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We present a new smooth amplitude-modulated (SAM) method that allows to observe highly resolved 1H
spectra in solid-state NMR. The method, which works mainly at fast or ultra-fast MAS speed (mR > 25 kHz)
is complementary to previous methods, such as DUMBO, FSLG/PMLG or symmetry-based sequences. The
method is very robust and efficient and does not present line-shape distortions or fake peaks. The main
limitation of the method is that it requires a modern console with fast electronics that must be able to
define the cosine line-shape in a smooth way, without any transient. However, this limitation mainly
occurs at ultra-fast MAS where the rotation period is very short.

� 2008 Elsevier Inc. All rights reserved.
Proton nuclear magnetic resonance (1H NMR) spectroscopy is
widely used to characterize the structure and dynamics of mole-
cules in the liquid state. Due to its high NMR receptivity, the proton
is potentially an attractive nucleus for probing the molecular struc-
ture of solid materials. Unfortunately, strong homo-nuclear dipolar
interactions typically result in a broad featureless 1H NMR peak
void of chemical shift and J-coupling information. Thus, one of
the critical remaining challenges in NMR is to develop techniques
to narrow 1H spectra of solids and recover chemical shift and J-cou-
pling information. There are currently three distinct ways to ap-
proach high-resolution 1H spectra of solids: (i) isotopic dilution
with deuterium [1], (ii) fast magic angle spinning (MAS) [2] and
(iii) radio-frequency (rf) multi-pulse irradiation [3]. The first meth-
od is tedious and expensive. MAS alone does not generally achieve
enough resolution due to the homogeneous character of 1H–1H
interactions. Multi-pulse spin-space narrowing is effective in aver-
aging homo-nuclear dipolar interactions, but does not average
broadening resulting from chemical shift anisotropy (CSA � 10–
15 ppm). An obvious remedy is to apply the last two strategies
simultaneously, which leads to the combined rotation and multiple
pulse spectroscopy (CRAMPS) [4]. Almost all CRAMPS sequences
use a quasi-static approximation, in which low spinning frequen-
cies (mR = 2–5 kHz) ensure an approximately static sample on the
cycle time (sc) of the rf pulse sequence [5–9]. However, due to
the development of very large B0 magnetic fields, these slow spin-
ning speeds are nowadays unable to average the 1H CSA. To over-
come this problem, two CRAMPS methods: DUMBO and PMLG,
have been developed recently. Both methods use a continuous irra-
diation of fixed amplitude (m1), only the phase being changed dur-
ing sc. Two different DUMBO sequences exist, in which the phase is
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described by a Fourier series of either 12 (DUMBO1) [10], or 6
(eDUMBO) [11] coefficients. In the PMLG sequence [12], the
ramped phase of the original FSLG [3,13–15] is replaced by 3, 5,
7 or 9 discrete phase steps. Another method has also been pro-
posed for fast spinning speeds, which uses a very short semi-win-
dowless CRAMPS scheme (swWWH4) [16]. One of the successes of
these schemes is their short cycle times: scm1 ¼ 3;

ffiffiffiffiffiffiffiffi
8=3

p
, and 1.25

for DUMBO, FSLG/PMLG and swWHH4, respectively. However,
these pulse sequences have been developed in the quasi-static
approximation and MAS interferes with the averaging scheme if
the rotor period TR is not much larger than sc. Only one method
has been proposed up to now, that is not based on a quasi-static
approximation [17]. This method uses rotor-synchronized pulse
sequences (CNp

v and RNp
v) that exploit selection rules generated

by appropriate synchronization of the rf pulses and the sample
rotation [18]. All these previous methods, which are limited to
c.a. mR = 25 kHz, are also submitted to several distortions: image
and zero-frequency peaks, non-constant scale factor k over the
spectra, off-resonance frequency irradiation that must be opti-
mized for optimal resolution and rotor and radio-frequency (RRF)
[19] extra lines for DUMBO, FSLG/PMLG and swWWH4. All these
distortions, except the RRF lines, are related to pulse transients
[19] and the fact the effective Hamiltonian of the sequences does
not correspond to an Oz rotation [9]. Indeed, all four methods are
submitted to large sudden changes in rf phase and amplitude
(for swWHH4). Two very detailed analysis of the pulse transient ef-
fects have been published [20,21], which have lead to a very ele-
gant new PMLG sequence with Oz rotation, which is freed from
pulse transient distortions, but that nevertheless still presents
RRF lines [22].

