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Abstract

In this paper we demonstrate experimentally that the continuously phase-modulated homonuclear decoupling sequence

DUMBO-1 is suitable for high-resolution proton NMR spectroscopy of rigid solids. Over a wide range of experimental conditions,

we show on the model sample LL-alanine as well as on small peptides that proton linewidths of less than 0.5 ppm can be obtained

under DUMBO-1 decoupling. In particular the DUMBO-1 sequence yields well resolved proton spectra both at slow and fast MAS.

The DUMBO-1 decoupling scheme can in principle be inserted in any multi-nuclear or multi-dimensional solid-state NMR ex-

periment which requires a high-resolution 1H dimension. An example is provided with the 13C–1H MAS-J-HMQC experiment.

� 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Proton NMR spectroscopy is widely used for the

characterization of structure and dynamics in the liquid-

state. Due to its high sensitivity, its high natural abun-
dance and its ubiquitous character, the proton also

constitutes an attractive nucleus to probe the structure

of powdered organic materials by solid-state NMR.

Thus, various NMR experiments based on high-resolu-

tion proton spectroscopy have been recently proposed to

characterize the structure of complex solid compounds

(for a review see [1]). For example, multi-dimensional

carbon–proton correlation experiments can be applied
to obtain proton chemical shift information [2–6] or to

extract proton–carbon distances [7–9]. Detailed infor-

mation about proton connectivities, 1H–1H internuclear

distances, hydrogen bonds or p–p packing can be ac-
cessed by single or multiple-quantum 1H homonuclear

spectroscopy [10–17].
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For strongly coupled systems, the success and

further development of proton solid-state NMR

spectroscopy relies at first on the ability to record

highly resolved 1H spectra. Indeed, in solids the

dominant homonuclear proton–proton dipolar inter-
actions usually lead to broad proton resonances,

typically on the order of a few tens of kilohertz for

static rigid organic compounds, which obscures any

detail in the spectrum such as the chemical shift in-

formation. For rigid non-deuterated solids, rotation of

the sample around the magic angle averages out only

partially the strong dipolar couplings present among

the dense proton network. Thus pure magic angle
spinning (MAS) does not generally yield very high-

resolution proton spectra even at the highest spinning

frequencies available today [18,19]. The resolution can

be further enhanced by combining rotation of the

sample with the application of a homonuclear de-

coupling sequence that averages out the spin parts of

the 1H–1H dipolar interactions. This is referred to as

CRAMPS, for combined rotation and multiple-pulse
spectroscopy [20].
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mail to: Lyndon.Emsley@ens-lyon.fr


Fig. 1. (a) Pulse sequence employing DUMBO-1 decoupling for the

indirect observation of high-resolution proton spectra. Quadrature

detection in x1 is achieved using the States method [52] by incre-
menting the phase of the second 90� proton pulse. Detailed pulse
programs and phase cycles are available on our website [53] or by

request to the authors. (b) and (c) are 1D pulse sequences suitable for

the determination of the angles h and / defining the orientation of the
effective field present under homonuclear decoupling. The phases and

pre-pulse length of the pulse sequence (a) are related to these angles.

(d) MAS-J-HMQC pulse sequence [4,51] incorporating the DUMBO-1

decoupling sequence during the excitation, evolution, and reconversion

periods.
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Since the introduction of the pioneering ideas by Lee
and Goldburg [21] and Waugh et al. [22], many devel-

opments have been introduced to make homonuclear

decoupling sequences less sensitive to diverse experi-

mental imperfections, and to increase decoupling per-

formance. The first generation of homonuclear

averaging techniques like WHH-4 [22], MREV-8 [23],

BR-24 [24] or BLEW-12 [25] were designed for static

conditions and therefore are limited to relatively slow
MAS. Over the last ten years, a new generation of var-

ious improved sequences has been proposed, including

frequency switched Lee–Goldburg (FSLG) [3,26–28],

the semi-windowless WHH-4 sequence [29–32], the

MSHOT sequences [33,34], phase modulated Lee–

Goldburg (PMLG) [35–37], or the R1892 sequence [38].
Most of these sequences work at moderately fast MAS.

