated
SPAM ensembles with arbitrary E:AE ratios were then created
by zero-filling the data points that correspond to the skipped
AE signals. This processing is schematically illustrated in Fig.S1,
using an experimental SPAM dataset with E = AE = 50 as an
example. The series of time-domain SPAM datasets with
arbitrary E:AE ratios were then Fourier-transformed and the
resulting 2D spectra were analyzed qualitatively (Fig.7), by the
examination of the spectral appearance, and quantitatively
(Fig.8), by calculating the ratio between negative and positive
integrals over an arbitrary area of 2D spectra.

Fig.7 shows two examples of qualitative examination of the
spectral appearance of a series of 2D SPAM spectra of well-
crystallized samples with arbitrary E:AE ratios. In YAl SPAM-
MQMAS spectra of AlIPO,4-14, the large Cq sites (Al2 and AlI3)
are already absorptive even with AE = 0, while the small and
moderate Cq sites (All and Al4) give rise to dispersive tails.
With AE = 16 (E:AE = 8:1), the moderate Cq site (Al4) becomes
absorptive and eventually all sites are absorptive with AE = 32
(E:AE = 4:1). Similarly, in ¥Rb SPAM-STMAS spectra of Rb,SO,,
the larger Cq site (Rb2) is already absorptive even with AE =1,
and as the number of AE increases,
19 (E:AE = 4:1). From this spectral
appearance of well-crystallized samples, one deduces that
fully-truncated SPAM can be used for large Cq sites. On the

both sites become
absorptive with AE =

contrary, for small Cq sites, truncated SPAM with E:AE = 4:1 is
better to minimize the dispersion and maximize the signal
intensity simultaneously.

As for the quantitative analysis, Fig.8 summarizes the ratio
of negative to positive integrals (—/+) of the resonances
plotted versus the ratio of the number of AE to that of E (AE/E)
for various Cq values. The integrals were calculated over an
arbitrary area of 2D spectra,
proportional to dispersion and signal intensity, respectively.
The convergence was tested for | = 5/2 (*’Al and®*Rb) and | =
3/2 (*7Rb and **Na). It can be seen that the ratio of negative to
positive integrals decreases as the ratio AE/E increases from
zero and it is minimum at E:AE = 4:1. There is no change in this
ratio (—/+) when AE > E/4, i.e. no further minimization of
dispersion. This is in good agreement with the qualitative
analysis made on the examination of spectral appearance of
2D SPAM spectra (Fig.7).

Based on the qualitative and quantitative analyses made in
this section, the use of truncated SPAM with E:AE = 4:1 is
recommended for small Cq, sites with well-crystallized samples,
whereas that of fully truncated SPAM seems to be possible for
large Cq sites. This potential use of AE = 0 may look surprising

and they are assumed
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because of the dispersive components that exist in the 2D line-
shapes. However, it must be first reminded that for each crystallite,
the dispersive component corresponds to a 2D signal with positive
and negative parts. This means that in the case of a powder sample,
these dispersive components cancel each other’s in the central part
of broad 2D resonances. This cancellation process cannot fully occur
in the case of narrow resonances or on the external parts of broad
resonances. However, it must be remembered that skipping all AE
allows doubling the signal with respect to the case “E = AE”. Most of
the time the spectrometer time is limited, and it may be interesting
to divide by 2 a long acquisition time, even if this introduces a small
amount of dispersion. It is important to remind that complete
MQMAS and STMAS 2D line-shape simulations are very difficult to
perform. Indeed, to be accurate these simulations should have to
take care of numerous parameters such as: (i) distribution of
surroundings, (ii) rf-field inhomogeneity, (iii) pulse transients, (iv) Q
of the probe, and (v) fluctuations of spinning-speed and magic-
angle in the case of STMAS!

To demonstrate the small distortions afforded with a limited
number of AE in the case of a moderately distributed sample, we
have recorded the /Al SPAM-MQMAS 2D spectrum of y-alumina,
with AE = E = 25, and we have treated the data a posteriori with a
decreasing number of AE. The results, shown in Fig.9, demonstrate
that no spectral distortion is observed when E:AE < 6:1.

