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Accelerating the acquisition of high-resolution quadrupolar
MQ/ST-HETCOR 2D spectra under fast MAS via 'H detection and
through-space population transfers

Akiko Sasaki,? Julien Trébosc,? Jean-Paul Amoureux*2<d

Recently, we established an experimental setup protocol to perform the population transfer from half-integer quadrupolar
spin to H nuclei under fast MAS in the context of MQ-HETCOR experiments. In this article, we further develop the high-
resolution 2D HETCOR methods by ST-based approaches, making use of the sensitivity advantage of STMAS over its
MQMAS counterpart. In a similar manner to the previous work, which utilized CP and RINEPT for the population transfer,
we also demonstrate the experimental setup protocol for PRESTO. Using {#*Na}-'H and {?’Al}-*H spin systems of powder
samples, we compare a series of MQ/ST-HETCOR 2D spectra to discuss the pros and cons of the distinct MQ/ST-based
approaches for spin 3/2 and 5/2 nuclei, respectively. We also incorporate two experimental tricks to reduce the
experimental time of such long 2D experiments, the Optimized Rotor-Synchronization (ORS) and the Non-Uniform

Sampling  (NUS), in the

l. Introduction

In solid-state NMR, owing to the technical development of
fast magic angle spinning (MAS) probes and small-diameter
rotors, higher spinning rates have become more and more
accessible on an everyday basis. The higher 'H resolution
under fast MAS conditions is particularly advantageous for 1H-
detected two-dimensional (2D) HETCOR (HETero-nuclear
CORrelation) experiments.1-10

Quadrupolar nuclei, with spin | > %, are subject to the
quadrupole interaction, which results from the coupling
between the electric quadrupole moment of the nucleus and
the electric field gradients at the nucleus. This quadrupole
interaction can be described as an expansion with respect to
the Zeeman interaction: Hq = Hq1 + Hqz +.... In the case of half-
integer quadrupolar nuclei (I = 3/2, 5/2, 7/2 and 9/2), two
types of resonances are observed: the central transition (CT:
+1/2 o -1/2) and the satellite transitions (ST: m -« m-1 with m
# %). All resonances are subject to an anisotropic quadrupolar
broadening. Therefore, high-resolution 2D methods, such as
multiple-quantum MAS (MQMAS)!! and satellite-transition
MAS (STMAS)12 experiments, are required to obtain isotropic
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high-resolution spectra of half-integer quadrupolar spin nuclei.

spectra in the indirect dimension. This is also the case of high-
resolution HETCOR spectra involving half-integer quadrupolar
spin nuclei.

A high-resolution HETCOR experiment can start from the
spin-1/2 nucleus, but it then requires a 3D time-consuming
acquisition.13 Therefore, to only use a 2D scheme and to profit
of the often short relaxation time of the quadrupolar spin
nuclei, high-resolution HETCOR experiments often start from
the quadrupolar spin nucleus through an MQMAS or STMAS
qguadrupolar filter and end in the detection of the spin-1/2
nucleus. The population transfer from the quadrupolar to the
spin-1/2 nuclei can be done either with CP (MQ-CP-
HETCORY14-19 and ST-CP-HETCOR2°), or RINEPT (MQ-J-
RINEPT19.21-24 or MQ-D-RINEPT23.2225), The vast majority of
these high-resolution HETCOR experiments with a transfer
from a half-integer spin quadrupolar to a spin-1/2 nucleus has
been performed with {Z7Al}-31P, {27Al}-27Si and {23Na}-31P under
slow MAS conditions. Other variants of the 2D HETCOR
sequences include two consecutive population transfers, such
as the MQ-J-HMQC®3 and HMQC-ST# approaches.

Very recently, we have utilized the sensitivity advantage of
the high-resolution H detection under fast MAS in dipolar-
mediated MQ-HETCOR experiments, using two spin-systems:
{3Na}-'H and {?’Al}-1H.26 We demonstrated the experimental
setup protocol for CP and RINEPT transfers to acquire MQ-
HETCOR 2D spectra with the best possible quality for a given
amount of spectrometer time. We have also shown that the
use of the SPAM (Soft-Pulse Added-Mixing) sensitivity gain27-31
is beneficial for MQ-HETCOR experiments as the MQ
excitation/conversion efficiency decreases with increasing
MAS frequency.3?
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In this article, we further develop the high-resolution 2D
HETCOR methods in the context of ST-based experiments,
making use of the sensitivity advantage of STMAS over
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Fig.1. [IN COLOR] Pulse sequences and coherence transfer pathways used in the following for {I > 3/2}-*H (a,b) MQ-HETCOR and (c,d) ST-HETCOR
experiments via population transfer by (a,c) CP and (b,d) RINEPT or PRESTO. {Rma , Rst} = {38, 7}/24, {101, 28}/45 and {182, 55}/72 for the innermost ST
of I =5/2,7/2 and 9/2, respectively. In (b,d), the three quadrupolar pulses in RINEPT and PRESTO are CT-selective.

utilized CP and RINEPT for the population transfer, we
demonstrate the experimental setup protocol for PRESTO
approaches, and we also exploit the SPAM sensitivity
advantage upon acquisition of MQ/ST-HETCOR spectra. We
perform a comparison of the {?3Na}-'H and {?’Al}-'H MQ/ST-
HETCOR 2D spectra to discuss the pros and cons of the MQ/ST-
based approaches for | = 3/2 (32Na) and 5/2 (?’Al) nuclei, using
a variety of crystalline test samples. Furthermore, we also
incorporate two experimental tricks to reduce the
experimental time of such long 2D experiments: the optimized
rotor-synchronization (ORS) and the non-uniform sampling
(NUS). Both tricks are applicable not only to MQ/ST-HETCOR,
but also to MQ/STMAS experiments. We experimentally
demonstrate the practical advantage of the ORS and discuss
the potential use of NUS in the context of high-resolution
spectra of half-integer quadrupolar spin nuclei.

In Figs.1 and 2, we summarize the pulse sequences and
coherence transfer pathways used in this study, for {2’Al}-1H
and {23Na}-1H transfers, to show the distinct approaches used
for | larger or equal to 3/2, respectively. We note that MQ-
HETCOR experiments are similar between | = 3/2 and 5/2, as
only the Ruq coefficients and the coherence transfer pathways
(i.e. the phase cycling) differ. On the contrary, for the ST-
HETCOR approaches, either the STMAS filter is used for | = 5/2,

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

sequences to N¢ ot {MQ, ST} = {24, 24} (1 > 3/2) and {24, 16} (I =
3/2). This shortening allows accelerating the signal acquisition
and hence facilitates the experimental optimization. The SPAM
signal enhancement occurs when transferring from 3Q to 1Q
levels, not to 0Q. Therefore, the SPAM enhancement, shown
with the composite pale blue pulse in Figs.1,2, is used for | =
3/2 MQ-HETCOR and | = 5/2 MQ/ST-HETCOR. It cannot be
employed with DQ-ST-HETCOR experiments (I = 3/2).

