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We compare the performance of the windowed phase-modulated Lee–Goldburg (wPMLG) and the win-
dowed decoupling using mind boggling optimisation (wDUMBO) sequences at various magic-angle spin-
ning rates and nutation frequencies of the pulses. Additionally, we introduce a supercycled version of
wDUMBO and compare its efficiency with that of the non-supercycled implementation of wDUMBO.
The efficiency of the supercycled version of wPMLG, denoted wPMLG-S2, is compared with a new super-
cycled version of wPMLG that we notate as wPMLG-S3. The interaction between the supercycled homo-
nuclear dipolar decoupling sequences and the sample rotation is analysed using symmetry-based
selection rules.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

High-resolution proton nuclear magnetic resonance (NMR)
spectroscopy is possible in the solid-state, due to the development
of combined magic-angle spinning and multiple-pulse techniques,
that average out the strong homonuclear dipolar couplings [1,2].
Among the various multiple-pulse schemes that are normally em-
ployed, those that have been shown to perform well at MAS fre-
quencies of 10–25 kHz are the frequency-switched Lee–Goldburg
(FSLG) [3,4], the phase-modulated Lee–Goldburg (PMLG) [5,6],
and the decoupling using mind boggling optimisation (DUMBO)
[7] sequences. FSLG and PMLG are the sequences of choice in most
two-dimensional (2D) experiments requiring high-resolution 1H
spectra, for example, in 2D heterocorrelation spectroscopy [8–12]
and 2D double quantum–single quantum correlation spectroscopy
[13]. Both double-quantum and triple-quantum 1H spectroscopy
have also been reported with the use of DUMBO [14–16]. wPMLG
has been widely used to obtain high-resolution 1H spectra in
one-dimensional (1D) experiments. A detailed report on the vari-
ous experimental aspects, such as optimisation protocols of FSLG,
PMLG, and wPMLG, has recently been published [17].

The windowed 1D version of PMLG, the wPMLG sequence [18],
has evolved in last 10 years in its experimental implementation
and theoretical understanding, which is based on bimodal Floquet
theory [2]. A supercycled version of the wPMLG scheme was re-
ll rights reserved.
cently implemented, notated as wPMLGx�x
mm [19,20]. This supercy-

cled version of wPMLG generates an effective z-rotation for the
transverse magnetisation, resulting in good spectra at a wider
range of resonance offsets, a more robust scaling factor, and rela-
tively good performance at moderately high MAS frequencies.
However, the realisation of this experiment at high MAS frequen-
cies such as 25–30 kHz requires high RF power (nutation frequen-
cies around 150–180 kHz) as discussed below.

In this article the notation wPMLG5-S(P) refers to a supercycle
constructed by P wPMLG5 elements with overall phases incre-
mented by 2p=P. A single wPMLG5 element consists of 10 pulses
followed by an observation window, where the pulse phases and
timings are specified explicitly in Refs. [2,20]. The sequence de-
noted as wPMLGx�x

mm in Refs. [19,20] is henceforth referred to as
wPMLG-S2.

The 1D version of the DUMBO scheme with windows (wDUM-
BO) has also been shown to work well up to a MAS frequency of
ca. 25 kHz [21]. A detailed theoretical study of wDUMBO has never
been attempted, although most of the modifications suggested to
improve the wPMLG scheme can be extended to wDUMBO without
any loss of generality.

Here we introduce a supercycled version of wDUMBO, denoted
wDUMBO-S2, which uses a supercycling scheme similar to
wPMLG-S2, to enable its implementation at high MAS frequencies
of 30 kHz. We compare the performance of wDUMBO and wDUM-
BO-S2, wPMLG-S2, and wDUMBO-S2 at various spinning frequen-
cies. The performance of wPMLG-S2 is then compared with
another supercycled version of wPMLG called wPMLG-S3 which
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allows the implementation of wPMLG in regimes where wPMLG-S2
is not very effective. We use a symmetry-based average Hamilto-
nian analysis to predict the conditions under which particular
supercycles are most appropriate.