These new schemes together with instrumental progress
in NMR spectrometers and probe technology, have led

to a considerable improvement in the resolution of

proton spectra. Typically, using these decoupling

schemes and depending on the experimental conditions

proton linewidths between 0.4 and 1 ppm can be ob-

tained in rigid solids.

Using numerical optimization we have recently pro-

posed a new homonuclear decoupling sequence dubbed
DUMBO-1 which is based on a continuous modulation

of the phase of the radiofrequency (RF) field [39]. The

phase function of the DUMBO-1 sequence which was

generated as a Fourier series with six coefficients (Table

1), is shown schematically in Fig. 1a. The length of the

basic cycle corresponds to a 6p pulse. In the first paper,
the efficiency and robustness of this sequence had been

evaluated in a heteronuclear context, i.e., by observing
the fine structure due to the heteronuclear carbon–pro-

ton scalar couplings on the 13C spectrum of sodium

acetate with DUMBO-1 decoupling applied to protons

during acquisition. The objective of the work presented
Table 1

Complex Fourier coefficients cn ¼ an þ ibn used to define the phase of
the DUMBO-1 sequence

n an Bn

1 +0.0325 +0.1310

2 +0.0189 +0.1947

3 +0.0238 +0.0194

4 +0.0107 +0.1124

5 +0.0038 )0.0456
6 )0.0013 +0.0869

The phase in 2p units for the mth step number in the first half of the

sequence ð1 6¼ m 6¼ 32Þ is given by uðmÞ ¼
P6

n¼1 an cosð2pnm=MÞþ
bn sinð2pnm=MÞ, where M is the number of steps for the half of the

sequence (M was set to 32 in the experiments presented in this paper).

For the second half of the sequence ð33 6¼ m 6¼ 64Þ, a p phase shift is
applied followed by the time reversed first half, i.e., uðmÞ ¼
uð2M � mÞ þ p. A constant phase can then be added to uðtÞ so that the
effective field lies on the (x; z) or (y; z) plane of the rotating frame.
here is to investigate in more details the performance of

this new homonuclear decoupling technique by looking

directly at the resolution of DUMBO-1 decoupled pro-

ton spectra. In particular we evaluate experimentally the

efficiency of DUMBO-1 as a function of the spinning
frequency and B0 magnetic field.
2. Proton spectroscopy with DUMBO-1

2.1. Detection schemes

For proton spectroscopy, since DUMBO-1 is a win-
dowless decoupling sequence, it should ideally be ap-

plied in the indirect dimension of a multi-dimensional

homo- or heteronuclear correlation experiment. Fig. 1a

shows the two-dimensional (2D) 1H–1H experiment al-

lowing the indirect observation of high-resolution

DUMBO-1 decoupled proton spectrum. This experi-

ment is similar to 1H–1H CRAMPS-MAS experiments

already proposed in the past [36,40]. The first 90� pulse
creates the initial proton magnetization in a plane per-

pendicular to the direction of the effective field present
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during the application of the DUMBO-1 decoupling
sequence. During t1, the proton magnetization evolves in
the tilted transverse plane under the continuous phase-

modulated decoupling sequence. At the end of the

evolution time t1, a pre-pulse of flip-angle h is applied
which rotates the proton magnetization from the tilted

transverse plane to the ðx; yÞ plane of the rotating
frame. A z-filter is then applied to facilitate quadrature

detection in t1 before direct signal detection in t2. The
2D spectrum obtained with this pulse sequence corre-

lates the high-resolution DUMBO-1 decoupled proton

spectrum in x1 with the pure MAS spectrum in x2. The
one-dimensional (1D) high-resolution proton spectrum

can be obtained by projection onto the x1 axis of the 2D
spectrum, or by simply summing the x1 traces extracted
at the various x2 proton frequencies.