As a conclusion, we recommend using the ratio E:AE = 4:1,
which simultaneously minimizes the dispersion and maximizes
the intensity in all types of samples (well-crystalized or not)
and Cqvalues (small or large).

4-4 Detection of minor signals: 5Na (1=3/2: NavO;)

In the previous section, we demonstrated the sensitivity
advantage of truncated SPAM (E:AE = 4:1). We should note,
however, that this advantage is only effective when a sufficient
number of echoes is recorded, i.e. the echo signals decayed
completely in t,, as for all other MQMAS and STMAS methods.
A question may arise: what is the best sequence for the
detection of minor quadrupolar signals under high resolution?
This problem is analyzed in Fig.10 showing BNa spectra of
commercial NaVO3;. This sample is known to consist of a- and
B-NaVvOs ponmorphs,36 and from the MAS line-shape shown in
Fig.10a, our sample seems to contain mostly B-NaVO; and a
tiny amount of a-NaVOs, with {Cq (MHz), ng, d¢s (Ppm)} = {1.42,
0.27, -10.3} for B-NaVOs; and {Nal: 1.50, 0.58, -15.6} plus {Na2:
0.765, 0.06, -4.8} for a-NaVO;. Figs.10b-d show the **Na z-
filter, SPAM (E = AE = 96) and truncated SPAM (E:AE = 96:24 =
4:1) STMAS 2D spectra of NaVO;, with the corresponding
isotropic projections below, expanded for minor resonances in
Figs.10e-g. It can be seen that the isotropic signal intensities of
minor signals increase from z-filter to SPAM (E:AE = 4:1) by a
factor of ca. 4, as expected. However, a significant baseline
distortion is introduced in the isotropic projection. This
distortion, is intrinsic to STMAS due to the rotor-synchronized
non-zero evolution time: ty i, = T - p1/2 - p4 - p2/2. It is also
at the origin of the negative green parts in the 2D spectra of
Fig.10c and d and being proportional to the signal is hence
doubled in Fig.10d compared to Fig.10c. These dispersive parts
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may be cancelled afterward by using a linear prediction.
However, one also observes that the detection of these minor
species remains easy on the isotropic projection (Fig.10g). We
should note that the use of MQMAS to detect these minor
signals is very inefficient as its signal intensity was found four
times lower than that of STMAS for this sample.

4-5 Comparison of experimental approaches

The recent development of high-field spectrometers and fast
MAS techniques has made solid-state NMR investigations of
half-integer quadrupolar nuclei more and more accessible,
owing largely to the intrinsic increase in sensitivity at high B,
fields and a possible resolution enhancement by the narrowing
effect of MAS line-width under fast MAS conditions. When a
given sample of interest is suspected to possess overlapping
multiple sites with possibly distributions of chemical shifts or
quadrupolar couplings, it has become routine for solid-state
NMR users to record high-resolution spectra.

For a finite spectrometer time, NMR spectroscopists are
often required to make a strategic decision on hardware,
methods and parameters to be used. While STMAS requires an
accurate orientation for the rotor axis and a stable spinning
speed to cancel the 1%-order quadrupole interaction, the
intrinsic insensitivity of MQMAS may demand a large number
of scans (NS) and hence a long experimental time (Te). Fast
MAS conditions may narrow the CT MAS linewidth of nuclei
subject to large quadrupolar interactions and hence may
increase the resolution between overlapping sites. However,
the sample volume is then inevitably decreased, and the rotor-
synchronized MQMAS and STMAS acquisitions may require a
larger number Nt; of increments and hence a longer Tep.
Furthermore, the choice of the repetition delay (RD) may
affect the relative intensities if multiple sites with different T,
are present. For a given spectrometer time, therefore, an
interplay between the choice of (i) method, (ii) spinning
frequency, (iii) repetition delay, (iv) number of scans and (v)
number of t; increments, controls the quality of high-
resolution spectra of half-integer quadrupolar nuclei.