In this work, the population transfers from the quadrupolar
to H nucleus are performed by either the ramp-CP, RINEPT or
PRESTO schemes.

1. Methods

All experiments were performed using a Bruker Avance
NEO spectrometer with a Bo = 14.1 T wide-bore magnet with
Larmor frequencies of 158.8 (23Na), 156.5 (?’Al) and 600.3 (1H)
MHz, equipped with a 1.3 mm HX MAS probe. A maximum rf
field strength of v, = 150 kHz was attainable with this probe
for 2Na, 27Al and 'H. We have used five powder test samples:
NaH;P04, Na;HPO,, sodium citrate dihydrate (NaCD), ipa-AlPO-
14 and a 1:1 molar mixture of aluminum acetylacetonate and
lactate (Al-acet-lact). These samples were packed as purchased
or as synthesized. The chemical shifts of the samples were
used as secondary references. The 23Na or 2’Al indirect

This journal is © The Royal Society of Chemistry 20xx
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Fig.2. [IN COLOR] Pulse sequences and coherence transfer pathways used in the following for {I = 3/2}-'H (a,b) MQ-HETCOR and (c,d) ST-HETCOR
experiments via population transfer by (a,c) CP and (b,d) RINEPT or PRESTO. In (b,d), the three quadrupolar pulses in RINEPT and PRESTO are CT-

selective.

isotropic dimensions of the 2D HETCOR spectra were
referenced according to the unified representation.33 The 4.0.6
version of the Topspin software was used throughout. We
provide in the SI our TopSpin pulse sequences for ST-HETCOR
experiments, those for MQ-HETCOR being in the S| of our
previous article.26

As in STMAS, ST-HETCOR requires refocusing of the first-
order quadrupole interaction of the satellite transitions, and
hence the accurate magic angle setting (e.g. 54.736 + 0.002°)
and the stable spinning stability (e.g. 1 part in 10%) are a
prerequisite to acquire perfect 2D spectra.33-35 In this study,
the magic angle was set on the sample of interest itself, using
the split-t; DQF-STMAS pulse sequence,3® prior to the
acquisition of ST-HETCOR spectra. The spinning stability was
maintained by a MAS Il unit within £10 Hz at vg = 20 or 62.5
kHz.

All MQ/STMAS simulations were performed using the
SIMPSON simulation programs.3” The input parameters were
the nucleus of interest (23Na or 27Al), the spinning frequency
(Vr), the rf-field strength (vi1) and the quadrupolar coupling
constant (Cq). The quadrupole interaction, with nq = 0, was
taken into account up to the second-order, without scalar or
dipolar coupling. The powder averaging parameters (crystal
file and number of y-angles) and the At maximum time step
(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 ps was sufficient for the given range
of Cq values used in the plot. Since the imaginary part of the

This journal is © The Royal Society of Chemistry 20xx

signal was found to be minor, only the real part is plotted as
the signal intensity.

1l. Setting up the experiments

It should be particularly emphasized that we make use of
the H resolution advantage under fast MAS to perform 1H-
detected high-resolution quadrupolar HETCOR experiments. In
the 2D HETCOR spectra, the 'H MAS spectrum is in the direct
dimension and the isotropic 2Na or 27Al spectrum is in the
indirect one. In our previous study,?®6 we have shown a series
of 23Na, Z7Al and 'H 1D MAS spectra at Vg = 20 and 62.5 kHz for
NaH,PO4, Na;HPO,4, NaCD and ipa-AlPO-14 to demonstrate the
advantage of 'H detection under fast MAS. We additionally
show, in Fig.3, the equivalent set of 27Al and 'H MAS 1D
spectra of Al-acet-lact. For the second-order broadened 27Al
quadrupolar frequencies, there is no obvious change between
the two MAS rates, except for the presence/absence of small
spinning sidebands, whereas the 'H MAS spectrum changes in
both intensity and appearance at the two spinning rates. In
this case of our ‘artificial’ mixture of two Al powder samples,
we note the presence of two C-H signals, at 4 and 5 ppm,
which are resolved at Vg = 62.5 kHz, each originating from one
of the two samples. We demonstrate in this work that these
two resonances can be unambiguously assigned upon
correlation with Al species. Overall, the higher resolution
under fast MAS has a greater potential to provide structural
information that could not be detected under slow MAS in

J. Name., 2013, 00, 1-3 | 3
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Fig.3. Examples of (a) 2’Al and (b) *H MAS 1D spectra at Vr = 20 (top) and 62.5 kHz (bottom), using 1:1 molar mixture of aluminum acetylacetonate and
aluminum lactate. (a) NS=8,RD=3s, Texp = 24 seach. (b)) NS=1,RD=1s, Texp = 1 s €ach.

each of the five compounds used in the following HETCOR
investigations.

In the following subsections, we briefly review and
describe the experimental protocol of CPMAS, RINEPT, PRESTO
and SPAM, based on practical considerations to set up H-
detected MQ/ST-HETCOR experiments under fast MAS.

lil.1. Setting up CPMAS and RINEPT

The efficiency of the transfer from quadrupolar to *H nuclei
inherently depends on several parameters such as: the rf-fields
(viu for H and vy, for the quadrupolar spin nucleus), the
spinning rate (vgr), the offset, the quadrupole interaction
described with vq = 3Co/(21(2I-1)), and the magnitude of the
1H-1 dipolar interactions (bu). Since we have described in the
previous work the detailed setup procedure for CPMAS and
RINEPT, here we only provide the essence of the practical
points to be reminded upon quadrupolar | — IH transfers
under fast MAS (e.g. Vr = 62.5 kHz).

CPMAS. (i) The most efficient way to perform a CPMAS
transfer with a half-integer quadrupolar nucleus is to use the
sudden-passage regime.38 (ii) This condition requires a very
low vi, rf-field of a few kHz. (iii) The efficiency strongly
depends on vi4 by as small as 5-10 kHz variations. (iv) The
ramp shaped pulses, which will be used in the following,
perform better than the conventional square pulses, as often
observed with spin-1/2 systems. (v) For a given sample,
optimizing the contact time (Tcp) is a prerequisite, and for the
sake of sensitivity, a long initial value, Tcp = 3-4 ms, may be
recommended in most cases. However, if one wishes to
observe directly bonded species (such as 170-H), much shorter
contact times would be more appropriate. (vi) For ‘molecular’
systems, e.g. NaCD and ipa-AlPO-14, the transfer efficiencies
may decrease due to the presence of dynamics, necessitating
the use of an increased number of scans (NS) to achieve an
acceptable SNR.