2.2. Calibrating the effective field

The pulse phases and the pre-pulse flip angle of this

experiment are related to the angles h and / defining the
polar coordinates of the effective field Beff present during
DUMBO-1 decoupling (as illustrated schematically in

Fig. 1a). Although this orientation can be determined a

priori from calculations (h;/Þ ¼ ð58�; 0), we find that
the quality of spectra can be significantly improved if

these parameters are determined experimentally. We

assume that this is mainly because of imperfections that
Fig. 2. (a) Intensity of the 1D proton spectrum recorded using the

pulse sequence of Fig. 1b as a function of the phase /0. The phase /0
was incremented by steps of 10�. (b) Intensity of the 1D proton

spectrum recorded using the pulse sequence of Fig. 1c as a function of

the pre-pulse length. The pre-pulse length was varied from 0.2 to 4.8ls
by step of 0.2 ls. The (c) 2D proton–proton spectrum of a natural

abundance sample of LL-alanine. The experiment was performed on a

Bruker DSX 500 spectrometer (proton frequency 500MHz) using a

conventional 4mm CP MAS probe. The sample volume was restricted

to about 25ll in the center of the rotor to increase the RF field ho-
mogeneity. A total of 256 t1 points with 16 scans each were collected.
Each t1 increment was synchronised with an integer number of
DUMBO-1 cycles. As for most multiple-pulse homonuclear decou-

pling sequences, we observed that a small proton resonance offset (of

about 2 kHz) gives a significant improvement in the resolution. A

spectral width of 5555Hz (uncorrected value) was used in the x1 di-
mension. The spinning frequency was 9 kHz. The proton RF field

strength was set to 100 kHz during t1 for DUMBO-1 decoupling. An
experimental scaling factor kexp of 0.43 was calculated for this exper-
iment. The 1H spectrum shown above the 2D map was constructed by

adding the three x1 (high-resolution proton dimension) traces ex-
tracted at the CH3, CH, and NH

þ
3 proton frequencies. No signal

apodization was applied. (d) One-dimensional proton spectrum of LL-

alanine recorded during windowed-DUMBO-1 (8 scans) at a spinning

frequency of 12 kHz and a decoupling RF field of 100 kHz. A con-

ventional 4mm CP MAS probe was used in this experiment. Detection

windows were inserted between two DUMBO-1 cycles. The length of

these detection windows was 5 ls, yielding a total cycle time of 69ls.
The signal-to-noise ratio is low because the analog filters were opened

in this experiment. A scaling factor of 0.49 was measured. Stars (*)

indicate quadrature images.

c

are introduced by the hardware of the spectrometer in
the practical implementation of the continuously phase

modulated decoupling sequence. The values of the an-

gles h and / were determined therefore experimentally
using simple 1D experiments (Figs. 1b and c, respec-

tively). The pulse sequence of Fig. 1b consists of a 90�
proton pulse with a RF phase /0 followed by a spin-lock
period (typically several ms) under DUMBO-1 decou-

pling. When /0 corresponds exactly to the angle be-
tween the x axis and the ðBeff ; zÞ plane, the proton
signal is not spin-locked and is destroyed through

dephasing. Thus the phase / can be easily determined by
finding the zero-crossing of the proton signal as illus-

trated in Fig. 2a. Misadjustment of this angle leads to
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axial peaks in the 2D spectrum. The pulse sequence of
Fig. 1c consists of a pulse of flip-angle h0 which brings
the magnetization in the ðBeff ; zÞ plane followed by a
spin-lock period (typically several ms) under DUMBO-1

decoupling. When h0 corresponds exactly to the angle
between the z axis and the effective field, all the proton
magnetization is spin-locked. Thus the length of the pre-

pulse can be easily determined by finding the maximum

of proton signal as illustrated in Fig. 2b. Misadjustment
of the length of this pre-pulse leads to quadrature im-

ages in the 2D spectrum. Note that once the value of the

angle / has been determined, the phase 90-/ can be

added to all the phases of the DUMBO-1 decoupling file

so that Beff lies on the (y; z) plane of the rotating frame.
The 2D spectrum of LL-alanine recorded with the

pulse sequence of Fig. 1a is shown in Fig. 2c. The x1
projection shown above the 2D map displays three well
resolved peaks corresponding to the NHþ

