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a b s t r a c t

The development of homonuclear dipolar decoupling sequences to obtain high-resolution 1H NMR spec-
tra from solids has recently celebrated its 50th birthday. Over the years, a series of different decoupling
schemes have been developed, starting with the pioneering Lee-Goldburg and WAHUHA sequences up to
the most recent generation of experimentally optimized phase-modulated schemes such as eDUMBO-122

and LG4. These schemes can all yield over an order of magnitude reduction in 1H NMR linewidths in
solids. Here we provide an overview and a broad experimental comparison of the performance of the
main sequences, which has so far been absent in the literature, especially between the newest and the
oldest decoupling schemes. We compare experimental results obtained using eight different decoupling
schemes (LG, WHH-4, MREV-8, BR-24, FSLG/PMLG, DUMBO-1, eDUMBO-122 and LG4) on three different
microcrystalline powdered samples (alanine, glycine and b-AspAla) and at three different MAS rates (3.0,
12.5 and 22.0 kHz). Finally, since these sequences can be technically demanding, we describe the exper-
imental protocol we have used to optimize these schemes with the aim to provide simple guidelines for
the optimization of CRAMPS experiments for all NMR users.
� 2019 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
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1. Introduction

Just over 50 years ago, the pioneering works of Lee and Gold-
burg [1,2] and Waugh and co-workers [3] revolutionized the world
of solid-state nuclear magnetic resonance (NMR) with the intro-
duction of the Lee-Golburg (LG) and WAHUHA (WHH-4) pulse
sequences respectively. Following the principles of coherent aver-
aging [4], these pulse sequences can remove the broadening effects
of homonuclear dipolar couplings in solid samples, while leaving
the chemical shift interactions (at least partially) intact. The dra-
matic line narrowing effect was first demonstrated for WHH-4
with the 19F spectrum of a single crystal of CaF2 as reproduced
from the original article in Fig. 1. Despite their technical differ-
ences, both LG and WHH-4 work in a very similar way: they gen-
erate a rotation of the spin operators in the spin space around an
effective field tilted of 54.74� with respect of the main static mag-
netic field. This rotation is achieved with a continuous off-
resonance irradiation in the case of LG, and with four p/2 pulses
in the case of WHH-4. The result is that the homonuclear dipolar
coupling is averaged to zero (to first order), in a manner similar
to that achieved by magic angle sample spinning (MAS) [5,6], while
the chemical shift interaction is only scaled by a factor of 1/ 3.
Another way to do this was demonstrated with the idea of a
‘‘magic-echo” in which a burst of radiofrequency irradiation pro-
duces a (partially) time reversed dipolar interaction, and which
then leads to the formation of a dipolar echo at some time later [7].

While the introduction of LG and WHH-4 was a conceptual
landmark, there were two key roadblocks to obtaining truly
high-resolution 1H NMR spectra of solids. First, in static samples,
the anisotropy of the chemical shift remains. In certain cases this
can be useful, but in general one would like to acquire spectra from
powders with only isotropic shifts. A solution to this is to combine
MAS and multi-pulse spectroscopy, in the so-called CRAMPS
approach, introduced in 1977 by Gerstein et al. [8]. As long as
the decoupling sequence and the sample rotation do not interfere,
CRAMPS leads to a double averaging process that yields 1H spectra
with significantly better resolution than MAS alone (at least so far
up to MAS rates of 65.0 kHz [9–13]).

The second roadblock is due to the fact that both LG andWHH-4
only lead to removal of the dipolar coupling under ideal conditions
to first order. Even if this means that residual broadening might be
only about 1% of the initial width (a remarkable achievement), this
would lead to residual linewidths in the early work on the order of
�500 Hz (e.g. 1 ppm at 500 MHz), which still severely limits the
applicability to complex chemistry. Thus, from these very first
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Fig. 1. First example of the performances of homonuclear dipolar decoupling
sequences. (a) 19F spectrum of a single crystal of CaF2 wet with liquid C6H5CF3. (b)
19F spectrum of the same compound obtained decoupling the 19F-19F dipolar
couplings using WHH-4. Figure adapted with permission from Ref. [3].

Fig. 2. Chemical formulae of alanine (a), glycine (b) and b-AspAla (c). Hydrogens are
colored in order to correspond to the peaks in the spectra that follow.
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developments, the acquisition of 1H spectra in solids with better
resolution has been a challenge faced by many, and which still
remains partially unresolved (so to speak).

Using concepts of coherent averaging the WHH-4 and LG blocks
were rapidly combined with concepts such as cyclic decoupling
and reflection symmetry [14,15] to develop decoupling sequences
with better decoupling efficiency. WHH-4 led to MREV-8 in the
1970s [14,63], while the combination of LG with symmetry proper-
ties led to flip-flop Lee-Goldburg (FFLG) [16].

The introduction of the CRAMPS experiment then led the devel-
opment of schemes such as BR-24, BR52 [15] and BLEW12 [17]
using WHH-4 as the basic building block, while LG was developed
into FSLG [18], which was later implemented as PMLG [19], and
LG4 [20,21]. In addition to these, many other schemes were devel-
oped aiming at better decoupling. For example, extensive analysis
of the terms composing the dipolar Hamiltonian with average
Hamiltonian theory [4] and their symmetry properties led to the
so-called high order truncation (HOT) multiple pulse techniques,
such as MSHOT-3 [22,23]. Another elegant example of symmetry
considerations applied in the development of decoupling schemes
was introduced by Levitt with the development of the rotor syn-
chronized RNm

n sequences [24].
A different approach was used for the development of another

class of decoupling sequences: the so-called decoupling using
mind-boggling optimization (DUMBO) family. These were
sequences developed using numerical optimization of continuous
phase-modulated radiofrequency (rf) irradiation schemes based
on either numerical simulations (DUMBO-1 [25]) or direct experi-
mental optimization (eDUMBO-112.5 and eDUMBO-122 [26]).

Finally, we note that when dealing with high-abundance and
high-gyromagnetic ratio nuclei such as 1H, CRAMPS experiments
are extremely powerful tools, especially in the low to moderate
regime of MAS where chemical shift information is otherwise inac-
cessible. However, these experiments are still comparatively rarely
used in routinely NMR analysis, perhaps because they have
acquired a reputation of being technically very demanding. Indeed,
with the technology of NMR consoles and rf amplifiers of the 70–
90s, implementing homonuclear dipolar decoupling was an art in
itself, requiring careful optimisation along the whole chain of spec-
trometer components [27–31]. However, with the introduction of
modern digital NMR spectrometers at the beginning of this century
and the development of reliable high-performance routine MAS
probes, there are no longer any significant technical challenges
associated in implementing these pulse sequences.