RINEPT. (i) The dipolar recoupling is based on the y non-
encoded symmetry-based SR42 scheme. The refocusing block
R42= 18090180,7018090180,70, which lasts one rotor period (Tg)
is super-cycled to [R421R4_21]0[R421R4_21]120[R421R4_21]240. (II)
When using a rectangular Ttpulse as basic element, the H
irradiation is applied with vy = 2vg = 125 kHz at vg = 62.5 kHz.
(iii) Using a {2700,901s0} basic element is more efficient than a
square pulse,3 but it requires a too large rf-field for our probe:

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

Vi = 3.5vg = 200 kHz at vg = 62.5 kHz. (iv) The three CT-
selective pulses on the quadrupolar channel use a low rf-field
of a few kHz. In this study, the durations of the T/2 and T¢
pulses have been fixed for RINEPT and PRESTO experiments at
8 (Tr/2) and 16 s (Tr), for the T2 and Te-pulses, respectively.
(v) The recoupling period may be predicted from the by
dipolar coupling constant (in rad/s) with the relation, Tg4p =
20/by with {180} basic element,*® and then optimized
experimentally, especially for ‘molecular’ systems.

111.2. Setting up PRESTO

The PRESTO sequence*! uses y-encoded symmetry-based
recoupling schemes, which will be Ilabelled PRN}. The
schematic illustration of the two efficient PRESTO sequences
used in this work, PR16S and PR142, is shown in Fig.4 using a
composite {2700, 90150} pulse as basic element. This sequence
suppresses the H isotropic chemical shifts, the hetero-nuclear
J-couplings and the H-H dipolar couplings to the first-order.3?

With respect to the RINEPT scheme, the quadrupolar
channel is identical with the same three CT-selective pulses,
whereas for the 'H channel, (i) there is no delay between the
four blocks of PRESTO, and (ii) a T/2 read-out pulse is added at
the end because PRESTO acts on the S, magnetization.

As an example, Fig.S1 presents the 22Na - H PRESTO
transfer 1D profiles of NaH,PO, with PR16% and
PR14% recouplings at Vg = 62.5 kHz, upon varying: the

PRNyY
| pad p33 pad
MQ or ST
180° 90° 180°
PLW22 PLW22 PLW22
Tdip
L1 L1 1 L1 P11
s I ¥ i3
(RNR)o (RN (RN /2 (RN 372 —‘ DE \ i
IV \'} Yoo
Tioop " 2 g
PR163 PR14g
| Ry =7 Tn =6y

p25*3/4  p25*1/4
PLW25

Fig.4. Schematic illustration of two PRESTO (R165 and R14%) recoupling
schemes used in this study. A T/2 read-out pulse (P11) is added at the
end of the PRESTO blocks. At Vg = 62.5 kHz, the theoretical optimum
Vin (PLW25) = 143 (16Vr/7) and 146 kHz (14vr/6), respectively.

This journal is © The Royal Society of Chemistry 20xx
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Fig.5. [IN COLOR] Simulated signal intensity for (a,b) 2?Al MQMAS and STMAS and (c,d) 22Na MQMAS and DQ-STMAS with respect to each pulse length
(p1, p2 and p3) for a range of Cq values at Bo = 14.1 T at Vr = 62.5 kHz with v1 {p1, p2, p3} = {150, 150, 20} kHz. For each plot, one of the pulse lengths
(denoted in the x-axis) is varied while others are fixed. Combination of pulse lengths used within each plot, {p1, p2 (Conventional/SPAM), p3}: (a) {3.0,
1.2/0.9, 4.0}, (b) {1.2, 0.9/0.7, 4.0} us, (c) {3.5, 1.0/1.3, 6.0}, and (d) {1.4, 1.0, 6.0} pis.

recoupling time (Tgip), the H and 23Na rf-strengths (V14 and
V1na), and the read pulse length (P11). It should be noted that
with {2700,90150} basic element, the theoretically expected rf
values are viy = 143 and 146 kHz for PR16$ and PR142,
respectively. The read pulse lasts 2 ys with vy, = 125 kHz.

Similarly to RINEPT, (i) the CT-selective | pulses are very
sensitive to the rf-field, whereas the H recoupling and read
pulses, both using large rf-fields, are robust with respect to
their theoretical values, and (ii) the direct excitation of the 'H
magnetization by the recoupling pulses gives rise to undesired
artefacts, which can be avoided with a 'H pre-saturation pulse
train. With {2700,90150} basic element, the recoupling time may
be estimated from the relation, T4, = 30/by;,3%37 but this value
needs to be optimized experimentally.

For RINEPT and PRESTO, the possible artefacts due to the
direct excitation of the 'H magnetization by the recoupling
pulses, must be avoided by applying a H pre-saturation pulse
train, although it slightly increases the experiment time. If
technically possible, these pulses can be applied during the
relaxation delay of the quadrupolar nucleus. In cases where
CPMAS is found to give rise to any artefacts, then the H
saturation pulses should similarly be applied.

111.3. Setting up SPAM

Several sensitivity enhancement schemes have been
successfully implemented in MQMAS (for MQ excitation and
conversion between 1Q < 3Q coherences via FAM,*2 DFS,43
HS,%4 LP,%5 and Cos-LP%¢) and STMAS experiments (for 2Q «»
1Q conversion via FAM#7 and for ST excitation and conversion
via LP*8). Among other available schemes, SPAM is especially

This journal is © The Royal Society of Chemistry 20xx

beneficial in that no complicated optimization process is
required and hence it is easy to set up.2’-3! Recently, we have
that, in the MQ-HETCOR
experiments, the signal loss due to the decreased 1Q < 3Q

demonstrated context of
transfer efficiency occurring under fast MAS may be easily
compensated by the SPAM gain.2¢ Upon SPAM, the conversion
hard-pulse is replaced with a composite one, where the hard-
pulse is immediately followed by a CT-selective T/2-pulse with
a proper phase that depends on the desired coherence
pathway. For the coherence pathway, with Ap = 2 or %4 for
p2 (Figs.1 and 2), the SPAM phase condition is @ = -@, or +@,,
for1=3/2 or 5/2, respectively. Compared to other schemes, no
complicated optimization is required with SPAM and hence
this composite pulse is easy to set up. In this study, the SPAM
enhancement is incorporated in | = 3/2 MQ-HETCOR and | =
5/2 MQ/ST-HETCOR experiments. Since we have described the
SPAM setup protocol for MQ-HETCOR experiments in our
previous study, here we illustrate the equivalent set up mainly
for ST-HETCOR experiments.