2. Experimental

The experiments comparing wDUMBO and wDUMBO-S2, and
wPMLG5-S2 and wDUMBO-S2 (Figs. 2–4) were performed on a
sample of glycine in a Bruker AVIII 700 MHz spectrometer with a
narrow-bore magnet (bore size 54 mm) using a 2.5 mm double-
resonance probe. All the other experiments on glycine (Figs. 5
and 7) and L-histidine � HCl � H2O (Fig. 6) were performed on a Bru-
ker AVI 500 MHz spectrometer with a wide-bore magnet (bore size
89 mm) using a 4 mm triple-resonance probe. In all cases the rotor
was completely filled with the sample. The scaling factors were
determined by comparing the spectrum of glycine, obtained with
a homonuclear dipolar decoupling scheme, with that in the solu-
tion state. The chemical shifts in the glycine spectra were refer-
enced by assigning the midpoint of the two methylene proton
peaks of glycine to 3.52 ppm, which corresponds to the methylene
proton chemical shift of glycine in solution state [22].

3. Methods

The pulse sequences implemented in this article are depicted in
Fig. 1. Fig. 1a illustrates a supercycled homonuclear dipolar decou-
pling sequence with P ¼ 2 in which A can either be the PMLG or the
DUMBO scheme. Each wPMLG or wDUMBO block (consisting of a
single homonuclear decoupling sequence followed by an observa-
tion window) is considered to be a cyclic element with total dura-
tion denoted sC. A data point (denoted by the asterisk) is acquired
during each acquisition window. The basic pulse sequence block, A,
consists of 10 pulses for PMLG5 [18] and 64 pulses for DUMBO [7],
with their phases shown in Fig. 1a. Supercycling is implemented
for both wPMLG-S2 and wDUMBO-S2 by incrementing the phases
of consecutive pulse sequence blocks by 180�. Fig. 1b shows the
wPMLG-S3 sequence which is constructed by incrementing the
overall phase of the wPMLG blocks in steps of 120�.
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Fig. 1. The schematic of (a) wPMLG-S2, wDUMBO-S2, and (b) wPMLG-S3 pulse schemes
duration of the homonuclear dipolar decoupling pulse element including the observatio
4. Results and discussion

Fig. 2 compares the performance of the wDUMBO-S2 scheme
and the non-supercycled version of wDUMBO for a sample of gly-
cine at MAS frequencies of 10 kHz and 25 kHz. The quality of the
spectrum improves with supercycling of wDUMBO especially at
the higher MAS frequency of 25 kHz as reported for wPMLG-S2
[19]. The supercycling in wDUMBO-S2 removes the criterion of
off-resonant irradiation, which is normally required for homonu-
clear decoupling under the DUMBO scheme. The effective z-rota-
tion of the spins allows wDUMBO-S2 to perform better at high
spinning frequencies of up to 30 kHz which was attempted here.
In general, the experimental properties of the wDUMBO-S2 se-
quence are similar to those of wPMLG-S2.

A comparison of the performance of the wPMLG5-S2 and the
wDUMBO-S2 schemes is shown in Figs. 3 and 4 at MAS frequencies
of 10 kHz, 20 kHz, and 30 kHz. Fig. 3 shows the raw spectra whilst
Fig. 4 shows spectra with adjusted horizontal scales taking into ac-
count the scaling factor for the isotropic chemical shifts. Our re-
sults show that high-resolution proton spectra can be obtained
with both the wPMLG and the wDUMBO schemes using supercy-
cled versions up to MAS frequencies of 30 kHz. It is possible that
these schemes will result in high-resolution proton spectra at
MAS frequencies higher than 30 kHz. Fig. 3 shows that the raw line
width obtained with wDUMBO-S2 is smaller than that obtained
with wPMLG5-S2. The scaling factor of both wPMLG5-S2 and
wDUMBO-S2 decreases at high MAS frequencies which is primarily
due to the requirement of stronger RF pulses [2].