3 , CH, and

CH3 proton signals. This spectrum (as well as all the

other spectra reported in this paper) was recorded using

a RF decoupling field amplitude of 100 kHz, which

yields a cycle time sc of 30 ls. Experimentally the
DUMBO-1 cycle was digitized into 64 steps of 500 ns

each (since each time event has to be a multiple of 50 ns

on our spectrometer). Note that in all the spectra re-
ported in this paper the proton chemical shift scales and

the proton linewidths have been corrected for the cor-

responding experimental scaling factor (see below). In

the spectrum of Fig. 2, we measured full linewidths at

half height of 1060Hz (2.12 ppm), 220Hz (0.44 ppm),

and 160Hz (0.32 ppm) for, respectively, the NHþ
3 , CH,

and CH3 proton lines (corresponding to 0.91, 0.18, and

0.13 ppm, respectively, before correction for scaling).
The broadening of the amine resonance is mainly related

to the interference at room temperature between the

CRAMPS detection and the three-site hopping motion

of the NHþ
3 group. This is a well-known phenomenon

[2], that can be used to determine dynamic information

under certain circumstances.

Direct proton detection using a 1D experiment is

feasible if acquisition windows are inserted between
DUMBO-1 cycles as reported recently for the PMLG

sequence [41]. However under our experimental condi-

tions, we found that this led to a slight decrease in

proton resolution as illustrated in Fig. 2d and as ex-

pected.
3. Scaling factor of homonuclear decoupling sequences: an
upper limit

The scaling factor kexp of the DUMBO-1 sequence
(calculated as the ratio between the chemical shift dif-

ference between the CH3 and NH
þ
3 resonance lines in

the x1 projection and in the fast MAS one-pulse spec-
trum) can be easily measured from the 2D spectrum.
For the spectrum of Fig. 2c, a value of kexp ¼ 0:43 was
found, which is in reasonable agreement with the theo-

retical scaling factor obtained from numerical calcula-

tions ðkcalc ¼ 0:52, see [39]). This scaling factor is larger
than that of many existing sequences, but significantly

smaller than that obtained with FSLG decoupling

(1=
ffiffiffi
3

p
, i.e., 0.57). As the spectral resolution is propor-

tional to this scaling factor, it is important to develop

homonuclear decoupling sequences that have a scaling
factor as high as possible.

In the following we demonstrate for the case of static

solids (or in the limit of slow MAS), that if the pulse

sequence is responsible for averaging the dipolar Ham-

iltonian to zeroth order, the maximum scaling factor

that can be obtained is 1=
ffiffiffi
3

p
. We restrict the demon-

stration to a two spin system, which does not alter the

final result but makes it much shorter. The internal
Hamiltonian of the spin system is:

Hint ¼ X1I1z þ X2I2z þ dð3I1zI2z �~II1 �~II2Þ: ð1Þ

The RF irradiation Hamiltonian is:

Hrf ¼ x1ðtÞfcos/ðtÞIx þ sin/ðtÞIyg ð2Þ
and this leads to a propagator for the RF that can be

expressed generally as:

Urf ¼ Urfð0; tÞ ¼ expf�iaðtÞIzg expf�ibðtÞIyg
� expf�icðtÞIzg ð3Þ

where aðtÞ, bðtÞ, and cðtÞ are time dependent Euler an-
gles related to the /ðtÞ function [42–44] of the particular
sequence. In an interaction frame defined by the RF

irradiation, the internal Hamiltonian becomes:

~HHint ¼ U�1
rf HintUrf : ð4Þ

The coefficients of the terms I1z and I1zI2z in the de-
composition of ~HHint onto the Cartesian product operator
basis are found to be:

Trð ~HHint � 2I1zI2zÞ ¼
1þ 3 cosð2bðtÞÞ

2
; ð5Þ

Trð ~HHint � I1zÞ ¼ X1 cos bðtÞ: ð6Þ
Note that these results are independent of a and c

because of the invariance of the Hamiltonian to ro-

tation around the main magnetic field z axis, and

because of the irrelevance of the average phase of the

time-dependent effective field. In other words, the de-

coupling efficiency and the scaling factor of a decou-
pling scheme are the same for any phase of the

effective field [33].

In order to average the dipolar interaction to zero to

first order for a periodic RF sequence with period tc, the
following condition is at least required:Z tc

0

1f þ 3 cos 2bðtÞ½ gdt ¼ 0; ð7Þ



Fig. 3. Proton spectra of natural abundance LL-alanine recorded under

DUMBO-1 decoupling at different spinning frequencies. Only the CH

and CH3 resonances are shown. The experiments were performed on a

Bruker DSX 500 spectrometer (proton frequency 500MHz) using a

2.5mm CP MAS probe. The proton spectra were constructed from 2D

spectra as explained in the caption of Fig. 2. For this series of exper-

iments, the decoupling RF field strength was set to 100 kHz and 128 t1
increments with 16 scans each were recorded. For each spinning fre-

quency the ratio sc=sr and the experimental scaling factor kexp are
indicated in the table. The full linewidths at half height D are also

reported for both the CH and CH3 proton resonances (corrected

values).
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We can express cos½2bðtÞ as a Fourier series:

cos½2bðtÞ ¼ �1=3þ
X1
n¼1

an cosðnxctÞ; ð8Þ

where xc ¼ 2p=tc. The scaling factor is the coefficient of
linear I terms, say the operator Iz. Then we have:

k ¼ 1
tc

Z tc

0

cos½bðtÞdt ¼ 1
tc

Z tc

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ cos½2bðtÞ

2

r
dt: ð9Þ

Now including the constraint that the bilinear terms

must, on average, be zero, we find:

k ¼ 1
tc

Z tc

0

cos bðtÞ½ dt

¼ 1
tc

Z tc

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

3
þ 1
2

X1
n¼1

an cosðnxctÞdt
s

: ð10Þ

From the Schwarz inequality [45] we know that:

1

tc

Z tc

0

f ðtÞdt

0
@

1
A
2

6
1

tc

Z tc

0

f 2ðtÞdt ð11Þ

and taking

f ðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

3
þ 1
2

X1
n¼1

an cosðnxctÞ
s

;

we obtain:

k2 ¼ 1

tc

Z tc

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

3
þ 1
2

X1
n¼1

an cosðnxctÞdt
s0

@
1
A
2

6
1

tc

Z tc

0

1

3

 
þ 1
2

X1
n¼1

an cosðnxctÞ
!
dt; ð12Þ

k6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

tc

Z tc

0

1

3
dt

s
¼ 1=

ffiffiffi
3

p
: ð13Þ

Thus we find that: k6
ffiffiffiffiffiffiffiffi
1=3

p
. This means that, if the

pulse sequence averages the first order of the average

Hamiltonian to zero, the scaling factor cannot be greater

than 1=
ffiffiffi
3

p
. Extension of this theorem to higher orders in

the AHT description is in principle possible. The possi-

bility to find larger scaling factors, and so to improve the

resolution of homonuclear decoupling is an open ques-

tion in the case of synchronized rotation and multiple-
pulse decoupling, where the rotation alone is sufficient

for the zeroth order averaging. Note that higher scaling

factors than 1=
ffiffiffi
3

p
have been found for windowed-

PMLG sequences as recently reported by Vinogradov et

al. [41]. However in this case the decoupling sequence

does not average the dipolar couplings to zero (and in-

deed resolution is worse than in the windowless PMLG

experiment). This effect is also observed in the win-
dowed-DUMBO-1 spectrum of Fig. 2d, which has a

higher scaling factor than normal DUMBO-1 spectra.
3.1. Spinning frequency dependence of DUMBO-1