It should be remembered that the SPAM enhancement is
only applied to the MQ/ST conversion, meaning that the
MQ/ST excitation part remains unchanged, irrespective of the
presence/absence of the SPAM pulse. This is illustrated in Fig.5
which shows the simulated signal intensity of 27Al and 23Na
MQ/ST excitation and conversion parts of our HETCOR
sequences, with respect to each pulse length (pl, p2 and p3)
for a range of Cq values at Bo = 14.1 T with Vg = 62.5 kHz. These
results can be extrapolated for our {#’Al}-'H and {?3Na}-1H spin
pairs, respectively. While the initial excitation pulse length (p1)
remains the same, the optimum conversion pulse length (p2)

J. Name., 2013, 00, 1-3 | 5
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(a,b) NS =48, RD =15, Tpresat = 300 ms, Texp = 48-63 s each. (c) NS =16, RD = 1's, Tpresat = 500 ms, Texp = 16-24 s each.

slightly changes upon SPAM, due to the difference in the
selected coherence pathways. In our previous MQ-HETCOR
study, we have experimentally confirmed that the optimum p2
pulse length is sensitive to a difference of a few tenths of ys,
and this is similarly true for ST-HETCOR experiments. Fig.6
shows {?7Al}-1H ST- and ST-SPAM-HETCOR, and {?3Na}-'H DQ-
ST-HETCOR 1D profiles versus the p2 length at vg = 62.5 kHz,
using ipa-AlPO-14 and NaH,PQ4, respectively. This length is
varied by step of 0.2 ps, and its optimum value remains
independent of the population transfer scheme that follows
the MQ/ST conversion step. Our simulations are overall in
good agreement with the experimental results. The conversion
pulse length is the only crucial parameter upon acquisition of
MQ/ST-HETCOR spectra with the SPAM enhancement.

Iv. Comparison of MQ/ST-HETCOR 1D and
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2D spectra

Using the optimum experimental conditions established in
the previous sections, we compare the MQ/ST-HETCOR 1D and
2D spectra recorded with CP, RINEPT and PRESTO transfers. In
the following, we call Teyp the experimental time, Ny the
number of t; increments, ti,maxthe maximum evolution time,
At; the length of one t;increment, SWis the indirect isotropic
spectral width,33 NS the number of scans, RD the recycling
delay, Tcp the CPMAS contact time, and Tg4ip the dipolar
recoupling time of RINEPT or PRESTO (Figs.1 and 2).

IV.1. MQ/ST-HETCOR 1D spectra

Fig.7 shows the MQ/ST-HETCOR 1D spectra with CP,
RINEPT and PRESTO transfers: either {23Na}-'H of NaH,POQ,,
Na;HPO, and NaCD, or {ZAl}-'H of ipa-AlPO-14. These 1D

spectra correspond to the first FIDs (t1 = 0) of the 2D
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Fig.7. Comparison of (a-c) {?3Na}-*H and (d) {?’Al}-*H MQ/ST-HETCOR 1D spectra at Vg = 62.5 kHz via CP, RINEPT and PRESTO transfers. (a) NaH:POs, (b)
NazHPOs (c) Na citrate dihydrate and (d) ipa-AlPO-14. NS = 48, RD = 1 s, Tpresat = 300-500 ms.
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Aty ma/Dtast (Ps), Texp (h)} = {1, 300, 32/64, 1.3-3} and {0.5, 500, 16/16, 7-11}, for NaH.PO4 and ipa-AIPO-14, respectively.

acquisitions and their intensities are proportional to the
integrated ones of the 2D spectra. The SPAM gain is expected
to be 1.4 or 1.7, for | = 3/2 (3Na) or 5/2 (?7Al), respectively,1®
and this is indeed observed experimentally. Upon comparison
of the MQ/ST-HETCOR results, we find that the ST-HETCOR 1D
signal is 2-4 times higher than the MQ-HETCOR counterpart.
This is indeed consistent with the intensity differences that
have been reported in the context of MQMAS and STMAS
experiments.3135 Prior to the acquisition of 2D experiments
that might last for a few hours or days, this quick 1D
comparison of MQ/ST-HETCOR spectra serves as a preliminary
guarantee of the sensitivity advantage of ST-HETCOR
approaches.

IV.2. MQ/ST-HETCOR 2D spectra
Fig.8 shows a series of {?3Na}-'H and {?’Al}-'H MQ/ST-
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HETCOR 2D spectra at vg = 62.5 kHz via CP, RINEPT and
PRESTO transfers for NaH,PO4 and ipa-AlPO-14. The analogous
2D spectra for Na;HPO4, NaCD and Al-acet-lact are shown in
Fig.52. For NaCD and Al-acet-lact, only ST-HETCOR 2D
experiments were performed, due to the low SNR of the MQ-
HETCOR spectra. For PRESTO, we have only used PR16S for 2D
acquisitions as it performed slightly better than PR14—§ upon
1D comparison (Fig.7). For the ease of comparison, Fig.9 shows
the corresponding isotropic projections of the series of 2D
spectra of the five samples.

We observe that the differences in isotropic signal
intensities between CP, RINEPT and PRESTO are comparable to
those observed in 1D (Fig.7). When fully optimized for the best
sensitivity, the three transfers vyield similar 2D spectra,
providing an identical information about the {I}-1H spin system.
Thus, these spectra should serve as a good starting point for
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Fig.9. Comparison of isotropic projections of (a-c) {¥Na}-*H and (d,e) {?’Al}-*H MQ/ST-HETCOR 2D spectra at Vg = 62.5 kHz via CP, RINEPT and PRESTO

transfers. (The experimental details are given in the Fig.8 and S2 captions.)
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more sophisticated experiments (e.g. distance measurements).
Nevertheless, it can be observed that CP transfers are often
slightly more efficient than the RINEPT and PRESTO ones.
However, it must be reminded (i) that setting the CP transfers
is more time-consuming than the RINEPT and PRESTO ones,
especially in the case of ultra-fast MAS and low SNR, and (ii)
that, contrary to CP and PRESTO, RINEPT transfers are not
dipolar truncated, which means that they can more easily
perform long distance transfers. Therefore, RINEPT transfers
can be considered as a complementary tool to CP and PRESTO
transfers.

In the 27Al MAS 1D spectra of our ‘artificial’ mixture of
aluminum acetylacetonate and lactate (Fig.3), we mentioned
the presence of two C-H resonances that are resolved at Vg =
62.5 kHz. In the corresponding {?’Al}-'H ST-HETCOR 2D spectra
(Fig.S2c), the 'H resonances (OH, CH and CHs) are clearly
resolved and unambiguously assigned to the two Al samples
via 27Al-'H correlations. As expected from the chemical
structures, the OH is only present in lactate, whereas the CH
and CHjs species exist in both samples, with one CH peak at 5
ppm belonging to acetylacetonate, and that at 4 ppm to
lactate.