In the following, a comparison of experimental approaches
is made in the context of **Na and ¥Rb (I=3/2) SPAM-MQMAS
and SPAM-STMAS experiments with respect to repetition delay
and spinning frequency, aiming to discuss the precautions
upon making a judicious choice of high-resolution NMR
methods of half-integer quadrupolar nuclei. Also, SNb (1=9/2)
NMR of previously studied compounds is revisited to
demonstrate the applicability of MQMAS and STMAS
experiments to this nucleus in the context of SPAM
approaches.

4-5-1 Repetition delay: >Na (I = 3/2: sodium citrate dihydrate)

So far, only the absolute signal intensity of the indirect
isotropic projection was considered to demonstrate the SPAM
enhancement, on assumption that the t; noise is insignificant
compared to the signal intensity. In the direct dimension,
however, the thermal noise makes a significant contribution. A
comparison of the theoretically expected maximum of S/N
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ratios of z-filter and SPAM approaches is summarized in Table
1. With SPAM (E:AE = 1:1), a maximum signal gain of 2 is
expected while the noise increases by a factor of V2 as the E
and AE signals are acquired separately and then combined
upon processing. This gives rise to a gain of S/N of 1.4 with
SPAM (E:AE = 1:1). With SPAM (E:AE = 4:1), NS is scaled up by a
factor of 1.6 = 2E/(E+AE) and thus the maximum signal gain is 2
x 1.6 = 3.2, resulting in a gain of S/N of 2.3 = 3.2/2.

These expected values have been experimentally verified in
the following with Na MQMAS and STMAS investigations.

In Fig.52, we show a signal recovery profile of BNa MAS
spectra of sodium citrate dehydrate versus the repetition
delay (RD). From this profile T, = 1.5 s, and we expect that 50
0.5 and 5 s,
respectively. For a given spectrometer time, we have set up
ZNa MQMAS and STMAS experiments with RD=0.5and 5 s, as
summarized in Table 2. It should be remembered that the

and 97 % recoveries are ensured with RD =

number of t; increments (Nt;) to achieve the same isotropic
resolution is twice in STMAS that in MQMAS (Table S1).%°
Consequently, the numbers Nt; of increments required to
achieve the same isotropic resolution are also in the ratio of 2.
In the case of sodium citrate dehydrate, Nt; = 96 and 192 were
chosen, and the number of scans was then adjusted in the unit
of minimum phase cycling (24 for MQMAS, 12 for SPAM-
MQMAS, 32 for STMAS and 16 for SPAM-STMAS) s0 that Te,, ~
9 hours.

Fig.11 compares the isotropic MQMAS and STMAS
projections of BNa z-filter and SPAM (E:AE = 4:1) spectra
recorded according to the experimental set up in Table 2. We
should note that the relative intensities of isotropic peaks are
modified when RD changes (compare Figs.11b and d or f and
h), and it is highly likely that T;(Na2) < T,(Nal, Na3). It should
be reminded that MQMAS is 3-5 times less sensitive than
STMAS. This results in an apparently low intensity of Nal in
MQMAS compared to STMAS, most apparent when comparing
Figs.11b and f. Nonetheless, the signal gain by SPAM over z-
filter was observed to be in the range of 2.8-3.3, which is in
good agreement to the theoretically expected value of ca. 3.2
for SPAM (E:AE = 4:1) in Table 1. Similarly, the S/N gain by
SPAM lies in the range of 1.6-2.7 (calculated from the last
three lines of Table 2), which corresponds to the theoretically
expected value of ca. 2.3 in Table 1. For a given experimental
time, SPAM-STMAS (E:AE = 4:1) is likely to be the method of
choice to achieve an optimum sensitivity, i.e. the highest S/N
in Table 2. Moreover, upon comparison of the integrated
intensities of the isotropic projections of Figs.11b,d,f,h, a long
relaxation value (RD = 5 s ~ 3T, here) looks to provide better-
quantified isotropic spectra with integrated ratios close to
1:1:1.