This work aims to make homonuclear dipolar decoupling exper-
iments accessible to all NMR users. In this frame, we provide a
comparison of CRAMPS experiments using eight homonuclear
dipolar decoupling sequences: LG, WHH-4, MREV-8, BR-24, PMLG,
DUMBO-1, eDUMBO-122 and LG4. (We note that FSLG and PMLG
are formally equivalent. Here we denote the sequence as PMLG
in the following). We assess the experimental properties and per-
formances of these schemes through the acquisition of 1D spectra
and T02 measurements [32] on three different samples (b-AspAla,
alanine and glycine (Fig. 2)) and at three different MAS rates (3.0,
12.5 and 22.0 kHz MAS). To our knowledge, this is the broadest
experimental comparison of homonuclear dipolar decoupling
sequences provided so far using modern NMR spectrometers
[9,17,20–22,26,27,33–44]. To facilitate the implementation of
these experiments we provide step by step guidelines for their
optimization which in principle can be extended to any other
homonuclear dipolar decoupling schemes.
2. Materials and methods

The powdered samples of alanine (2-aminopropanoic acid) and
b-AspAla ((2S)-2-amino-3-{[(1S)-1-carboxyethyl]carbamoyl}propa
noic acid), were purchased from Bachem and Acros Organics. Gly-
cine (2-aminoacetic acid) was found on a shelf. The glycine sample
was recrystallized from H2O to obtain the a form [45]. b-AspAla
and alanine were used without further recrystallization.

Experiments were performed on a Ascend 500 wide-bore
Avance III HD NMR spectrometer, operating at Larmor frequency
of 500.46 MHz for 1H, equipped with H/X/Y 3.2 mm CPMAS probe.
Samples were restricted to the central third of a rotor with inner
diameter of 2.2 mm in order to maximize rf homogeneity. This is
done by inserting a 12 ll Teflon spacer above the sample and
below the drive cap, while in the lower part of the rotor the sample
is already restricted by the thick bottom wall of the reduced vol-
ume 3.2 mm rotor.

1D 1H CRAMPS experiments were acquired using the sequences
shown in Fig. 3a and b. After the initial p/2 pulse, a h pulse (the so-
called pre-pulse) rotates the magnetization into the tilted trans-
verse plane that will be generated by the effective field of the
homonuclear decoupling sequence [21,28,46] and then the FID is
sampled in acquisition windows inserted within the homonuclear
dipolar decoupling period. Windowed schemes (WHH-4, MREV-8
and BR-24 – Fig. 4b–d) contain delays which allow the insertion
of an acquisition window within the decoupling cycle (Fig. 3b)
[3,7,14,15,63], while windowless sequences (LG, PMLG, DUMBO-
1, eDUMBO-122 and LG4 - Fig. 4a, e–h) necessitate the addition of
an extra delay for the signal to be sampled in the absence of rf irra-
diation (Fig. 3a) [35,47,48]. Note that all the sequences imple-
mented here are implemented in the original versions and not in
the z-rotation versions [49,50]. As discussed in Section 4 below,



Fig. 3. Pulse sequences used for the acquisition of: (a and b) 1D 1H CRAMPS
experiments with windowed (a) and windowless (b) decoupling schemes, and (c) T02
dephasing curves. Pulse programs and the phase cycles are given in the ESI.

Fig. 4. (a–h) Phase modulation waveforms for LG (a), WHH-4 (b), MREV-8 (c), BR-
24 (d) PMLG (e), DUMBO-1 (f), eDUMBO-122 (g), and LG4 (h) decoupling sequences.
The width of each plot is proportional to the typical length of the corresponding
decoupling cycle. The blue dotted lines indicate phase jumps. Rf irradiation is not
present during the phase jumps in WHH-4, MREV-8 and BR-24. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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the z-rotation implementation produces a significant reduction of
the scaling factor, and therefore resolution. As a consequence we
recommend using sequences that are not supercycled, and where
the optimization process described below provides spectra which
are equally clean. Also note that the LG, FSLG/PMLG, LG4 and the
DUMBO type sequences were all implemented in a phase-
modulated fashion. Further details, acquisition parameters, pulse
sequences and phase cycles are given in the ESI.

Transverse dephasing times (T02) [32] were measured using the
double spin-echo sequence EyEy shown in Fig. 3c [51]. The T02 mea-
surement was performed through a pseudo-2D experiment, with
the acquisition of a series of 1D high-resolution 1H spectra where
the time sd of decoupling was systematically increased in a multi-
ple of the decoupling cycle time (sc) of the sequence under analy-
sis. The dephasing curves were then obtained by plotting the area
under each resonance as a function of the dephasing time (2sd).
Finally, T02 values were extracted by fitting the dephasing curves
to an exponential decay S(2sd) = a * exp(�2sd/T02). The homonu-
clear dipolar decoupling scheme applied during direct acquisition
(t2) and the corresponding parameters were kept unchanged
between T02 measurements performed at the same spinning rate.
We chose to use BR-24 at 3.0 kHz MAS and eDUMBO-122 at 12.5
and 22.0 kHz MAS (for details see ESI). It is critical in these T02
experiments to calibrate the phase of the homonuclear decoupling
sequence under analysis in order to align the plane of the effective
field during decoupling to be perpendicular to the magnetization
after the first p/2 pulse [46].

Experiments were carried out using rotor spinning rates (tr) of
3.0, 12.5 and 22.0 kHz. The parameters of each homonuclear dipo-
lar decoupling scheme were carefully optimized using the proce-
dure described in Section 4 and Appendix A. This optimization
was performed independently at each spinning rate for the three
samples. All chemical shifts were referenced to pure liquid tetram-
ethylsilane (TMS) at 0 ppm. Scaling factors were determined
experimentally by comparing the peak positions in the decoupled
spectra with those obtained with a single pulse experiment under
MAS. The comparison was made using the CH3 and NH3

+ resonances
for alanine (1.13 and 8.54 ppm), the CH3 and OH resonances for b-
AspAla (0.86 and 12.85 ppm) and the CH2 peak at lowest chemical
shifts and NH3

+ resonances for glycine (2.3 and 8.0 ppm). The MAS
chemical shift values were obtained from the spectrum at 22.0 kHz
MAS for alanine, while from glycine and b-AspAla we used values
obtained from Refs. [52] and [53] respectively, since their reso-
nances are not all resolved at 22.0 kHz MAS.

The processing of the spectra and the calculation of the scaling
factors were done using the Bruker program TopSpin 3.5. Extrac-
tion of peak positions and experimental 1H linewidths were done
in MATLAB using home-written scripts which make use of the
peakfit function [54] (details in ESI). The post-processing proce-
dures for the T02 measurements (extraction of 1D spectra, evalua-
tion of the area under each peak, fitting and extraction of T02
value) were also done in MATLAB. Full details of acquisition
parameters, phase cycles and pulse sequences are given in ESI.
3. Comparison of decoupling performance

Figs. 5, 6 and 7 show the 1D 1H MAS (a) and 1H CRAMPS (b–f)
spectra of alanine, glycine and b-AspAla respectively, obtained
with WHH-4, MREV-8, BR-24, LG, PMLG, DUMBO-1, eDUMBO-122

and LG4 at 3.0, 12.5 and 22.0 kHz MAS. Note that the results
obtained on the PMLG sequence reflect FSLG performance, as these
two sequences are equivalent, except for the way they are imple-
mented at the spectrometer. All the measured linewidths from
these spectra are given in Tables S9–S11 for alanine, glycine and
b-AspAla respectively.