It has been known that contrary to MQMAS, STMAS
spectra are sensitive to dynamics in the s time scale, leading
to motional broadening in the isotropic dimension.*® This is
similarly true for ST-HETCOR experiments and here we
demonstrate it using ipa-AlPO-14 (Figs.8b and 9e). Indeed, the
isotropic MQ-HETCOR peaks are narrow and well resolved as
observed in the corresponding MQMAS, while the ST-HETCOR
resonances are severely broadened. The isotropic ST-HETCOR
line-shapes slightly differ from the corresponding STMAS ones,
as shown with the vertical spectra in the last line in Fig.8b. This
is because the ST-HETCOR scheme filters the 27Al nuclei that
are close to protons. These ipa-AlPO-14 spectra demonstrate
that MOQ/ST-HETCOR experiments are complementary
approaches, like the MQ/STMAS pair, and that ST-HETCOR has
the potential for further spectral editing in the presence of s
dynamics.

In | = 3/2 DQ-ST-HETCOR spectra, we notice the presence
of additional small signals that are absent in the MQ-HETCOR
ones. These are most apparent in the isotropic ST-HETCOR
spectra of NaH,PO, (Fig.9a), as denoted with asterisks. These
sidebands, separated by vr/9 = 6944 Hz, are consistent with
the signal modulation due to the CT-selective Tepulse used for
the 2Q filter being rotor synchronized only every 9 points.
These additional peaks are also present, but smaller, in the
isotropic ST-HETCOR spectra of Na,HPO, and NaCD (Figs.9b
and 9c), making the DQ-ST-HETCOR spectra of | = 3/2 more
‘crowded’ than the MQ-HETCOR ones. We note that the
position of these small additional peaks depends on the carrier
frequency (Fig.S3).

Upon comparison of these MQ/ST-HETCOR 2D spectra, we
emphasize that only a small part of the full 2D spectra is
displayed in Figs.8 and S2; that corresponding to the signal
region. This leads to two practical important points to remind
upon acquisition of MQ/ST-HETCOR 2D spectra. (i) The
isotropic spectral width (SWiso) is proportional to Vg, and hence

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

is very large under fast MAS, meaning that the signals are
often concentrated on very small regions of the 2D spectra. (ii)
For conventional rotor-synchronized experiments with At; =
Tg, the SWis, values are twice larger with STMAS than with
MQMAS.33 This means that, to keep the same isotropic
resolution, twice more t; points must be acquired with ST-
based experiments.

In the following section, we revisit and utilize these
features to reduce the total experiment time of MQ/ST-
HETCOR spectra shown in Figs.8 and S2.

V. Reduction of the experiment time

The acquisition of MQ/ST-HETCOR 2D spectra under fast
MAS often lasts for a few hours or days. This is mainly due to
(i) the small sample volume in the small rotor and (ii) the large
number of t; increments, due to the short rotor period,
required to achieve an acceptable resolution in the indirect
dimension.

To accelerate the acquisition of such time-consuming 2D
spectra, we incorporate two ‘tricks’: an Optimized Rotor-
Synchronization (ORS) and a Non-Uniform Sampling (NUS).
Both tricks are applicable not only to MQ/ST-HETCOR, but also
to MQ/STMAS experiments. In the following, we first
demonstrate the practical advantage of the ORS using a series
of MQ/ST-HETCOR 2D spectra under fast MAS. We then show
several possible NUS schemes and discuss their potential in the
context of high-resolution spectra of half-integer quadrupolar
spin nuclei.

V.1. Optimized Rotor-Synchronization (ORS)

Usually, MQ/STMAS and MQ/ST-HETCOR experiments are
performed in a conventional rotor-synchronized manner, with
At; = Tr, making SWis, proportional to vg. We have previously
mentioned that our MQ/ST-HETCOR spectra are very ‘sparse’
under fast MAS because the signals are concentrated on a very
small region of the 2D spectra (Figs.8 and S2). This point can be
utilized to decrease Texp by Only acquiring the FIDs every mTg,
At; = mTg, which reduces SWis, by the same factor m. This m
value must be adjusted to the range of the resonances along
the isotropic dimension. For example, at Vg = 62.5 kHz, m =1
means At; = 16 s, whereas m = 2 means At; = 32 Ys with a
half SWis, value, and so on. This is illustrated in Fig.10a,
showing the reduction of SWi, of the {?3Na}-'H MQ/ST-
HETCOR 2D spectra of NaH,PO4 at vg = 62.5 kHz.

In the following, we compare the results obtained with
various ORS factors for two types of sequences: MQMAS vs.
STMAS and MQ-HETCOR vs. ST-HETCOR. These various 2D
acquisitions require very different Tex. Therefore, to compare
more easily the results for each sample, instead of the SNR, we
use the Sensitivity of the isotropic projections defined as S =
SNR/VTexp.”

It must be noted that, upon reduction of SWis, via the ORS
folding factor, m, the thermal noise increases, as shown in
Fig.10c,d where the corresponding isotropic projections of the
2D spectra are shown with their SNR and Sensitivities. The

This journal is © The Royal Society of Chemistry 20xx
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corresponding isotropic projections with SNR at —0.9 ppm and Sensitivity: S =

difference in SNR for the spectra obtained with different m
values is purely a signal averaging effect related to the number
of scans acquired. Therefore, the SNR is roughly inversely
proportional to Vm, and hence the Sensitivity remains
constant. As a result, ORS allows faster experiments, but does
not change the Sensitivity. However, it must be noted that
when the t;-noise is comparable to or exceeding the thermal
noise, then the use of a larger window may result in a better
sensitivity because the t;-noise can then be distributed over
the larger indirect window.

To verify this point, we recorded at Vg = 62.5 kHz a series of
MQ/STMAS and MQ/ST-HETCOR spectra of the five samples
with a variety of m folding factors. We used the same
maximum ti,max evolution time to keep the same resolution,
and m ={1, 2, 4, 8, 16}, which corresponds to At; = {16, 32, 64,
128, 256} ps, respectively. The corresponding SNR and
Sensitivities are shown in Fig.11, and they show that
Sensitivities are little dependent on the m factor.

As noted in the previous section, the ratio of SWjs;, of the
MQ- and ST-based 2D spectra is in the ratio of MQ:ST = 1:2,
and ST-based experiments require twice more t; points than
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the MQ counterpart to obtain the same resolution along Fiso.

This means that, for a given spectrometer time, we can
acquire a pair of MQ/ST-based spectra with the same SWis, if
we set the m value in the ratio of MQ:ST = 1:2. This was in fact
utilized in the MQ/ST-HETCOR 2D spectra of NaH,PO; and
Na;HPO, (Figs.8a and S2a) where m = 2 was used for MQ-
HETCOR and m = 4 for ST-HETCOR. These experiments lasted
twice or four times shorter than the m = 1 equivalent.