4-5-2 Spinning frequency: 8Rb (1=3/2: Rb,S0O,)

developments of fast MAS techniques
undoubtedly broadened the scope of solid-state NMR. In the
context of MQMAS and STMAS, increasing the spinning speed
enhances the resolution by zeroing the CSA and dipolar
interactions, and by narrowing the MAS line-width in case of
very large Cq values, which facilitate the signal acquisition. It

Recent have
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also increases the isotropic spectral widths of rotor-
synchronized experiments, SW;,,, which are proportional to
this spinning speed, thus limiting the folding of the resonances,
which greatly eases the subsequent spectral analysis.

These effects are demonstrated in Fig.12 using 8Rb z-filter
MQMAS and STMAS spectra of Rb,SO, recorded with vg = 20
and 62.5 kHz using a 1.3 mm rotor. It can be seen that SWi, is
doubled in STMAS with respect to MQMAS (as mentioned in
the previous section) and that it increases proportionally to vi.
It should be remembered, however, that the number Nt; of
increments to achieve the same isotropic resolution increases
proportionally to SW;,,, hence leading to longer experimental
times. For example, for MQMAS in Fig.12a,c, Nt; = 50 and 160
increments were used at vg = 20 and 62.5 kHz, respectively.
Nevertheless, the larger SW;, reduces the risk of signal aliasing
or spectral crowding and alleviates the subsequent spectral
analysis. Another advantage of fast MAS techniques is the fact
that they are associated to small rotor diameters that can
deliver very high rf-fields, which are highly recommended for
the p1 and p3 hard pulses, and are difficult to access for low-y
nuclei.’’ Consequently, fast MAS conditions offer a possibility
of widening the range of Cq, that can be investigated by high-
resolution NMR methods. Fig.13 shows a series of ®’Rb signal
intensities simulated with vg = 20 and 62.5 kHz for a range of
Cq. It has been known that MQMAS efficiency decreases when
VR increases,”” as shown in our simulations (Fig.13a,b) and
experiments (Fig.12a,c). On the other hand, STMAS requires
rotor-synchronized delays to refocus the large first-order
broadening. The minimum evolution time is not zero but t; i, =
Tr - p1/2 - p4 - p2/2. The 2D signal intensities are determined
by the signal at t;, and they are thus attenuated by the losses
that occur during this minimum delay due to irreversible
processes and second-order quadrupolar dephasings that are
not refocused by MAS. Under fast MAS conditions, however,
these losses are minimized and hence the STMAS efficiency
increases, especially for large Cq values. This is confirmed by
our simulations (Fig.13c,d) and experiments (Fig.12b,d) in
which the intensities of isotropic peaks are 3-4 times larger at
Vg = 62.5 compared to 20 kHz.

Fig.14 shows a series of isotropic projections of ¥Rb
MQMAS and STMAS spectra of Rb,SO, recorded with various
SPAM approaches. As expected from simulations (Fig.13), the
optimum pulse lengths are identical with z-filter and SPAM,
irrespective of vg. With STMAS, the expected signal
enhancements of 2 (~ 1.9) and 4 (~ 3.8) were observed for
SPAM (E = AE) and SPAM (E:AE = 4:1), respectively. With
MQMAS, slightly larger enhancements of 2.7-2.8 and 5.5-5.6
were observed, but these gains are difficult to accurately
determine due to the poor S/N of z-filter signals. Considering
that the STMAS sensitivity is approximately 5 times larger than
that of MQMAS for this sample, the use of SPAM-STMAS under
fast MAS conditions is a promising approach to expand the
range of Cq that can be investigated by high-resolution NMR.

4-5-3 Application to Nb (1 = 9/2)

We demonstrated in Fig.2, that the slopes of +1/R along
which the E and AE signals move in time depend on the spin

J. Name., 2013, 00, 1-3 | 7



value and the nature of the coherences used (MQMAS or
STMAS). Taking pl (I = 5/2) in Fig.2a as an example, the
MQMAS signals move along the slopes of +0.632 (+12/19),
while the STMAS slopes are equal to +3.429 (+24/7).
Consequently, the AE signal disappears from the t, acquisition
window much faster in MQMAS than in STMAS. This effect is
still more pronounced for MQMAS of | = 9/2 nuclei, for which
the slopes are very small and equal to +0.396 (Table S1) and
thus very few AE may be visible in t, acquisition window.