We immediately see that all the CRAMPS spectra yield a
remarkable improvement in resolution as compared to the MAS
only spectra. This has also been shown to be the case at 65.0 kHz
MAS for DUMBO type [10,11] and PMLG type [9,12,13] schemes
if the pulse sequences are adapted slightly. (Note that at
65.0 kHz MAS is sufficiently efficient that the chemical shift scaling
factors can be higher than the limit of 1/

p
3 imposed if the pulse

sequence averages the dipolar couplings to zero to first order [9–
13,55]). The improvement in resolution comes at the expenses of
sensitivity, which here was reduced by a factor of between 4 and
22, depending on the sequence and the acquisition parameters,
compared to the spectra acquired at 22.0 kHz MAS.



Fig. 5. 1D 1H MAS spectra (a) and 1D 1H CRAMPS spectra (b–i) of powdered alanine. Spectra were obtained decoupling with LG (b), WHH-4 (c), MREV-8 (d), BR-24 (e), PMLG
(f), DUMBO-1 (g), eDUMBO-122 (h) and LG4 (i). Spectra in the left, central and right columns were acquired at 3.0, 12.5 and 22.0 kHz MAS rate respectively. Full details on the
experimental parameters are given in ESI. Asterisks denote artefacts in the spectra and crosses denote axial peaks. The assignment is done using the color-code of Fig. 1.
Spectra are shown after correction for the experimentally measured chemical shift scaling factor, as detailed in the methods section. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. 1D 1H MAS spectra (a) and 1D 1H CRAMPS spectra (b–i) of powdered glycine. Spectra were obtained decoupling with LG (b), WHH-4 (c), MREV-8 (d), BR-24 (e), PMLG
(f), DUMBO-1 (g), eDUMBO-122 (h) and LG4 (i). Spectra in the left, central and right columns were acquired at 3.0, 12.5 and 22.0 kHz MAS rate respectively. Full details on the
experimental parameters are given in ESI. Asterisks denote artefacts in the spectra and crosses denote the axial peaks. The assignment is done using the color-code of Fig. 1.
Spectra are shown after correction for the experimentally measured chemical shift scaling factor, as detailed in the methods section. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. 1D 1HMAS spectra (a) and 1D 1H CRAMPS spectra (b–i) of powdered b-AspAla. Spectra were obtained decoupling with LG (b), WHH-4 (c), MREV-8 (d), BR-24 (e), PMLG
(f), DUMBO-1 (g), eDUMBO-122 (h) and LG4 (i). Spectra in the left, central and right columns were acquired at 3.0, 12.5 and 22.0 kHz MAS rate respectively. Full details on the
experimental parameters are given in ESI. Asterisks denote artefacts in the spectra and crosses denote the axial peaks. The assignment is done using the color-code of Fig. 1.
Spectra are shown after correction for the experimentally measured chemical shift scaling factor, as detailed in the methods section.
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We also immediately see that the original LG sequence, perhaps
not unexpectedly, yields significantly worse results than any of the
other sequences across the board.

All three compounds show the same trends. First we see that
among the three ‘‘first-generation” multiple-pulse sequences
(WHH-4, MREV-8 and BR-24) the decoupling efficiency in the
quasi-static regime (3.0 kHz MAS) improves dramatically as we
move down the series, from the least (WHH-4) to the most (BR-
24) compensated sequence, in a ‘‘textbook” manner. However,
the performance of all three sequences degrades as the spinning
speed is increased. This degradation is most marked for BR-24,
again in a ‘‘textbook” manner, since the cycle time of BR-24 is sig-
nificantly longer than for WHH-4 or MREV-8 (Fig. 4) leading to the
prediction that it is naturally more susceptible to the time-
dependence introduced by faster MAS.

We note that BR-24 performs as well as any of the other
sequences in the 3.0 kHz regime, including the ‘‘second-gener
ation” phase-modulated schemes.

When we look at the four phase-modulated schemes PMLG,
DUMBO-1, eDUMBO-122, and LG4 we first see that again they all
give very significantly better performance than the original LG
scheme. Within this group of four sequences, we see that PMLG
performs slightly less well than the other three sequences. This is
expected since it has been shown that both the DUMBO sequences
and (by design) LG4 can be seen as iterated versions of PMLG
[20,21,41]. Indeed, the LG4 cycle is composed of two successive
PMLG rotations around different angles in the xy plane. Thus, the
relation between PMLG and LG4 is similar (but not the same) to
the relation between WHH-4 and MREV-8. Comparing DUMBO-1,
eDUMBO-122 and LG4 we see that DUMBO-1 tends to yield the best
performance of the three at slow spinning (3.0 kHz), which is not
surprising since it was developed in the static limit, while
eDUMBO-122 tends to yield the best performance at faster rates
(12.5 and 22.0 kHz), and that LG4 tends to yield good performance
across the range of spinning speeds.

For alanine (Fig. 5) this results in the best linewidths at
3.0 kHz being (from BR-24) 115, 180 and 1530 Hz for CH3, CH
and NH3 respectively. At 12.5 kHz we obtain 104, 150 and
878 Hz with eDUMBO-122. At 22.0 kHz we observe the best
results again with eDUMBO-122, with linewidths of 113, 117
and 399 Hz. Note that the significant broadening of the NH3

+

Fig. 8. Dephasing curves for CH3 resonance of alanine recorded using the pulse sequence
kHz. For decoupling we used: (top) LG (yellow), WHH-4 (blue), MREV-8 (green) and BR
(red). Full details on the experimental parameters are given in ESI. (For interpretation of t
of this article.)
resonance is attributed to interference between the decoupling
sequence and the molecular dynamics of the NH3

+ moiety
(rotation around the CAN bond).

For glycine (Fig. 6) we obtain the best results at 3.0 kHz with
BR-24 and DUMBO-1. The former yields linewidths of 176, 210
and 241 Hz for CH2a, CH2b and NH3 respectively, while the latter
yields 172, 211 and 315 Hz. At 12.5 kHz we obtain 189, 191 and
282 Hz with DUMBO-1, and at 22.0 kHz 180, 204 and 325 Hz with
eDUMBO-122.

For b-AspAla (Fig. 7) the best results at 3.0 kHz MAS are again
obtained with BR-24, which provides all linewidths narrower than
220 Hz (with the CH3 linewidth of 125 Hz being the narrowest). At
12.5 kHz we observe the narrowest linewidths using DUMBO-1
and eDUMBO-122, which give very similar results and yield
119 Hz for the CH3 linewidth. At 22.0 kHz MAS we observe again
the best results using eDUMBO-122, which yields a linewidth of
109 Hz for the CH3 group.

In order to further understand the residual broadening under
homonuclear decoupling, Figs. 8–10 show the 1H T02 dephasing
curves [32] measured using a double spin echo sequence [51] for
alanine, glycine and b-AspAla. The T02 values extracted by fitting
these curves are given in Table S15. Transverse dephasing times
are important both to further probe the mechanisms of decoupling,
but also to measure the coherence lifetimes that are directly limit-
ing for the efficiency of many correlation experiments such as
J-based HSQC type experiments [56].