Although, the reduction of Tex, via ORS can be utilized in
any 2D experiment, we note three practical cautions. (i) Since
it decreases the SNR, that observed with m = 1 needs to be
high enough. (ii) ORS is suitable for very sparse 2D spectra
where the signals are concentrated in a small frequency range
in the indirect dimension, which is quite often the case with
high-resolution spectra of half-integer quadrupolar nuclei. (iii)
ORS is especially powerful when a series of 2D experiments
must be acquired within a given amount of spectrometer time
but with different parameters or on different samples (as in
Fig.8) for the purpose of spectral comparison.

V.2. Non-Uniform Sampling (NUS)
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Fig.11. [IN COLOR] A summary of the intrinsic SNR (left) and Sensitivity (right) of a series of MQ/STMAS and MQ/ST-HETCOR spectra at Vg = 62.5 kHz
with respect to the reduction factor (m) in the isotropic spectral width (SWiso).
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The NUS acquisition has been used for a long time in
solution NMR and MRI, and it has been particularly
advantageous for multi-dimensional experiments, where only
a limited number of points are sampled in the multiple indirect
dimensions. In this case, the NUS allows a drastic reduction of
the very long (or even practically inaccessibly long) experiment
times.

In our high-resolution MQ/STMAS and MQ/ST-HETCOR 2D
spectra, there is only one indirect dimension, where the
isotropic signals are narrow because they are not quadrupolar-
broadened with Hq: and Hqa. Thus, we expect that the same
results obtained in solution NMR should apply.

There are two independent parts related to this type of

acquisition: the NUS itself and the subsequent spectral
reconstruction.
For solid-state NMR, there is a limited number of NUS studies
using one reconstruction algorithm developed for solution
NMR,38 such as MaxEnt (maximum entropy),® SMILE (sparse
multidimensional iterative lineshape-enhanced),®> and CS
(compressed sensing).>2 Here, we use the CS algorithm,53
which has been proven to be superior to other methods when
the spectrum is “mostly empty” (or sparse).52 Also, for our
convenience, we note that CS is available under the TopSpin
free license. In the following, we test various NUS schemes in
the context of 2D experiments with high-resolution
quadrupolar resonances along the indirect dimension.

V.2.1 Basic concepts

First, we review some of the basic concepts that have been
used in the context of NUS. In this study, we use the symbol T,
for the exponential time constant of the transverse relaxation
time, taking into account all experimental imperfections, such
as the inhomogeneity of the static magnetic field.*3 The value
of T, in the isotropic dimension of MQ/STMAS and MQ/ST-
HETCOR spectra can be estimated in two ways: (a) in the time-
domain, by fitting a series of 2D FIDs with an exponential
decaying function, (b) in the frequency domain, by using the
isotropic linewidth, T, = 1/(T6FWHM).

In conventional solution NMR with uniform sampling, it has
been shown that to resolve two signals that are separated in
the order of their linewidths, the maximum evolution time
requires the condition ti max = TT2, and that t1 max in the range
of (0.7-1.5)T, has a negligible effect on the SNR of a given
signal, although it reaches a maximum at 1.26T,.>* This leads
to the practical notions that (i) the resolution improves after
1.26T, at the expense of both the SNR and Tey, and (ii) upon
uniform sampling of multi-dimensional experiments, one
should choose the shortest evolution time that gives rise to
the desired resolution.>>

Contrary to the conventional uniform sampling, NUS is
known to produce a Sensitivity gain without compromising the
spectral resolution.>254 Two practical points should be kept in
mind. (i) The NUS signal enhancement is only obtained with
sufficiently long evolution times (i.e. timax = 3T2). This is
because NUS uses an exponentially weighted sampling density
in the indirect dimension such that the majority of sampling

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

points are eliminated towards the end (timax > 1.26T>).>* (ii)
The estimation of the NUS gain requires the comparison
between the conventional and NUS datasets acquired within
the same overall Texp. This means that the NUS dataset, which
samples only X % points of the total Nyquist grid, contains
100/X-fold more scans.>2

V.2.2 CS approach and possible sampling schemes

The CS (Compress Sensing) reconstruction approach has
been recently investigated using 2H MAS spectra, and it was
suggested that the optimum CS approach should be obtained
with an exponentially weighted decaying sampling with
constant time: Ts = 0.5-0.6T>.52 Here, we extend this approach
to the context of high-resolution spectra of half-integer spin
quadrupolar nuclei. We apply the CS-IRLS algorithm to
reconstruct the 2D spectra.>® Indeed, compared to the
analogous CS-IST algorithm, which is less memory consuming,
faster in processing and hence more suitable for larger
datasets, IRLS is known to provide better results with only
slightly longer computational times.>3

The NUS schemes can be characterized by (i) the
percentage of sampling points with respect to the
conventional full acquisition (e.g. 50%, 32% etc.), (ii) the
nature of the sampling weighting (e.g. random or exponential),
and (iii) the nature of the sampling spacing (e.g. random or
increasing). In this present work, we compare four sampling
schemes: the truly random, the exponential random with T, =
T, or 0.7T,, and a sampling with two exponential decays: one
for the weighting and one for the spacing. The first three
schemes, called NUS;;, are available under the TopSpin free
license, but the last one (NUSpiexp) is generated externally
using a Python script (see the Sl). These sampling schemes are
schematically illustrated in Fig.54. The two main differences
between the NUSt1 and NUSpi.exp Schemes are the nature of the
sampling spacing and the t,max value. The last sampled point is
important because it determines the resolution of the indirect
dimension and one would wish to use the same value as the
conventional acquisition. For the NUS:; scheme, we find this
deviation more significant with a small NUS percentage (e.g.
32% in Fig.S4b,d) and a large At; values (e.g. 128 s in
Fig.S4c,d).

In the following, we test at vg = 62.5 kHz with the four
sampling schemes the NUS effects in terms of signal
reproducibility, with respect to the sampling percentage. We
use a series of MQ/ST-based spectra of the five test samples,
combined with the ORS described in the previous section.

V.2.3 Reproducibility of signals by the sampling schemes

As a preliminary result, we have previously shown a
comparison of the isotropic projections of {2’Al}-'H MQ-
HETCOR spectra of ipa-AlPO-14 with a series of NUS sampling
percentage (50, 33, 25 and 12.5%). We used the NUSy
sampling scheme on TopSpin with T, = 1 s (truly random), and
we noted that down to ca. 30%, NUS may be safely employed
in this case.2® Here, we study the effects of the four sampling
schemes in two ways. We perform first qualitative

This journal is © The Royal Society of Chemistry 20xx
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comparisons of either the isotropic projections or the
difference 2D spectra between conventional and NUS
acquisitions. In a second step, we perform a quantitative
analysis of the rms (root-mean square) of these difference 2D
spectra integrated over the signal region.