An important challenge of modern solid-state NMR methods is
to take benefit of indirect proton detection at high MAS rates and/
or magnetic fields, especially in biology. Recently, such kind of
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Fig. 1. (a) Pulse scheme of 1H–X CP-MAS HETCOR with SAM3 decoupling during t1.
(b) 1H projection of the 1H–31P CP-MAS 2D spectrum of NaH2PO4. B0 = 9.4 T,
mR = 30 kHz, m1peak = 85 kHz. Phase cycling, shown in brackets, follows the normal CP
with States method for 2D hyper-complex acquisition, while the SAM3 shape-pulse
keeps a constant phase throughout the experiments.
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Fig. 2. Slices of 1H–13C CP-MAS spectra of histidine�HCl�H2O. (a and b) B0 = 9.4 T,
mR = 30 kHz, m1peak = 85 kHz, d13C = 173 ppm (COOH site). (c and d) B0 = 14 T,
mR = 65 kHz, m1peak = 210 kHz, d13C = 57 ppm (CH2 site). Spectra (b and d) and
(a and c) are acquired, respectively, with and without SAM3 decoupling during t1.
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techniques were successfully applied in the case of biopolymers
and proteins, which were either 1H spin diluted [23,24] or fully
protonated [25,26]. For isotopically unmodified samples, proton
resolution and signal enhancement were then achieved from the
spinning speed alone (up to 40 kHz [26]). However, even at ultra-
fast MAS speeds currently commercially available (up to
mR = 70 kHz), strong 1H–1H interactions are only partially cancelled
leading to 1H spectra with a resolution lower than that obtained
with swWHH4, PMLG or DUMBO at much slower speed. Very fast
spinning speeds present many advantages, especially at large mag-
netic fields. Indeed, (1) it increases the rotor-synchronized indirect
dimension of most experiments, (2) it allows an efficient proton
decoupling with weak 1H rf-field, (3) it increases the T02 constant
times and (4) it allows using strong rf-fields due to the small rotor
diameter used. Therefore, we have designed our sequence with the
following point in mind: we focus on improving resolution at fast
spinning speeds as below such speeds, efficient techniques already
exist. Our design can not rely on a quasi-static approximation with
such short rotor periods (14–33 ls for 30 kHz 6 mR 6 70 kHz). To
avoid any risk of interference between MAS decoupling and rf ef-
fect, only rotor-synchronized sequences are envisaged here. It
has been shown that CNp

v sequences described in Ref. [17] with
the basic C element corresponding to a 2p rotation, lead to a null
scale factor (k = 0), and thus can not be used for our purpose
[27]. We were thus left with the rotor-synchronized RNp

v sequences
of this article [17]. Unfortunately, these sequences correspond to
an Ox rotation, hence presenting all previous distortions but the
RRF lines. We have therefore developed a new class of symme-
try-adapted sequences ðZNp

vÞ, which correspond to an Oz rotation
[28]. These sequences are not based on 2p or p rotation elements,
like the usual CNp

v and RNp
v sequences, but they use an ampli-

tude-modulated basic element that is made of two identical subse-
quent pulses with opposite phases (±x) [28]. Among these new
possible sequences, we have selected those that decouple the
homo-nuclear dipolar interaction, but recouple the chemical shift.
However, these sequences are composed of numerous pulses every
rotor period, which may be difficult to realize at ultra-fast MAS.
Experimentally, this would introduce a large proportion of pulse
transients, which would lead to very large spectral distortions.

In order to avoid these phase transients, we have ‘smoothed’ the
ZNp

v pulses, and our recoupling sequence thus consists in a cosine
amplitude modulation, rotor-synchronized with n rf periods fitting
in one rotor period TR. This approach has already been successful in
the case of hetero-nuclear dipolar re-introduction under MAS
using SFAM1,2 [29,30]. We name this sequence SAMn after smooth
amplitude modulation.

SAM1 and SAM2 re-introduce CSA, homo- and hetero-nuclear
dipolar interactions and thus cannot be used to get 1H improved
resolution, while sequences with n > 2 decouple CSA and homo-
and hetero-nuclear dipolar interactions. One can thus expect im-
proved resolution with SAMn methods, if n is larger than 2. In this
communication we present preliminary results obtained with inte-
ger n values.