It is clear from Figs. 3 and 4 that the RF field strength required
for optimal performance increases with MAS frequencies for both
the wPMLG5-S2 and the wDUMBO-S2 sequences. At any MAS fre-
quency wDUMBO-S2 requires higher RF fields than wPMLG5-S2.
This becomes significant at the MAS frequency of 30 kHz with
wDUMBO-S2 requiring 250 kHz of RF field strength compared to
180 kHz required for wPMLG5-S2. In addition, both sequences suf-
fer from the influence of rotary-resonance lines [2]. The presence of
these lines close to a real resonance can broaden it. However, the
positions of the rotary resonances can be predicted based on the
cycle frequency of the scheme and the MAS frequency, thereby
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with A depicting the phase profile of either wPMLG5 or wDUMBO. sC denotes the
n window.
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Fig. 2. The scaled 1H spectra of glycine with wDUMBO (left column) and wDUMBO-
S2 (right column) acquired with (a) MAS frequency of 10 kHz and RF field strength
of 104 kHz, and (b) MAS frequency of 25 kHz and RF field strength of 208 kHz. One
DUMBO element was of duration 24 ls. The observation window was 4 ls. The off-
resonance values at which the spectra were acquired are +8 kHz for wDUMBO at
MAS frequency of 10 kHz, 0 kHz for wDUMBO at spinning frequency 25 kHz, +4 kHz
for wDUMBO-S2 at both 10 kHz and 25 kHz of MAS frequency. The spectral
frequency axis was scaled by a factor of 0.6 in (a) and 0.19 in (b) for wDUMBO and
0.38 in (a) and 0.21 in (b) for wDUMBO-S2. The experiments were done on a Bruker
AVIII 700 MHz spectrometer using a 2.5 mm double-resonance probe.
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Fig. 3. The raw 1H spectra of glycine with wPMLG5-S2 (left column) and wDUMBO-
S2 (right column) acquired with MAS frequency of (a) 10 kHz, (b) 20 kHz, and (c)
30 kHz. The RF field strengths for wPMLG5-S2 and wDUMBO-S2 were, respectively,
100 kHz and 104 kHz in (a), 140 kHz and 156 kHz in (b), and 180 kHz and 250 kHz
in (c). The duration of one PMLG5 element was 16.33 ls in (a), 11.67 ls in (b), and
9.07 ls in (c). The duration of one DUMBO element was 24 ls in (a), 16 ls in (b),
and 10 ls in (c). The observation window was 4 ls. The experiments were done on
a Bruker AVIII 700 MHz spectrometer using a 2.5 mm double-resonance probe.
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Fig. 4. 1H spectra of glycine with wPMLG5-S2 (left column) and wDUMBO-S2 (right
column) with horizontal scales adjusted taking into account the scaling factor for
the isotropic chemical shifts. The empirically derived scaling factors in case of
wPMLG5-S2 are (a) 0.73, (b) 0.57, and (c) 0.33 and those for wDUMBO-S2 are (a)
0.33, (b) 0.26, and (c) 0.18. All other details are the same as in Fig. 3. The
experiments were done on a Bruker AVIII 700 MHz spectrometer using a 2.5 mm
double-resonance probe.
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avoiding the occurrence of these over a spectral window where the
real resonances occur [2]. There is a sufficient spectral window
range of 8–10 kHz free of rotary-resonance lines which allows easy
execution of both sequences in any sample. The near effective
z-rotation clearly helps both schemes in achieving such a spectral
window. Our data seems to indicate that the wPMLG5 scheme will
be difficult to implement at spinning frequencies higher than
30 kHz, since the ratio of the cycle frequency of the wPMLG5
scheme (taking into account the pulse duration and the observa-
tion window delay) to the MAS frequency, xc=xr should be at least
2.5 [2]. It is possible to envisage applications of the wPMLG5
schemes at high MAS rates for lower values of xc=xr. This will,
however, require shorter pulse durations and higher RF field
strengths.

In most cases, the experimental performance of the wPMLG se-
quence improves when the supercycled version wPMLG-S2 is used.
However, the supercycled version still fails at certain ratios of cycle
frequency and spinning frequency due to the destructive interfer-
ence between the RF field and the MAS, as discussed below. This
problem can be overcome by using a different supercycled version
of wPMLG, in which the overall phase of a wPMLG unit is varied as
0�, 120�, and 240�. This scheme, notated as wPMLG-S3, provides a
complementary performance to that of wPMLG-S2. Its phase cycle
was adapted from the MSHOT-3 sequence [23,24].

Fig. 5 shows proton spectra of glycine obtained with wPMLG5-
S2 (left column) and wPMLG5-S3 (right column) schemes at spin-
ning frequencies of 14 kHz and 10 kHz, respectively, for a wide
range of off-resonance irradiation frequencies from +8 kHz to
0 kHz in steps of 2 kHz at an RF field strength of 85 kHz. Keeping
other experimental conditions the same, the spectrum obtained
with wPMLG5-S2 at the MAS frequency of 10 kHz and that
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Fig. 5. The scaled 1H spectrum of glycine obtained with the wPMLG5-S2 (left
column) scheme at a MAS frequency of 14 kHz and wPMLG5-S3 (right column)
scheme at a MAS frequency of 14 kHz. The off-resonance irradiation frequency was
(a) 8 kHz, (b) 6 kHz, (c) 4 kHz, (d) 2 kHz, and (e) 0 kHz. The RF field strength was
85 kHz. The duration of one PMLG5 element was 18.5 ls and the observation
window was 5.8 ls. The spectral frequency axis was scaled by a factor of 0.44 for
wPMLG5-S2 and 0.46 for wPMLG5-S3. The experiments were done on a Bruker AVI
500 MHz spectrometer using a 4 mm triple-resonance probe.