“Nb (I = 9/2) nuclei have 100 % natural abundance and a
relatively high gyromagnetic ratio. However, they exhibit a
large chemical shift range (~ 4000 ppm) and their solid-state
NMR spectra are often severely broadened due to large
quadrupolar coupling. Both aspects inhibit the extraction of
useful information concerning SNb  nuclei. Following the
development of high-field spectrometers and fast MAS probes,
“Nb solid-state NMR spectra recorded at 21.1 T8 and Vg = 60
kHz have been reported,39 and Nb solid-state NMR has
indeed become more accessible as a reliable tool for material

. . 39,40
characterization.

Although numerous static and MAS
studies of Nb-containing compounds exist, only a limited
number of high-resolution MQMAS and STMAS spectra have
reported.’****#*™  combined with the

acceleration in first-principles calculations of “Nb NMR
39,44-49

been recent
parameters, high-resolution NMR methods have great
potential to facilitate the use of SNb solid-state NMR in
material investigations.

Fig.15 shows a series of simulated BNb signal intensity at

14.1 T with vg = 20 and 62.5 kHz for a range of Co. These
results confirm that, as discussed in the former sections, (i) the
optimum pulse lengths are identical between z-filter and SPAM,
and (ii) that when the spinning speed increases, the MQMAS
efficiency decreases while that of STMAS increases, especially
for large Cq values.
“Nb spectra of Nbs(NbO),(PO,); and CsyNb;,03, recorded at
18.8 T and 20 kHz MAS have been reported.31 Fig.16 shows a
series of isotropic slices of MQMAS and STMAS spectra of
Nb3(NbO),(PO,); with vg = 20 or 62.5 kHz. Under these
conditions, the STMAS intensity is roughly 3.5 times higher
than MQMAS. Although we observed the expected SPAM
enhancement, vg = 20 kHz was not fast enough and a partial
overlap of the center-band and the first spinning sidebands of
the CT was observed in the MAS spectra. Also, the isotropic
MQMAS spectra at vg = 20 kHz (Fig.16a) are severely aliased,
demonstrating the superiority of faster spinning with larger
spectral width. Although the previous study suggested Cq = 30
MHz,*" we suspect the presence of peaks with much smaller Cq
in our sample, which are probably the cause of sinc wiggles
visible in the MQMAS spectra at 62.5 kHz spinning (Fig.16b).
The signal truncation is less pronounced in the STMAS spectra
(Fig.16d) as the signal intensity of the main peak with large Cq
is much higher than that of MQMAS.

Fig.S3 shows a similar series of isotropic slices of MQMAS
and STMAS spectra of Cs;Nb,,;039 recorded with various SPAM
approaches. Under these conditions, the STMAS intensity was
found approximately 6.5 times higher than that of MQMAS for
this sample with Cq = 16 MHz.>"
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Overall, for BNb isotopes we recommend the use of
STMAS at vi = 62.5 kHz for optimum sensitivity and resolution.

5 Conclusions

The main purpose of this publication is to describe the
successful  implementation of SPAM  high-resolution
experiments for half-integer quadrupolar nuclei. This has been
done for spin-3/2, 5/2 and 9/2 nuclei in inorganic compounds
with known NMR parameters. We have shown that a signal
gain of ca. 4 and a gain in S/N of ca. 2.3 can be expected with
the same simple setting than with z-filter. We have shown that
SPAM-STMAS provides a much larger signal than the mostly
used z-filter MQMAS. It has been shown recently that with an
adapted Bruker MAS iProbe and a modern speed controller,
the technical difficulties usually related to STMAS are fully
controlled, which means than now high-resolution of half-
integer quadrupolar nuclei can be obtained, even with
insensitive compounds. The sensitivity advantage of SPAM will
be particularly helpful for signal acquisition of nuclei or
samples with intrinsically low S/N such as low-y, low natural
abundance and/or large Co. We expect that SPAM-MQMAS
and SPAM-STMAS experiments will be a promising approach
for further applications, in which signal acquisitions using
conventional pulse sequences have been unsuccessful, or for
more sophisticated experiments such as efficient isotropic
signal acquisition in high-resolution hetero-nuclear correlation
experiments. We believe that these results will be presented
elsewhere in the foreseeable future.
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Fig.1. Pulse sequences and coherence transfer pathways of (a) z-filter MQMAS, (b) z-filter STMAS,
(c) SPAM-MQMAS and (d) SPAM-STMAS experiments used in the following investigations. The
3QMAS version of MQMAS and the DQF version of STMAS were employed throughout. A
conceptual description of available coherence pathways is shown in (e) for SPAM-MQMAS and (f)