Simulations and experiments have shown an interesting behav-
ior: one observes an increasing decoupling effect as the peak value
of applied rf field (m1peak) increases. Unfortunately, the chemical
shift is also scaled down by a factor k that depends on m1peak. One
then observes a competition between the two processes that leads
to an optimum rf value ðvopt

1peakÞ maximizing the resolution.
Spectra presented below have been obtained by 1H–X (X = 13C

or 31P) CP-MAS HETCOR (Fig. 1) with standard Bruker AVANCE II
console, preamplifiers and commercial 1.3 and 2.5 mm probes at
14 and 9.4 T, respectively. First, we have acquired at 9.4 T 1H–31P
spectra of NaH2PO4, which contains three 1H and two 31P different
species, using SAMn decoupling sequences with various n during
t1. Only those corresponding to small integer n values (n = 3 and
4) gave the best results, except those with n = 1 and 2 that re-intro-
duce the CSA, homo- and hetero-nuclear dipolar interactions [28].
This was confirmed with simulations. The best resolution was al-
ways observed for the largest rf-field (m1peak = 85 kHz) available
on our old 2.5 mm probe, and with the SAM3 sequence which pro-
vided peaks resolved to the baseline (Fig. 1). With this rf-field, the
experimental scale factor was kexp = 0.72, 0.83, 0.90 and 0.94, for
n = 3, 4, 5, 6, respectively. The better decoupling efficiency of
SAM3, with respect to other SAMn sequences (n integer), was con-
firmed by recording 1H–13C spectra of histidine�HCl�H2O, at
B0 = 9.4 T, mR = 30 kHz and m1peak = 85 kHz (Fig. 2a and b). We also
did experiments on a 1.3 mm probe at ultra-fast MAS recording
1H–13C spectra of histidine�HCl�H2O at B0 = 14 T, mR = 65 kHz and
m1peak = 210 kHz. We observed a 1H resolution enhancement mainly
on the CH2 resonance submitted to the largest 1H–1H broadening
(Fig. 2c and d). Other 1H resonances such as the peak at 17 ppm ob-
served on 13C COOH slice (173 ppm), for which homo-nuclear dipo-
lar interaction was already fully removed by MAS alone, only
slightly suffered from SAM irradiation as they exhibited 70% of
the intensity of regular CP-HETCOR. Moreover, it must be noted
that experiments at mR = 65 kHz were affected by phase transients
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as 350 ns steps were used to define the cosine line-shape, meaning
less than four discrete steps to alter rf between 0 and m1peak.

It is important to mention that observed SAMn spectra could be
more resolved with larger rf-fields. Actually, the optimum rf-field
for SAMn methods is equal to vopt

1peak ¼ 1:15nmR and the optimum
scaling factor is then kopt = 0.70 [28]. As vopt

1peak is proportional to
n, with fast or ultra-fast MAS (mR > 25 kHz), this leads to rf-field
strengths hardly accessible for larger n during the long decoupling
time (several ms), especially with double or triple resonance
probes. For this reason SAM3 is the best SAMn decoupling sequence
with integer n.

It is possible that the decoupling efficiency of SAM3 will not sur-
pass that of well adjusted swWHH4, DUMBO, FSLG, PMLG or RNp

v

experiments. Actually, SAM3 should be considered only at fast or ul-
tra-fast MAS (mR > 25 kHz) where other previous methods do not
work. It is remarkable that SAMn optimization is straightforward.
This is related to the fact these sequences are: (i) rotor-synchronized,
(ii) that they correspond to an Oz rotation and (iii) that they do not
introduce any pulse transients (if rf-steps are small enough). As
examples of SAM3 robustness, let us mention: (1) the spinning speed
does not have to be perfectly stabilized; (2) the demand with respect
to spectrometer hardware and tuning is acceptable; (3) the rf-inho-
mogeneity does not prevent at least a 2-fold resolution improve-
ment and thus full rotor samples can be used, which is important
in case of few sensitive experiments; (4) the rf-field strength is easy
to optimize; (5) the scale factor is constant over the proton spectra;
(6) there are no image or zero-frequency peaks, which allows phase-
sensitive methods such as States; (7) the sequence is rotor-synchro-
nized, which prevents RRF lines and finally (8) SAMn can be used
with conventional double or triple resonance probes, as the dissi-
pated rf power is only two thirds (1.152/

p
2) that with equivalent

RNp
v or ZNp

v sequences (for identical resolution). The main limitation
of the method is that it requires a modern console with fast electron-
ics that must be able to define the cosine line-shape without tran-
sients for spinning speeds faster than 30 kHz.

This scheme may also be used to increase 1H coherence life-
times in correlation spectra [11]. Other rotor-synchronized smooth
line-shapes and other non-integer n values may be envisaged; their
analysis is underway. The price one must pay for the detection of
high-resolution proton spectra with SAM3 is the increased measur-
ing time required because of the use of indirect detection. For some
experiments, however, such as indirect detection of insensitive nu-
clei (1H–X–1H HMQC/HSQ C), direct detection of highly resolved 1H
spectra is much desirable. Preliminary experiments showed that
this is feasible, and this will be described elsewhere [31].
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