Analogously to the decoupled spectra in the previous figures,
we see that the shortest dephasing times under all conditions
and across all three samples are obtained with the basic LG (for
the first generation) and PMLG (for the second generation)
sequences. For the ‘‘first-generation” sequences we also see a
‘‘textbook” increase in T2’ as we go from LG to WHH-4 to MREV-
8 to BR-24 (see Fig. 10a!) at the two lower spinning speeds. Inter-
estingly, at 22.0 kHz, all four sequences yield essentially the same
T02 value. The T02 value consistently decreases for all these
sequences as we move to faster spinning speeds, in line with
expectations.

For alanine, at 3.0 kHz, the longest measured T02 for the CH3

group is 11.2 ms obtained decoupling with BR-24. Note that this
a factor ten longer than the shortest measured value of �1.4 ms
with both eDUMBO-122 and PMLG.
of Fig. 3c. The spectra were acquired using a MAS rate of 3.0 (a), 12.5 (b) and 22.0 (c)
-24 (red), (bottom) PMLG (yellow), DUMBO-1 (blue), eDUMBO-122 (green) and LG4
he references to colour in this figure legend, the reader is referred to the web version



Fig. 9. Dephasing curves for CH2 resonances of glycine recorded using the pulse sequence of Fig. 3c. The spectra were acquired using a MAS rate of 3.0 (a), 12.5 (b) and 22.0 (c)
kHz. For decoupling we used: (top) LG (yellow), WHH-4 (blue), MREV-8 (green) and BR-24 (red), (bottom) PMLG (yellow), DUMBO-1 (blue), eDUMBO-122 (green) and LG4
(red). Full details on the experimental parameters are given in ESI. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)

Fig. 10. Dephasing curves for CH3 resonance of b-AspAla recorded using the pulse sequence of Fig. 3c. The spectra were acquired using a MAS rate of 3.0 (a), 12.5 (b) and 22.0
(c) kHz. For decoupling we used: (top) LG (yellow), WHH-4 (blue), MREV-8 (green) and BR-24 (red), (bottom) PMLG (yellow), DUMBO-1 (blue), eDUMBO-122 (green) and LG4
(red). Full details on the experimental parameters are given in ES. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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Interestingly, LG4 at 12.5 kHz MAS yields a T02 of 13.4 ms, which
is the longest we have observed for the CH3 protons of alanine.
This, however, is not directly reflected in the spectral resolution
as this resonance is more than 60 Hz broader than in the
12.5 kHz MAS eDUMBO-122 spectrum. At 22.0 kHz, the longest T02
values are from eDUMBO-122 and LG4 (9.7 and 8.4 ms respec-
tively), while the shortest are from the windowed schemes, which
all have T02 values around 2.5 ms.

Similar T02 results are obtained for glycine and b-AspAla with the
same trends. The longest T02 measured here is 15.3 ms for BR-24 at
3.0 kHz (corresponding to a refocused linewidth of 21 Hz), 13.4 ms
for LG4 at 12.5 kHz (24 Hz), and 14.9 ms with eDUMBO-122 at
22.0 kHz (21 Hz).

By combining the analysis of the spectral resolution and the T02
values from the three compounds under analysis, we conclude that
the best performing sequences in our hands in terms of decoupling
performance are BR-24 and DUMBO-1 at 3.0 kHz MAS, and
eDUMBO-122 at 12.5 and 22.0 kHz MAS, which give both the best
spectral resolution and the longest T02. The better performances of
eDUMBO-122 over the other sequences might be likely attributed
to the way this sequence was developed. Indeed, being optimized
directly on experimental results, the sequence might compensate
for effects due to pulse imperfections (such as phase transients)
and the insertion of the acquisition window. On the other side,
we have systematically obtained worse results using eDUMBO-
122 and PMLG at 3.0 kHz MAS, and MREV-8 and BR-24 at
12.5 kHz and, especially, at 22.0 kHz MAS, where they led to very
poor resolution and short T02. LG4 never yields the absolute best
performance, but it is close to optimum across the whole range
of spinning speeds and samples.

While in general these results are in line with expectations, the
excellent performance of BR-24 at low spinning speeds on modern
consoles, in direct comparison with the second-generation
sequences considered here, was unexpected by us.

As mentioned above, we note some inconsistencies between the
spectral resolution and the measured T02 values. Indeed, some of the
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sequences we tested, such as PMLG, provide fairly good spectral
resolution but comparatively short T02, while others, such as LG4,
led to poorer resolution than sequences yielding shorter T02. These
inconsistencies might be due to the fact that for windowless
schemes we have omitted the acquisition windows when perform-
ing the indirect T02 measurements, where these windows do directly
have an effect on the resolution of 1D CRAMPS spectra. Also, when
comparing T02 values and spectral resolutionwe tend to assume that
the residual broadening is mainly caused by residual homonuclear
dipolar coupling (which is measured by the T02). However, this is not
necessarily the case, especially in the low-to-moderate regime of
MAS. Indeed, it has been shown that also at the highest spinning
rate available today (111.0 kHz MAS) the interactions refocused
by a p pulse (the chemical shift distributions) contribute signifi-
cantly to the line broadening [53,57]. If some of the sequences aver-
ages partially also some of the residual interactions that are
refocused by the p pulse, then the correlation between T02 and spec-
tral resolution is not straightforward. Despite being a fascinating
topic, the further analysis of the relation between T02 and spectral
resolution goes far beyond the scope of this manuscript.

Another important feature of homonuclear dipolar decoupling
sequences is the chemical shift scaling factor. Overall, the experi-
mental scaling factors measured here are in agreement with the
expected values (details in the ESI). More interesting than the
absolute value of the average scaling factor is, instead, the homo-
geneity of the scaling factor across the spectra. When applying
homonuclear dipolar decoupling sequences, indeed, the scaling
factor is rarely perfectly homogeneous among the whole spectra
Fig. 11. Isotropic chemical shifts observed in the 1H CRAMPS spectra of powdered alanin
rate of 3.0 (top row), 12.5 (middle row) and 22.0 (bottom row) kHz. The observed isotropi
(obtained with MAS only) are shown as grey dashed lines. The missing points are chemic
observed chemical shift values are given in ESI. (For interpretation of the references to c
[21,26,50,58–60]. As a result, the isotropic chemical shifts of the
resonances we observe with CRAMPS differ slightly from the iso-
tropic chemical shifts we obtain using MAS. Fig. 11 shows the iso-
tropic chemical shifts values extracted from the 1H CRAMPS
spectra (red dots) compared to the expected values, obtained by
decoupling with MAS only (grey dotted lines). The overall RMSE
between all observed and expected positions is 0.15 ppm. This is
certainly not negligible, and might also be underestimated due to
the fact that two out of the three compounds under analysis con-
tain only three resonances. Indeed, if we consider only b-AspAla
the RMSE goes up to 0.17 ppm.

At 3.0 kHz MAS, the least good agreement between observed
and expected shits is given by PMLG, with an average RMSE for
the three compounds of 0.12 ppm, while the best agreement is pro-
vided by LG4 and MREV-8, with average RMSEs of 0.02 ppm and
0.03 ppm respectively. At 12.5 kHz, the poorest agreement is given
by DUMBO-1 (average RMSE of 0.12 ppm) while the best match
between expected and observed shifts is obtained with LG4, with
an average RMSE of 0.05 ppm. At 22.0 kHz MAS, the most accurate
decoupling sequence is PMLG with an average RMSE of 0.06 ppm,
while the worst results are obtained with BR-24 and DUMBO-1
(average RMSEs of 0.18 and 0.13 ppm respectively).