for SPAM-STMAS.
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Fig.2. Time-domain representation of echo (E) and antiecho (AE) signals of SPAM-MQMAS and
SPAM-STMAS experiments recorded on (a) 2’Al (I = 5/2) of berlinite and (b) 22Na (I = 3/2) of Na,SO,
at B, = 14.1 T, v = 20 kHz. (a) Al MQMAS: NS = 12, RD =3 s, E = AE = 100, T, , = 2 hrs, ?’Al

exp

STMAS: NS=16,RD=3s, E=AE=175,T, =2.5hrs. (b) 22Na MQMAS: NS =12, RD=35s, E=AE =

exp

75, T, =1.5hrs, 22Na STMAS: NS=16, RD=1.5s, E=AE=100, T, = 1.3 hrs.
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Fig.3. Schematic comparison of a series of 2D FIDs (as found in “FID” tab on TopSpin) for (a) z-filter,
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Fig.4. Simulated signal intensity of (a,b) z-filter and SPAM-MQMAS, (c,d) z-filter and SPAM-STMAS
with respect to each pulse length (p1, p2, p3) for a range of quadrupolar coupling constants (C)
of (a,c) 2’Al (I =5/2) and (b,d) 22Na (I = 3/2) nuclei at B, = 14.1 T, v, = 20 kHz, v,(?’Al): {p1, p2, p3,
p4} ={90, 90, 5, 5} kHz, v,(?3Na): {p1, p2, p3, p4} = {95, 95, 9.5, 9.5} kHz. Pulse lengths used within
each plot: (a) ’Al MQMAS: {p1, p2, p3}=1{4.0, 1.4, 16.7} us, (c) 2’Al STMAS: {p1, p2, p3, p4} = {1.8,
1.1, 16.7, 33.3} us, (b) 22Na MQMAS: {p1, p2, p3} = {6.5, 2.2, 13.0} us, (d) 2>Na STMAS: {p1, p2, p3,
p4} ={1.8, 1.6, 13.0, 26.0} ps.
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Fig.5. Isotropic projection of MQMAS and STMAS spectra with respect to (a,b) sensitivity
enhancement and (c,d) reduction in experimental time using SPAM approaches recorded at B, =
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2-filter SPAM (1:1)  SPAM (2:1)  SPAM (4:1)  SPAM (1:0)

Signal (S) 1 ~2 ~2.7 ~3.2 ~4
Noise (N) 1 \2 \2 \2 \2
S/N 1 ~1.4 ~1.9 ~2.3 ~2.8

Table 1. Expected maximum gain over z-filter of signal-to-noise (S/N) ratio of SPAM approaches.



MQMAS STMAS
z-filter SPAM (4:1) z-filter SPAM (4:1)
E+AE 96 96 192 192

E 48 48 96 96

AE 12 12 24 24

RD 0.5 5 0.5 5 0.5 5 0.5 5

NS 720 72 960 96 320 32 480 48
Texp 9h48n  9h37m 8h20m  8h2m 8h44m 8h33m 8h21m  8h2m

S/N (F2)

Nal 72.55 141.11 165.62 300.47 385.21 604.37 767.94 1054.42
Na2 78.21 76.55 18391 181.19 450.11 315.53 726.37 580.52
Na3 31.76  47.55 69.03  129.30 248.51 247.16 44436 455.70