Qualitative analyses. In Fig.12, as an example, we present the
isotropic projections of {2’Al}-'H MQ/ST-HETCOR 2D spectra of
ipa-AIPO-14 at vg = 62.5 kHz, with either the full acquisition
(100 %) or the 32 and 50 % NUS using the four sampling
schemes. It should be reminded that, in the CS algorithm, the
Virtual-Echo option (TopSpin: “Mdd_Cs VE = TRUE”) provides
better results when the phases in the indirect dimensions are
known.>” This is what we have verified with the MQ-HETCOR
data. On the contrary, ST-HETCOR data provided better results
without this Virtual-Echo option. This is because, in ST-based
experiments, the first data point of the 2D FIDs (t; = 0) is
missing due to the rotor-synchronization required to refocus
the Hqi broadening of ST coherences. This missing point leads
to a large phase uncertainty in the indirect dimension,
especially in the case of multiple sites.

This journal is © The Royal Society of Chemistry 20xx

The comparison of the isotropic projections in Fig.12
proves a good reproducibility of the spectra, irrespective of the
four sampling schemes we tested. To verify this observation in
the entire 2D spectra, Fig.13 shows, as an example, a series of
difference (Full - NUS) 2D spectra with 50, 32, 24 and 12 % NUS
using {ZAl}-'H MQ-HETCOR of ipa-AlPO-14 at vg = 62.5 kHz
with NUSt; and Ts=0.7T, = 1.1 ms.

These difference spectra demonstrate the lack of false
peaks in the 2D spectra, but they also show that the
amplitudes of the actual peaks are less well reproduced when
the NUS sampling percentage decreases.

Quantitative analysis. We then performed a quantitative
analysis by calculating the rms of the difference 2D spectra
integrated over the signal region. These rms values are
normalized with respect to the conventional 2D spectra over
the same region. Fig.14 summarizes the normalized rms
differences of a series of MQ/STMAS and MQ/ST-HETCOR NUS
2D spectra at vg = 62.5 kHz with respect to the various
sampling schemes for NaH,PO; and ipa-AlIPO-14. The
analogous plots for the three other samples (Na;HPO4, NaCD,
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Fig.13. Examples of difference (Full — NUS) 2D spectra with 50, 32, 24 and 12% NUS, using {¥’Al}-*H MQ-HETCOR of ipa-AlPO-14 at Vg = 62.5 kHz, with T;
=0.7T2 = 1.1 ms and (a) At: = 16 ps and (b) 32 s, respectively. The full (i.e. non-NUS) 2D spectrum is also shown on the left for comparison.

Al-acet-lact) are provided in Fig.S5. As expected, when the NUS
sampling percentage decreases, the differences increase. To
minimize such signal errors in the NUS 2D spectra, we
recommend two exponential decaying sampling schemes,
either NUS; (Ts = 0.7T>) or especially NUSpi-exp-

V.2.4 Optimized rotor-synchronization combined with NUS

As a natural consequence, the NUS approach can be
combined with the reduction of SWis, via ORS (section V.1).

As an example, revising the {?’Al}-'H MQ/ST-HETCOR
spectra of ipa-AlPO-14, we have shown in Fig.12 the isotropic
1D projections for At; (MQ, ST) = {16, 32} and {16, 64} [s, and
in Fig.13 the difference 2D spectra for At; (MQ) = {16, 32} ps.
For completeness, the normalized integrated difference of a
series of MQ/STMAS and MQ/ST-HETCOR NUS 2D spectra was
summarized in Figs.14 and S5 with respect to the reduction
factor of SWis.

Upon reduction of SWis, the global tendency remains the
same: the difference increases as the NUS percentage
decreases, but two appropriate sampling schemes, NUS; (Ts =
0.7T,) and especially NUSpi.exp, minimize such errors. However,
we have observed that NUS with m > 4 brings no advantage
because Tex is already very short with m = 4, and the
minimum safe limit of NUS then seems to be ca. 30-50% to
limit the error. The latter point is partly due to the severely
decreased SNR, proportional to 1/Vm, upon reduction of SWis,
(Fig.11).

So far, we have recommended the use of either NUSy; (Ts =
0.7T,) or NUSpi.exp- Here, we revisit the last sampled point with
these two schemes (Fig.S4), because this timax Value
determines the resolution of the indirect dimension. We note
that with NUSy; (Ts = 0.7T2), t1,max decreases with a smaller NUS
percentage and a larger At; value. This is reflected in the rms
of the difference 2D spectra (Figs.14 and S4), and NUSy; thus
may introduce an extra error due to the signal truncation. On
the contrary, NUSpiexp always leads to the same timax value,
which is decided by the user, and thus, our bi-exponential
sampling scheme may be superior in these cases.
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V.3 Sensitivity gain per unit time via ORS and/or NUS

Our primary motivation to employ NUS and/or ORS in high-
resolution quadrupolar experiments was to reduce the total
experiment time of such long 2D acquisitions. However, we
may perhaps utilize these two tricks to improve the quality of
the 2D spectra by increasing the experimental Sensitivity (S =
SNR/VTexp).” It is indeed very important to remind here that
when comparing different data acquisition and treatment, the
only parameter to take into account is the Sensitivity, not the
SNR, because Tex, may largely vary. When comparing different
types of experiments, e.g. MQMAS vs. STMAS or MQ-HETCOR
vs. ST-HETCOR, this comparison of the Sensitivity must be
done with the same indirect spectral width, SWis, here with
the unified representation.33

When using NUS within the safe reduction limit, the
Sensitivity largely increases when the sampling decreases,
especially with NUSpi.exp. As example, S increases from 1.3 to
4.0 when the sampling decreases from 100 to 32 % (Fig.12c).
However, it must be noted that this gain mostly occurs
because the resonances along Fis, are then narrow, and that it
is more limited in the case of broad resonances (Fig.12b,d).
This means that NUS is particularly interesting in the case of
well-crystallized samples observed either with MQMAS or with
STMAS (in the absence of ps dynamics).

For ORS, we have seen in Fig.10c,d that there is no
Sensitivity gain. Therefore, ORS is mostly interesting in the
case of sensitive experiments (large SNR with m = 1), to
optimize and acquire fast the 2D spectra.

V.4 Miscellaneous discussions

We finish our article by answering some miscellaneous
questions that may arise from a practical point of view, upon
choosing: SWis, the NUS percentage, and the magnetization
transfer scheme, in the context of MQ/ST-based high-
resolution experiments of half-integer quadrupolar spin nuclei.
The choice of SWi is related to the high spinning frequency

This journal is © The Royal Society of Chemistry 20xx
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used, which may entail a large value that can be deliberately
reduced with ORS. The answers to these questions are related
to the type of experiment that may be preferred for a given
Texp- As a global answer, this choice mostly depends on the
SNR of the 2D spectra for the given sample.