If we consider all spectra across the three spinning rates, LG4
clearly emerges as the most robust, with the most homogeneous
scaling factor (the average RMSE is 0.05 ppm, and it never
exceeded 0.12 ppm in any of the spectra) while the most inhomo-
geneous scaling factors are from DUMBO-1 and BR-24 (average
RMSEs of 0.12 and 0.11 ppm).
e (a), powdered glycine (b) and b-AspAla (c). The spectra were acquired using a MAS
c chemical shifts are shown as red dots, while the expected isotropic chemical shifts
al shifts that could not be resolved due to low resolution of the CRAMPS spectra. All
olour in this figure legend, the reader is referred to the web version of this article.)
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4. Pulse sequence optimization

Fig. 12 shows the procedure we used to set up the 1D 1H
CRAMPS experiments shown in Section 3. We divide the setup of
CRAMPS experiments into two main phases: the preparatory steps
(in red in Fig. 12), which consist in a set of guidelines to consider
before starting the optimization of the pulse scheme, and the opti-
mization steps (in yellow in Fig. 12), where the experimental
parameters are tuned in order to provide the best possible decou-
pling. Note that this second phase it is not exactly the same for all
pulse schemes, as some of themmay have extra parameters to con-
sider. We will group the optimization step into two categories:
windowed (WHH-4, MREV-8 and BR-24) and windowless (LG,
PMLG, DUMBO-1, eDUMBO-122 and LG4) schemes. Despite some
small technical differences, the guidelines for the optimization
are general and can be extended to other homonuclear dipolar
decoupling schemes not investigated here.
Fig. 12. Schematic representation of the procedure to setup CRAMPS experiments
described in Section 4 and Appendix A.
The step by step protocol is described in detail in Appendix A,
while the ‘‘au” program and pulse sequences necessary to imple-
ment these experiments are given in ESI. Note that there are a
few other examples of guidelines to set up homonuclear dipolar
decoupling experiments in the literature [21,27,46,61,62]. Despite
being more focused on specific decoupling schemes, we strongly
encourage the reader to consult them to complement the material
reported here.

Fig. 13 shows the effect of several experimental parameters on
CRAMPS spectra. Fig. 13a and b show that the spectral resolution it
is not only affected by the parameters of the pulse scheme, but also
by other experimental variables such as the confinement of the
sample to a restricted volume of the rotor, or the probe tuning fre-
quency, which are taken into account in the ‘‘preparatory phase”
(see Appendix A.1). However, the quality of a CRAMPS spectrum
is mostly affected by the parameters of the pulse scheme
(Fig. 13c–n), which are tuned in the ‘‘optimization phase” (see
Appendix A.2).

The overall quality of a CRAMPS spectrum depends on three fac-
tors: the spectral resolution, the intensity of the axial peak, and the
presence of artefacts [46]. Ideally, the resolution should be as high
as possible, while the axial peak and the artefacts should be absent.
To generalize, the spectral resolution is mostly affected by the
transmitter offset (Fig. 13c), the cycle time (sc) (Fig. 13f and g),
the length of the acquisition window (sacq - for windowless
sequences only) (Fig. 13i and j) and the decoupling power level
(Fig. 13h). The intensity of the axial peak is mostly affected by
the overall phase angle and the phases and lengths of the pre-
pulse (the pulse h after the initial p/2) (Fig. 13d and e) and com-
pensation pulses hc1 and hc2 (when present) (Fig. 13k–n). Note that
this separation between parameters that influence resolution and
the axial peak is indicative, as there can be significant cross talk.
Finally, the intensity of the artefacts can be adjusted by changing
the length of the acquisition window, and their position by moving
the transmitter offset. However, to obtain spectra completely free
of artefacts is not trivial, and it is often achieved in conditions
which do not maximize the spectral resolution. As a consequence,
it is usually better to adjust the transmitter position so that the
artefacts are far from the peaks of interest.

Note that the intensity of the axial peak and the number of arte-
facts can be lowered (often suppressed) also through the imple-
mentation of supercycled sequences [49,50]. Supercycling here
means to apply a phase increment of 2p/n (where n is usually equal
to 2) between consecutive decoupling elements. This leads to the
generation of an effective field along the z axis, which can produce
cleaner spectra, with fewer (and smaller) artefacts and lower
intensity of the axial peak without further optimization. However,
this also produces a significant reduction of the scaling factor, and
therefore resolution, which is a major drawback of such an imple-
mentation. As a consequence, we recommend using sequences that
are not supercycled, and where the optimization process described
here provides spectra which are equally clean.
5. Conclusions

In summary, we compared the experimental performances of
1H CRAMPS experiments using eight homonuclear dipolar decou-
pling sequences (LG, WHH-4, MREV-8, BR-24, PMLG, DUMBO-1,
eDUMBO-122 and LG4) on three different powdered samples (ala-
nine, glycine and b-AspAla) and at three different MAS rates (3.0,
12.5 and 22.0 kHz). We compare these sequences by analysing
spectral resolution, T02 values and homogeneity of the scaling fac-
tors. We show that the best spectral resolution and the longest
T02 values are given by BR-24 and DUMBO-1 at 3.0 kHz MAS, and
eDUMBO-122 at 12.5 and 22.0 kHz MAS. LG4 never yields the



Fig. 13. Optimization of 1H CRAMPS experiments. (a) Spectra acquired with (red) and without (blue) a Teflon insert. (b) Spectra acquired with different tuning frequencies
(mt). (c–p) Examples of decoupling performance as a function of (c) transmitter offset, (d) pre-pulse length, (e) pre-pulse phase, (f–g) length of the decoupling element for
windowed (f) and windowless (g) schemes, (h) power level of the decoupling element, (i) number of FID points acquired during each acquisition window, (j) extra delay in the
acquisition window, (k–l) phase of the compensation pulses hc2 (k) and hc1 (l), (m–n) length of the compensation pulses hc2 (m) and hc1 (n). Spectra (a–c, i–k) were acquired
using b-AspAla, (d, f, h and n) using glycine and (e, g, l and m) using alanine. The decoupling scheme was eDUMBO-122 in (a, b, g, j and m), LG4 in (c, i and k), WHH-4 in (d), BR-
24 in (f) and PMLG in (e, h and l). MAS rates were 22.0 kHz in (a, b, e, g, j, k and l), 12.5 kHz in (c, d, h, m and n) and 3.0 kHz in (f and i). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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absolute best performance, but it is close to optimum across the
whole range of spinning speeds and samples and is the sequence
that gives the most homogeneous scaling factor (with an average
RMSE between chemical shifts observed with LG4 CRAMPS and
with MAS experiments of 0.05 ppm). Finally, we have provided a
detailed set of guidelines to optimise the performances of 1H
CRAMPS experiments, together with all the pulse and ‘‘au’’ pro-
grams necessary to run these experiments.
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Appendix A

In the following, we provide guidelines for setting up and opti-
mizing 1D 1H CRAMPS experiments. We describe the step by step
protocol used to acquire the data shown in Section 3, and we pro-
vide in the ESI all the necessary pulse sequences and ‘‘au’’ pro-
grams to implement these sequences. Note that, while the pulse
and ‘‘au’’ programs were written for a Bruker Avance III HD console
with Topspin 3.5, and might require modifications if used on a dif-
ferent system, the guidelines for the optimization are general and
can be extended to other homonuclear dipolar decoupling schemes
which were not investigated in this work. As mentioned in Sec-
tion 4, there are a few other examples of guidelines to set up
homonuclear dipolar decoupling experiments in the literature
[21,27,46,61,62]. Despite being more focused on specific decou-
pling schemes, we strongly encourage the reader to use them to
complement the material reported here. In particular, Ref. [61]
offers a comprehensive study of experimental aspects for the opti-
mization of LG-based decoupling schemes, and compared to our
work it provides additional details on the effects of several exper-
imental parameters on the scaling factor, and studies the depen-
dence of the spectral resolution from relevant spectrometer
default timings, such as the transmitter blanking time (BLKTR)
and the phase presetting time (PHASPR).