Table 2 Comparison of MQMAS and STMAS experimental approaches for sodium citrate dihydrate

recorded with a comparable experimental time (T

exp

~ 9 hrs) and corresponding signal-to-noise
ratio (S/N) of each Na site obtained from F2 slice using the “sino” command on TopSpin.
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Fig.11. Isotropic projection of 23Na (I = 3/2) MQMAS and STMAS spectra of sodium citrate
dihydrate recorded using various experimental approaches (as shown in Table 2) with fixed T_,_ (8-

exp

10 hrs) at By = 14.1 T, v; = 20 kHz, v,(*3Na): {p1, p2, p3, p4} = {95, 95, 9.5, 9.5} kHz, MQMAS: {p1,
p2, p3} = {5.0, 2.5, 15} us, STMAS: {p1, p2, p3, p4} = {1.5, 1.5, 12.5, 25} ps. P4: {Nal, Na2, Na3} =
{2.0, 1.9, 1.7} MHz. In (b,d,fh), the ratios of integrated signal intensities with respect to the
highest peak of each spectrum is shown in curly brackets.
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Fig.13. Simulated z-filter and SPAM signal intensity of (a,b) MQMAS and (c,d) STMAS with respect
to each pulse length (p1, p2, p3) and C, at B, = 14.1 T with (a,c) vg = 20 kHz or (b,d) v; = 62.5 kHz.
v,(87Rb): {p1, p2, p3, p4} = {160, 160, 20, 20} kHz. For each plot, the two other pulse lengths were
fixed at their optima. Pulse lengths used within each plot: (a,b) {p1, p2, p3} = {3.5, 1.5, 5.0} us,
(c,d) {p1, p2, p3, p4}=1{1.2, 1.0, 6.0, 12.0} us.
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Fig.14. Isotropic projection of 8Rb (I = 3/2) (a,b) MQMAS and (c,d) STMAS spectra of Rb,SO,
recorded with various SPAM approaches at B, = 14.1 T with (a,c) v; = 20 kHz or (b,d) vy = 62.5 kHz
using a 1.3 mm rotor. v,(3/Rb): {p1, p2, p3, p4} = {160, 160, 20, 20} kHz. C,: {Rb1, Rb2} = {2.7, 5.3}
MHz.
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(@) SPAM (E=16,AE=4): NS = 768 (b) SPAM (E=48,AE=12): NS = 768
SPAM (E=16,AE=0): 768 SPAM (E=48,AE=0): 768
SPAM (E=AE=16): 384 SPAM (E=AE=48): 384
z-filter (E+AE=32): 384 z-filter (E+AE=96): 384
~2 hrs each T x 3.5 ~6 hrs each ™ % 4.1
RD=05s 'T\X3.1 RD=05s 'TX4.0
T % 1.0 Tx1.0

(p1, p2, p3) = (2.0, 0.6, 6.0) us

(c) SPAM (E=32,AE=8): NS =384 (d) SPAM (E=96,AE=24): NS = 384
SPAM (E=32,AE=0): 384 SPAM (E=96,AE=0): 384
SPAM (E=AE=32): 192 SPAM (E=AE=96): 192
z-filter (E+AE=64): 192 z-filter (E+AE=192): 192
~2 hrs each Tx3.2 ~6 hrs each ™ x 4.1
RD=05s 1\><3.0 RD=0.5s TX3_9
STMAS Tx1.8 Tx2.0
Tx1.0 Tx1.0

(p1, p2, p3, p4) = (1.0, 0.4, 6.0, 10) us

Fig.16. Isotropic slice of 3Nb (I = 9/2) (a,b) MQMAS and (c,d) STMAS spectra of Nb,(NbO),(PO,),
recorded with various SPAM approaches at B, = 14.1 T with (a,c) vg = 20 kHz or (b,d) vy = 62.5 kHz
using a 1.3 mm rotor. v,(*3Nb): {p1, p2, p3, p4} = {128, 128, 8, 8} kHz.
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