MQMAS with m =1 or STMAS with m = 2?

For a given type of experiment, (i) due to the aliasing of the t;-
noise into the smaller spectral width, the SNR with m = 2 is
smaller by ca. V2 with respect to that with m = 1, but (i) Texp is
decreased by a factor of 2, hence globally leading to a quasi-
constant Sensitivity (Fig.10c,d). Simultaneously, the STMAS 1D
signal is often larger by a factor of 2-4 than that of MQMAS
(Fig.5). As said before, the experimental comparison between
2D experiments must be performed based on the Sensitivity
with same SWis. In our case, this means between MQMAS (m
= 1) and STMAS (m = 2) due to the doubling of SWi,, with
STMAS. In Fig.10c,d, we observe a Sensitivity gain of ca. 1.6 for
STMAS. Therefore, if the technical requirements can be
satisfied, STMAS may be preferred, especially for large Cq
values and under fast MAS conditions, where the MQMAS
efficiency is significantly reduced.32 However, it should be

This journal is © The Royal Society of Chemistry 20xx

remembered that ST-based experiments are sensitive to Hs
dynamics and hence the acquisition of both MQ/ST-based
spectra may be advantageous in some cases (as demonstrated
using ipa-AlPO-14 in Fig.8b).

MQ-HETCOR with m =1 or ST-HETCOR with m = 2?

For | =5/2, the same logic as the previous question may apply.
However, we should remember that DQ-ST-HETCOR may
introduce some small additional sidebands for | = 3/2, leading
to undesirable spectral crowding in some cases (as shown
using NaH,PO4, Na;HPO4 and Na-CD in Fig.9a-c).

m = 1 with 25% NUS or m = 2 with 50% NUS?

Undeniably, this question remains controversial. We have
demonstrated that NUS may increase the Sensitivity, whereas
ORS does not. In general, we observe that NUS performs
better when the SNR is high, which corresponds to narrow
resonances as shown in Fig.12. Naively speaking, NUS seems to
have difficulty differentiating the true signal from the noise
when the SNR is small. Thus, the more sensitive one (i.e. m = 1)
may be preferred. However, we also observe that the safe
limit of the NUS percentage lies in between 25-50 % for our
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samples, and below this safe limit, a peak splitting may appear,
lowering the reproducibility of the 2D spectra. The origin of
this peak splitting needs to be further investigated, probably
from a more theoretical point of view. Presently, we suggest,
for example, 32% NUS with m = 2 from the practical point of
view, as a compromise for now.

Which magnetization transfer?

For the five model samples used in this study, the CPMAS
transfers of magnetization from a half-integer quadrupolar
spin nucleus to H are slightly more efficient than the RINEPT
and PRESTO ones (Fig.9). However, CPMAS requires much
more parameters to optimize than the second transfers (only
Tdip). This means that the CPMAS optimization is much more
time consuming, especially at ultra-fast MAS and with poor
SNR. At ultra-fast MAS (Vg = 60 kHz), we hence recommend
PRESTO-PR16$ {2700,90130} and especially RINEPT-SR42 {180}.
It must also be reminded that these two transfers are
complementary tools, because the first is dipolar truncated
whereas the second is not, which means that RINEPT can more
easily perform long distance transfers than PRESTO.

VI. Conclusions

In this study, we have presented a comparison of MQ/ST-
HETCOR spectra between half-integer spin quadrupolar nuclei
(I = 22Na or 27Al) and *H, under fast MAS conditions. In a similar
manner to our previous study, the SPAM method was utilized
for the sensitivity enhancement, owing to its ease in
experimental setup, and a step-by-step experimental setup
procedure was established for PRESTO with the aid of
simulations and a series of 1D acquisitions prior to such long
2D acquisitions. In accordance with what has been known in
the context of MQ/STMAS experiments, we observed, upon
comparison on MQ/ST-HETCOR spectra, that (i) the sensitivity
advantage of ST-HETCOR over MQ-HETCOR is apparent as
expected, and (ii) ST-HETCOR is sensitive to the presence of us
dynamics, and hence a comparison of MQ/ST-HETCOR 2D
spectra similarly serves as a probe for the possible presence of
the Us dynamics around the half-integer quadrupolar nuclei.

We have also compared three types of magnetization
transfers at ultra-fast MAS from half-integer quadrupolar
nuclei to 'H: CPMAS, PRESTO and RINEPT.

We should emphasize that, in this study, we only have
employed five selected model compounds to establish and
demonstrate the experimental setup of 'H-detected MQ/ST-
HETCOR experiments under fast MAS conditions. For these
crystalline compounds with small to moderate Cq values, the
CPMAS efficiency was found comparable to those of RINEPT or
PRESTO. With larger Cq values, we envisage that RINEPT or
PRESTO methods may perform superior to CPMAS, especially
under fast MAS conditions. These two transfers are moreover
complementary: RINEPT easily transfer long
distances, whereas PRESTO cannot. If one wishes to perform
MQ/ST-HETCOR experiments on more challenging samples,
such as (i) sites with larger Cq values or small natural
abundance, (ii) disordered materials, or (iii) systems with a

can over
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large range of Cq or dipolar couplings, our present datasets
and experimental setup protocol should serve as a good
reference point to ease their experimental setup.

Furthermore, aiming to reduce the total experimental time
of such long MQ/STMAS and MQ/ST-HETCOR 2D experiments,
we have incorporated two experimental tricks: the Optimized
Rotor-Synchronization (ORS) and the NUS.

The ORS does not change the Sensitivity (S = SNR/VTexp).
Therefore, it is mostly interesting in the case of sensitive
experiments with large SNR, to optimize and acquire fast the
2D spectra.

We have then investigated the potential use of NUS, by
studying the effects of several sampling schemes, in the
context of MQ/ST-based 2D experiments. We have shown that
it can largely increase the Sensitivity, within the safe limit of
ca. 30-50% NUS. Moreover, the use of the bi-exponential
sampling we have introduced may be highly recommended for
peak reproducibility. However, NUS is mostly applicable to the
narrow, isotropic peaks in our high-resolution MQ/ST-based
spectra, and further investigations may be awaited for broader
peaks (e.g. second-order broadened peaks in F1).

Since our discussions were based solely on spectral
observations, we envisage that a more advanced theoretical
treatment (with more sophisticated algorithms and/or
different sampling schemes) may have the potential either (i)
to reduce the safe limit of the NUS sampling percentage or (ii)
to improve the spectral reproducibility below the current safe
limit of the NUS sampling percentage. Such further NUS
developments are currently under investigations and will be
reported elsewhere.
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