A.1. Preparatory steps

Good practice for the acquisition of CRAMPS spectra starts when
packing the sample. At this stage while this may depend on individ-
ual probes, we systematically restrict the sample to the central
third of the rotor with the thought that this will reduce sensitivity
to rf inhomogeneity. Restricting the sample will not always make a
large difference [61], but it is never detrimental in our hands. Using
inserts with spherical samples has been suggested in the past
[63,64], but in our hands this has always proven to be very difficult
to implement and has not led to observably better performance
than simple restriction to the central third, which is what we thus
recommend here. Fig. 13a shows an example of the gain in resolu-
tion obtained by confining the sample, in the case of a spectrum of
b-AspAla acquired using eDUMBO-122. Here, the linewidth of the
methyl resonance (at 0.86 ppm) decreases from 185.7 Hz (blue
spectra) to 160.3 Hz (red spectra) when adding the Teflon insert,
which corresponds to about a 14% gain in resolution.

Once the sample is packed and inserted into the probe, it is
important to always actively control the sample temperature with
the variable temperature (VT) gas. Indeed, changes in temperature
can lead to small changes in probe tuning, that will change decou-
pling performance. Additionally, the application of high power rf
pulses leads to additional heating, that can also lead to extra line
broadening contributions. The application of active temperature
control limits these effects. However, note that using overly high
VT flows sometimes leads to micro vibrations of the rotor (visible
on the probe tuning wobble curve) which can also affect the qual-
ity of the spectra by increasing the quantity and intensity of the
artefacts. (All our experiments were done using a VT flow of
600 l/h).

The next step is the selection of the decoupling scheme, in the
light of the guidelines given in Section 3 depending on the MAS
rate desired. Note that at higher spinning rates than 22.0 kHz,
sequences such as PMLG, DUMBO-1 and eDUMBO-122 have been
shown to still provide good resolution [9–11] (and presumably
LG4), but the best decoupling performances at 65.0 kHz MAS were
so far obtained with sequences specifically developed to work in
the very-fast spinning regime such as eDUMBO-PLUS-1 [11] or
TIMES/TIMES0 [12,13].

The next parameter to consider is the probe tuning frequency
(mt). Fig. 13b shows three spectra of b-AspAla acquired by detuning
the probe from 500.43 MHz (the transmitter offset) to 500.46 MHz.
We note the strong effect of the tuning frequency on the peak posi-
tions, which are significantly shifted to higher frequencies when mt
increases. This frequency shift has been explained by Vega in terms
of phase transients [59]. Note that changes of mt also affect the
spectral resolution. In the spectra of Fig. 13b the linewidth of the
methyl resonance goes from 202 Hz in the spectra acquired using
mt of 500.43 and 500.46 MHz, to 182 Hz using mt of 500.45 MHz;
about a 10% gain in resolution. To begin, the probe should be tuned
at the frequency at which the probe gives the minimum reflected
power (as shown by the probe tuning wobble curve). The tuning
can then be adjusted toward the end of the optimization to find
the mt value that gives the highest resolution.

The spectrometer pulse program to use will be different
depending on the choice of the decoupling scheme. Windowless
decoupling schemes (LG, PMLG, DUMBO-1, eDUMBO-122 and LG4
– Fig. 4a, e–h) require the use of a pulse program corresponding
to Fig. 3a, where an acquisition window is added between decou-
pling pulses in order to periodically sample the FID and pulse are
implemented directly using quadrature phases. The second-
generation decoupling schemes are all implemented as continuous
phase-modulated pulses (as is LG), which can be generated using
the ‘‘au’’ programs provided in ESI. The parameters to select when
generating a shaped pulse are: (i) the number of phase steps, (ii)
the number of decoupling cycles to repeat between each acquisi-
tion window and (iii) the offset. The number of phase steps
depends on the pulse resolution of the console in use. The Avance
III HD system has a resolution of 0.1 ls, so a pulse of 10 ls can be
described using up to 100 steps. We found that the number of
phase steps used to describe the sequence does not have a signifi-
cant influence on the resolution, unless too few. Here we used 64
steps to describe each cycle of DUMBO-1, eDUMBO-122, LG and
PMLG (despite the latter is usually implemented using only 6, 10
or 18 steps each cycle – respectively dubbed as wPMLG3, wPMLG5
and wPMLG9 [47,65]) and 120 steps to describe LG4. The number
of decoupling cycles between each acquisition window should be
optimized. We found that the best resolution was achieved with
2 cycles for DUMBO-1 and eDUMBO-122, 3 cycles for LG4 and 1
cycle for LG and PMLG. In the following, we will use the term ‘‘de-
coupling element” to refer to the group of decoupling cycles
applied between two consecutive acquisition windows. The last
parameter to choose during the generation of the shaped pulse is
the starting phase, which changes the direction of the effective
field in the xy plane by incrementing the phase of the whole wave-
form. In the next section, we will describe in detail how to perform
the optimization of this phase.
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Windowed schemes (WHH-4, MREV-8 and BR-24 - Fig. 4b–d)
require the pulse scheme of Fig. 3b, where the FID is sampled in
acquisition windows placed within the decoupling cycle. Note that
the presence of an intrinsic acquisition window within the decou-
pling scheme is an advantage for homonuclear decoupling, since,
adding a delay for acquisition may degrade performance. We use
one acquisition window per cycle, centered in the first 2s delay.
Note that to maximize the signal to noise ratio it is possible to
use multiple acquisition windows per decoupling cycle if a proper
post-acquisition FID reconstruction is performed [36]. The overall
phase again plays an important role also for these sequences, and
needs to be adjusted to obtain the correct orientation of the effec-
tive field. Since these schemes do not require the generation of a
shaped pulse, this is done using the constant cnst10 in the pulse
program, which adds to the phase of all the p/2 pulses. Further
details on the optimization of this phase can be found in the next
section.

A.2. Optimization steps

The optimization then starts with the acquisition of a spectrum
using guess parameters (for example, which were previously opti-
mized for another system, or alternatively using the set of initial
parameters we give in ESI) as a starting point. Note that before
acquiring the first spectrum it is important for the safety of the
probe to adjust the acquisition time. Due to the application of high
power rf pulses between acquisition windows, the acquisition time
should be kept as short as possible for the sample under analysis.
In our experiments, we never exceed 35 ms acquisition times,
and we typically use about 20 ms. This limitation is not only
related to the duty cycle of the probe itself, but also to the fact that
the longer the application of high power rf pulses, the higher the
chance to significantly heat up the sample, introducing extra line
broadening effects.