When dealing with complex solid systems, fast MAS

is often required to remove the spinning sidebands due

to the chemical shift anisotropy. Thus it is of particular

importance to dispose of homonuclear decoupling se-

quences that work well at high-spinning frequencies. In

order to assess the performance of the DUMBO-1 de-

coupling sequence as a function of the spinning speed,
we recorded a series of 1H–1H spectra over a wide range

of MAS frequencies. Fig. 3 shows the CH and CH3
proton resonance lines of LL-alanine at spinning fre-

quencies ranging from 10 to 30 kHz in steps of 2 kHz.

For each spinning speed, the ratio sc=sr (where sc is the
cyle time of the DUMBO-1 cycle, i.e., 32 ls and sr the
rotor period) together with the experimental scaling

factor kexp and the corrected linewidths are indicated in
the table. As illustrated in Fig. 3, proton linewidths re-

main more or less constant and in any case smaller than

0.5 ppm up to MAS frequencies of 24 kHz (with an ex-

ception for xr ¼ 16kHz, see below) whereas the inten-
sity increases spectacularly. So far, none of the other

existing decoupling schemes has been shown to give such

good resolution at such high-spinning frequencies. Note

that the experimental scaling factor is not affected by the
spinning speed. Thus despite the fact that the DUMBO-

1 decoupling scheme was first introduced to work in

static and moderate MAS experiments, and in addition,



Fig. 4. DUMBO-1 decoupled proton spectra of the dipeptide Ala–Asp

recorded at low spinning frequency. The spinning frequency was set to

2 kHz for this experiment. The powder sample of the dipeptide Ala–

Asp was purchased from Sigma and used without further recrystalli-

zation. A total of 256 t1 points with 16 scans each were collected. A
spectral width of 8680Hz (uncorrected value) was used in the x1 di-
mension. The proton RF field strength was set to 100 kHz during t1 for
DUMBO-1 decoupling. An experimental scaling factor kexp of 0.48
was calculated for this experiment. Corrected linewidths of 250Hz

(0.5 ppm), 265Hz (0.53 ppm), 250Hz (0.5 ppm), 240Hz (0.48 ppm),

and 205Hz (0.41 ppm) were measured, respectively, for the CH3, CH2,

CH, NHþ
3 , and OH peaks. Stars indicate the axial peak and spinning

sidebands.
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has quite a long cycle time (by comparison with FSLG),
it shows its best decoupling performance far from the

quasi-static regime and performs very well at high-

spinning frequencies. It is possible that by increasing the

RF decoupling power, i.e., by reducing the length of

the cycle time, the curve of Fig. 3 would be shifted to the

right, and that good decoupling performance could be

obtained at even higher spinning frequencies. This study

is under way in our laboratory.
At 16 and 30 kHz, we observe almost a complete

collapse of the 1H signal intensity and resolution. These

two spinning frequencies correspond to a ratio sc=sr of,
respectively, 1/2 and 1. These special ratios between the

cycle time and rotor period are likely to correspond to

strong recoupling conditions, as already observed by

Filip and Hafner for the windowless WHH-4 sequence

[32], or by Vinogradov et al. for the PMLG decoupling
scheme [36]. These recoupling windows can be easily