wPMLG5-S2

wPMLG5-S3

( ) /1H ppm ( ) /1H ppm
30 20 10 0 -1030 20 10 0 -10

Fig. 6. The scaled 1H spectrum of L-histidine � HCl � H2O obtained with wPMLG5-S2
(top trace) and wPMLG5-S3 (bottom trace) at a MAS frequency of 10 kHz (lef
column) and 14 kHz (right column). The duration of one PMLG5 element was
18.5 ls and the observation window was 5.8 ls. The off-resonance irradiation
frequency was 7 kHz. The RF field strength was 85 kHz. The spectral frequency axis
was scaled by a factor of 0.44 for wPMLG5-S2 and 0.46 for wPMLG5-S3. The
experiments were done on a Bruker AVI 500 MHz spectrometer using a 4 mm
triple-resonance probe.
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obtained with wPMLG5-S3 at the MAS frequency of 14 kHz was of
inferior quality (data not shown). Hence, although for a given set of
experimental conditions, wPMLG5-S2 fails at the MAS frequency of
10 kHz, wPMLG5-S3 yields good spectra and vice versa at the MAS
frequency of 14 kHz.

Fig. 6 substantiates the above observation on a sample of L-his-
tidine � HCl � H2O. The upper spectra were acquired with wPMLG5-
S2, whilst the lower spectra were acquired with wPMLG5-S3. The
spectra in the left and right columns were obtained at spinning fre-
quencies of 10 kHz and 14 kHz, respectively. As in the case of gly-
cine wPMLG5-S2 performs well at the MAS frequency of 14 kHz
whilst wPMLG5-S3 performs well at the MAS frequency of 10 kHz.

A systematic study of the performance of the wPMLG5-S2 and
the wPMLG5-S3 sequences was carried out by monitoring the peak
height of the NHþ3 peak of glycine as a function of the off-resonance
irradiation frequency and MAS frequency. The results of this study
are shown in Fig. 7 at an RF field strength of 85 kHz which shows
that the two supercycled versions of PMLG have a complementary
performance profile.

The interaction of supercycled homonuclear decoupling se-
quences with the magic-angle sample rotation may be analysed
by a variety of theoretical methods, including bimodal Floquet the-
ory [2] and average Hamiltonian theory [25]. The approach fol-
lowed here is to seek an analogy between homonuclear
t

decoupling sequences in rotating samples and symmetry-based
recoupling sequences [26–30], in particular those of the class
CNm

n. For example, consider a supercycled wPMLG sequence in
which the overall phases of consecutive wPMLG sequences are
incremented in steps of 2p=P, where P is an integer. One PMLG
block followed by an observation window may be regarded as
the basic cycle element of a symmetry-based sequence. The total
duration of the C-element is denoted sC. Consider the case in which
N C-elements occupy exactly n rotational periods, where N and n
are both integers, i.e. NsC ¼ nsr, where a rotor period is given by
sr ¼ 2p=xr, and xr is the spinning frequency. In this case the
supercycled wPMLG sequence conforms to the symmetry
CðNPÞNnP . The results in Refs. [26–30] may be applied to derive the
following selection rule for the symmetry-allowed first-order aver-
age Hamiltonian terms

H
ð1Þ
lmkl ¼ 0 if ðmnP � lNÞ–KNP ð1Þ

where K is an integer. Here lmkl denotes the space and spin quan-
tum numbers of a spin interaction component. As described in Ref.
[29], homonuclear dipole–dipole interactions are described by
ranks l ¼ k ¼ 2, whilst for the chemical shift anisotropy, l = 2 and
k ¼ 1. Components with ðl;mÞ ¼ ð2;0Þ vanish for exact magic-angle
spinning.