A.2.1. Transmitter frequency
After the acquisition of the initial spectrum, the optimization of

the pulse program parameters should begin with a rough adjust-
ment of the transmitter offset (o1 in the pulse program, in steps
of 500 Hz). As shown in Fig. 13c, the position of the transmitter off-
set affects both the spectral resolution and the intensity of the axial
peak. The aim of this first step is to avoid overlap with any of the
resonances of interest, as the transmitter frequency and the zone
nearby will appear distorted in the spectrum. In terms of resolu-
tion, best results are usually obtained when the transmitter is posi-
tioned on the right hand side of the spectrum, as close as possible
to the peaks of interest but far enough to avoid distortion of the
zone of interest [46,59]. While optimizing the transmitter fre-
quency, it is also important to ensure that the positions of the arte-
facts do not overlap with the peaks. The position of the transmitter
offset will then be refined in the following steps.

A.2.2. Suppression of the axial peak
During the optimization of the transmitter offset, as well as of

other parameters that influence the intensity of the axial peak,
the axial peak might likely become so intense to overwhelm the
spectra itself. In such a case, the adjustment of the pre-pulse length
and the overall phase angle became necessary to continue with the
optimization. One way to experimentally determine the values of
these two parameters was originally introduced by Lesage and
co-workers [46]. Despite being a very precise method to determine
both pre-pulse length and offset angle, able in most cases to com-
pletely suppress the axial peak, this method has also some disad-
vantages. In particular, it (i) requires the use of a different pulse
program than the one used for the direct acquisition of 1H CRAMPS
spectra, (ii) requires the generation of multiple phase-modulated
waveforms when windowless schemes are used and (iii) assumes
continuous decoupling without considering the effect of the acqui-
sition window. As a result, the process is time consuming and used
as a last resort. The direct optimization of the pre-pulse phase
(cnst25 in the pulse program) is a faster way to suppress the axial
peak in 1D 1H spectra, and usually provides satisfactory results.
This optimization can be run directly in the 1D spectra, in concert
with the optimization of the pre-pulse length (p14 in the pulse pro-
gram) to quickly remove the axial peak (Fig. 13d–e). In the initial
stages of optimization, where there is no need of completely sup-
press the axial peak, the phase can be optimized in steps of
20/30� (from 0� to 360�) and the length in steps of 0.2/0.25 ls
(from 0 to 1.5 ls). The step sizes should then be decreased later
on in the optimization, when approaching the final result. These
two parameters should be refined whenever the intensity of the
axial peak is higher than the most intense peak in the spectra.

A.2.3. Length and power level of decoupling element
The following two parameters to optimize are the length and

the power level of the decoupling element, which both play a cen-
tral role in the maximization of the spectral resolution. The opti-
mization protocol is slightly different for windowed and
windowless schemes.

Windowed Schemes. In windowed schemes, the length of the
decoupling cycle is defined by the delay s shown in Fig. 4b–d
(p10 in the pulse programs). The minimum value of s is limited
by the length of the acquisition window, which is positioned
within a 2s delay in the decoupling cycle, and by the length of
the p/2 pulses, which must be subtracted from the s and 2s delays
to maintain the symmetry typical of windowed sequences. A good
strategy to find the optimal length of decoupling cycle is to start
setting up s as small as possible, and then to increment it of 2 to
3 ls in steps of 0.05 to 0.1 ls. For the windowed decoupling
schemes we test in this work, we found that shorter decoupling
cycles provide better resolution, as shown in Fig. 13f. We usually
set s to 0.05 or 0.1 ls larger than the minimum possible value, as
the spectral resolution remains almost unchanged, but the inten-
sity of the artefacts decreases. For optimal resolution, the power
level for these sequences (pl13 in the pulse program) should be
set as high as the duty cycle of the probe allows, due to the fact that
the length of the p/2 pulses limits the length of the decoupling
cycle. Besides the effect on the cycle length, we do not observe
any significant direct influence of the power level on the spectral
resolution (keeping s constant) with the rf amplitudes used here.
Note that the calibration of the p/2 pulse is very important to max-
imize the performance of these sequences, as miscalibrated pulses
provide poorer resolution and lower scaling factors. Once both the
length and the power level of the decoupling cycle are set, the
transmitter offset should be tuned (in steps of 100/200 Hz) to
obtain optimal resolution. For windowed sequences, we found that
the transmitter position is relatively independent of the length of
the decoupling cycle.

Windowless Schemes. Windowless schemes require a more
careful optimization of length and power level of the decoupling
element. The spectral resolution is strongly influenced by the inter-
play of these two parameters and the transmitter offset, and a mis-
setting of one of these values can dramatically decrease the quality
of the spectra. From our experience, the most efficient way to find
optimal values for these three parameters is through an iterative
optimization of each of them while keeping the other two fixed.

We usually start by adjusting the length of the decoupling ele-
ment (p10 in the pulse program) while keeping the power level
constant (Fig. 13g). At the beginning of the optimization this
parameter can be screened from the smallest possible pulse length
(which depends on the number of steps used to describe the
shaped pulse) up to a few tens of ls, in large steps of about 5 ls
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(depending on the decoupling scheme used and the number of
decoupling cycles repeated, the length of the decoupling element
might also exceed 100 ls). The range of decoupling lengths that
provide better resolution in this first screening should be further
investigated using smaller steps (down to 1–2 ls). Note that the
optimal decoupling time strongly depends on the rotor period
(sr). In particular, strong recoupling conditions which lead to very
poor resolution are observed when the decoupling cycle time and
the rotor period are synchronized (sc/sr = n/2, where n is an inte-
ger) [46,65,66]. While the conditions where recoupling occurs are
clear and can be calculated, there conversely is not a known rela-
tion of cycle time and rotor period that guarantee good resolution.
As a guideline, in our experiments we often observed optimal res-
olution with sc/sr around 0.2, 0.7 and 1.2 for windowless homonu-
clear dipolar decoupling schemes. These are however purely
empirical observations and do not guarantee optimal resolution.

Once the length of the decoupling element is set to a value that
provides good spectral resolution, the decoupling power level (pl13
in the pulse program) is adjusted. An example of the optimization
of this parameter is shown in Fig. 13h. Initially, we suggest screen-
ing the decoupling power from low power levels (few Watts) up to
the maximum value allowed by the duty cycle in steps of 10/20 W.
Then, the region of power levels that provides best decoupling
should be further investigated using smaller step sizes (around
5W).

Following the optimization of length and power level of the
decoupling element, the transmitter frequency should be re-
adjusted with a smaller step size as compared to the initial opti-
mization (around 100/200 Hz).

To find optimal resolution, the optimization of these three
parameters should be iteratively repeated decreasing gradually
both the screening window and the step size (down to about
0.25 ls, 2 W and 100 Hz for the length and power level of the
decoupling element and transmitter frequency respectively). Note
that to reach a satisfying spectral resolution might require several
iterative loops, especially when the starting point is far from the
optimal conditions. Note also that the combination of decoupling
length and power level affects the scaling factor of the sequence,
which should be taken into account while finding the optimal
values.

A.2.4. Acquisition window
The next step is the optimization of the acquisition window. On

an Avance III spectrometer, the acquisition window is composed by
an initial receiver deadtime of 1.6 ls, a delay of variable length to
turn the receiver on and sample n complex points, 0.1 ls to turn off
the receiver, and an extra variable delay. The two parameters to
tune are: the number of complex points to acquire during each
acquisition window (l11 in the pulse program) and (for windowless
sequences only) the delay that follows the receiver closure (p8 in
the pulse program).

Windowed Schemes. In windowed schemes the acquisition
window is inserted within the decoupling cycle, limiting its mini-
mum duration. It plays a critical role in spectral resolution, which
we found to be remarkably better with shorter cycle lengths (see
Section A.2.3). As a consequence, the acquisition window should
be as short as possible. We obtained optimal resolution acquiring
3 complex points per decoupling cycle (l11 = 6). Note that currently
for windowed sequences the delay after receiver closure it is not a
tuneable parameter. It has a fixed value of 1.4 ls, and it is used to
centre the acquisition window in the 2s delay of the decoupling
scheme (this delay is encoded in the pulse program and is not
under the control of the user).

Windowless Schemes. In windowless sequences the acquisi-
tion window is positioned between two decoupling elements, giv-
ing a higher degree of freedom for its optimization compared to
windowed schemes. However also for these sequences the acquisi-
tion windows should be kept short due to the absence of homonu-
clear dipolar decoupling, which leads to broad spectra when long
windows are used.

Fig. 13l shows an example of the optimization of the number of
complex points acquired after each decoupling cycle. Increasing
this value increases the spectral sensitivity, and at the same time
affects slightly both the spectral resolution and the scaling factor.
Since for organic solids the 1H sensitivity is usually not a limiting
problem, we selected the correct values based solely on the resolu-
tion, which is given by the combination of linewidth and scaling
factor. For most schemes, we found optimal resolution using l11
equal to 16 (except for LG4 where the optimal value was 26, prob-
ably due to the longer decoupling element).

Fig. 13m shows an example of optimization of the delay after
the closure of the receiver. To find the optimal value, we suggest
screening this parameter from 0 to 1 ls in steps of 0.1 ls. In gen-
eral, we found the best values for this parameter to be often lower
than 0.5 ls, and that values higher than 1 ls provide systemati-
cally poorer resolution.

A.2.5. Compensation pulses
This step has to be performed for windowless sequences only,

which have two compensation pulses (hc1 and hc2) at the beginning
and at the end of each decoupling element. These pulses were orig-
inally developed for PMLG and LG4 to remove the chemical shift
scaling factor distortion that occurs near the transmitter frequency
in 1D CRAMPS experiments [21]. We found that phenomenologi-
cally the addition of these two pulses improves the spectral resolu-
tion also when using the other windowed decoupling schemes
tested in this work.

In their original implementation, these pulses were of the same
length, always smaller than 0.5 ls. In contrast, we found that the
best results are obtained when both the lengths (as well as the
phases) of these two pulses are independently optimized. Typi-
cally, we start their optimization by fixing the pulse lengths to a
relatively short value, about 0.3 ls, and by screening over 360�
the phase of the hc2 pulse in steps of 5� (this can be done by chang-
ing the constant cnst21 in the pulse program). The value of the hc2
phase affects significantly both the spectral resolution and the
intensity of the axial peak, as shown in Fig. 13k. However, the
choice of the optimal value for this parameter should be based
solely on the spectral resolution, as the axial peak can be sup-
pressed in a later stage by modifying the pre-pulse parameters.
The optimization of the phase of the pulse hc1 can be performed
in a similar way (changing the constant cnst22 in the pulse pro-
gram), but from our experience we found that it has a much
smoother effect on the spectral resolution compared to the hc2
phase (Fig. 13l). Note that screening these phases over 360� is
not necessary if, initially, the axial peak is adjusted by changing
the phase of the decoupling element instead of the pre-pulse (see
Section A.2.2). In this case, the correct values for the parameters
cnst21 and cnst22 should be close to 0, and the optimization can
be run in a smaller range (from �30� to +30� in steps of 5�).

Once the hc1 and hc2 phases are set, we focus on their lengths,
whose effects on the quality of the spectra are shown in Fig. 13j
and k respectively for hc2 and hc1. This optimization should be per-
formed in an iterative way, changing one pulse length at the time
while keeping all other parameters constant. We start by screening
the length of hc2 (p21 in the pulse program) from 0 to 1.2 ls in
steps of 0.1 ls, followed by the same optimization for the hc1
length (p22 in the pulse program). Then, this procedure should
be iteratively repeated decreasing the step size (down to
0.025 ls) until optimal resolution is achieved.
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A.2.6. Final adjustments
At this stage, the optimization of both windowed and window-

less decoupling schemes is nearly finished, and the quality of the
spectra should be comparable to the ones shown in the section
above. The last step is the fine tuning of the pre-pulse length and
phase, in order to completely suppress the axial peak. Being the
last step, these two parameters should be screened using small
step sizes (0.025 ls and 2� for length and phase of the pre-pulse
respectively). The tuning of these two parameters should lead to
a high-resolution 1H spectrum with a minimized axial peak.

A.2.7. Scaling factor correction & referencing
The axis of the acquired spectrum then needs to be corrected for

the chemical shift scaling factor. This can be measured by compar-
ing the distance between two peaks in the 1H CRAMPS spectrum
with the distance between the same peaks in the MAS spectrum.
The correction of the spectrum can then be done at the spectrom-
eter by dividing the acquisition spectral width by the scaling factor
(using the command ‘‘s swh” in TopSpin), and Fourier transforming
again. The chemical shift values extracted from the MAS spectrum
should be used to calibrate on an absolute scale the chemical shift
axis of the CRAMPS spectrum.

When it is not possible to resolve at least two peaks in the MAS
spectrum, it is necessary to use an external reference for the calcu-
lation of the chemical shift scaling factor and for the calibration of
the chemical shift axis on an absolute scale. In this case, the opti-
mization of the CRAMPS parameters should be performed on the
compound under analysis, and then the CRAMPS spectrum of the
reference compound should be acquired under the exact same con-
ditions. Note that the optimization of the CRAMPS parameters on
the sample of interest is preferred, however in some cases (such
as complex samples, samples with low sensitivity or long relax-
ation times) it is easier to carry out also the optimization on an
external reference (we suggest to use one of the three standard
compounds used here). Each time an external reference is used,
it is important to take into account the influence of the probe
tuning frequency on the observed chemical shifts, mentioned in
Section A.1 and shown in Fig. 13b. To avoid inconsistent referenc-
ing, it is indeed very important to use the same value of mt to
acquire the CRAMPS spectra of the compound under analysis and
of the reference.
Appendix B. Supplementary material

Supporting data files can be found online at https://doi.org/10.
17632/4k67zvw67g.1.

Supplementary information to this article can be found online
at https://doi.org/10.1016/j.jmr.2019.106598.
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