It is easily shown from Eq. (1) that the condition N ¼ n leads to
many symmetry-allowed first-order average Hamiltonian terms
and hence poor homonuclear decoupling. In this case, the left-hand
side of the inequality in Eq. (1) takes the form m–K for compo-
nents with l ¼ 0. The inequality may be broken by choosing
K ¼ m and hence all terms of the form H

ð1Þ
lmk0 are symmetry-allowed

in this case. The condition N ¼ 2n also leads to poor homonuclear
decoupling. In this case, the left-hand side of the inequality in Eq.
(1) takes the form m–2K for components with l ¼ 0. This may be
broken for the m ¼ �2 components of the dipole–dipole interac-
tion by choosing K ¼ �1. The condition N ¼ 2n therefore leads to
symmetry-allowed dipole–dipole coupling terms of the form
H
ð1Þ
2�220, irrespective of the supercycle order. Conditions under

which one or two wPMLG elements fit into a single rotor period
should therefore always be avoided, if good homonuclear decou-
pling is desired. Recoupling is also encountered at all conditions
P ¼ N=n and 2P ¼ N=n. In the first case, terms with m ¼ l are
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recoupled. In the second case, terms with m ¼ 2l are recoupled.
This implies that for the best decoupling, neither one nor two com-
plete supercycles should fit into one rotor period.

The result of a general symmetry analysis of supercycled rotor-
synchronised homonuclear decoupling sequences is shown in
Fig. 8. The depth of shading indicates the total number of symme-
try-allowed first-order dipole–dipole and chemical shift anisotropy
terms, obtained from a numerical analysis of the selection rule in
Eq. (1). White regions in the plot correspond to conditions under
which good homonuclear decoupling is anticipated, whilst the
dark bands indicate conditions that should be avoided. The left-
hand axis indicates the number of wPMLG elements per rotor per-
iod, whilst the horizontal axis indicates the supercycle order P. The
left-hand edge of the plot corresponds to P ¼ 1 (no supercycling).
The supercycles discussed in this paper correspond to P ¼ 2 and
P ¼ 3. The right-hand label indicates the spinning frequency for
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Fig. 8. Symmetry-based average Hamiltonian analysis of first-order recoupling
conditions for rotor-synchronised homonuclear dipolar decoupling supercycles. The
depth of the shading in the horizontal bars is proportional to the number of
symmetry-allowed dipole–dipole and chemical shift anisotropy terms. Horizontal
axis: The supercycle order P. Left-hand vertical axis: the number of decoupling
cycles per rotor period. The right-hand axis shows the corresponding spinning
frequency for the experimental parameters in Figs. 5–7, where the duration of a
pulse sequence element is sC = 24.3 ls.
the specific case of a C-element duration of sC = 24.3 ls, which cor-
responds to the experimental parameters used in Figs. 5–7.

The plot shows that the P ¼ 2 supercycle provides poor decou-
pling when N ¼ 4n, i.e. when 4 decoupling cycles fit into 1 rotor
period. This condition occurs at a spinning frequency close to
10 kHz for the chosen experimental parameters. In the case of
the P ¼ 3 supercycle, on the other hand, the conditions N ¼ 3n
and N ¼ 6n should be avoided, while the N ¼ 4n condition is
unproblematic. For the chosen experimental conditions in which
the cycle duration is sC = 24.3 ls, good decoupling may therefore
be achieved at spinning frequencies around 10 kHz by choosing
the P ¼ 3 supercycle instead of P ¼ 2. At higher spinning frequen-
cies, on the other hand, the P ¼ 2 supercycle is better.

Fig. 8 shows that increasing the supercycle order beyond P ¼ 3
at first leads to an increasing number of recoupling resonances,
which is undesirable. However, the resonances thin out again for
large values of P. This regime may be interesting to explore
experimentally.

Fig. 8 indicates that the value P ¼ 1, corresponding to the ab-
sence of a supercycle, leads to the lowest density of recoupling
conditions. The advantages of supercycled decoupling sequences
(improved robustness, improved spectral appearance, etc.) are
therefore accompanied by the disadvantage of having to select
the supercycle order according to the desired spinning frequency
and RF field strength. The analysis given in this section allows this
to be done in a straightforward and rigorous way.
5. Conclusions

We have introduced a supercycled version of wDUMBO, de-
noted by wDUMBO-S2, with an improved performance. We have
compared wPMLG-S2 and wDUMBO-S2 schemes and observed that
the performance efficiency of both are nearly the same except that
wDUMBO-S2 requires a slightly higher RF power level than
wPMLG-S2 for a given spinning speed. In all cases, rotary-reso-
nance conditions occur at certain ratios of spinning frequency
and cycle frequency and must be avoided if the best resolution is
desired. It is possible to introduce different supercycling schemes,
such as in wPMLG-S3, to obtain high-quality spectra under condi-
tions for which the normal wPMLG-S2 supercycle provides rela-
tively poor performance. The 1H spectral resolution obtained
with any of the homonuclear dipolar decoupling scheme discussed
here is nearly the same under similar experimental conditions.
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