avoided, in particular the sc=sr ¼ 1=2 window which

seems quite sharp. Remarkably, up to a MAS frequency

of 22 kHz, we observe an increase of signal intensity

with increasing spinning speeds. Between 10 and 22 kHz,

more than a factor 3 is gained in signal intensity. This

effect, which, we think, has never been reported before in

solids for the case of homonuclear decoupling, may be
extremely relevant in experiments where the signal-to-

noise ratio is a limiting factor. We remark that this effect

is reminiscent of ‘‘spin tickling’’ type effects observed in

liquids for scalar coupled spins [46,47] and in solids for

heteronuclear decoupling [48]. In this latter case, it has

been observed that, under certain conditions, the reso-

nance line has a constant linewidth and increases in

amplitude as the decoupling field increases. The extra
intensity in the narrow centerband comes from broad

decoupling sidebands which become weaker and weaker

in intensity. In solids these sidebands are usually so

broad as to be unobservable. In the case we observe here

we therefore attribute the increase in centerband inten-

sity to the progressive reduction of broad spinning

sidebands. Preliminary numerical calculations support

this hypothesis, and more detailed calculations are un-
der way.

As mentioned previously, DUMBO-1 was originally

designed to work at slow spinning frequencies, and as

we have seen from Fig. 3 in practice the linewidth varies

very little with spinning speed. In order to verify per-

formance at low speeds, Fig. 4 shows the 2D proton–

proton spectrum of the dipeptide Ala–Asp, recorded

with a spinning speed of 2 kHz. The 1D proton spectrum
shown above is well resolved with all proton resonances

having linewidths of about 0.5 ppm. Additionally, at

these speeds, spinning sidebands due to the proton CSA

start to appear in the spectrum, as shown in Fig. 4.

These sidebands could in principle be used to quanti-

tatively determine proton CSA. In practice multi-di-

mensional methods involving spinning speed scaling are
preferable [49], and a detailed study in this sense will be
presented elsewhere.

3.2. B0 field dependence of DUMBO-1

The performance of the DUMBO-1 decoupling

scheme was evaluated experimentally at various B0
magnetic fields on LL-alanine (Figs. 5a, b, and c) and the

results were compared with calculated data (Fig. 5f). An
enhancement in the resolution of proton spectra can be

expected when increasing the B0 magnetic field because
of the larger chemical shift dispersion in higher field and

because of a more effective truncation of the dipolar

couplings among protons by the increased Zeeman in-

teraction. This tendency, which is indeed obtained for

the calculated data (see Fig. 5f), was however not ob-

served experimentally. At 750MHz, proton linewidths
at half height of 0.34 ppm were measured for the a and b
protons of LL-alanine which is significantly larger than

the linewidths obtained at 600MHz (0.26 and 0.28 ppm,

respectively). In this series of experiments, care was ta-

ken to ensure the maximum degree of similitude, but one

should note that the probe electronics are not the same

at the different fields. Nevertheless it is worth pointing

out that the proton linewidths observed at 750MHz
under DUMBO-1 decoupling are still significantly

smaller than those obtained with pure fast MAS at this

field (Fig. 5e).



Fig. 5. Comparison between DUMBO-1 decoupled proton spectra of

LL-alanine recorded at various B0 fields. Spectrum (a) was recorded

under the same experimental conditions as in Fig. 3 at a spinning

frequency of 12 kHz. Spectra (b) and (c) were obtained, respectively,

on a Bruker DSX 600MHz and Bruker DSX 750MHz spectrometers

using conventional 4mm CP MAS probes at a spinning frequency of

12.5 kHz and a decoupling RF field strength of 100 kHz. The constant-

time acquisition spectrum (d) was recorded using a 2D experiment as

reported in [50] with a constant time T ¼ 16:8ms. The fast MAS
spectrum (e) was recorded at a spinning frequency of 30 kHz with a

2.5mm probe. For spectra (a), (b), and (c) experimental scaling factors

kexp of, respectively, 0.45, 0.48, and 0.45 were measured. (f) The ex-
perimental full linewidths at half height (circles) are compared with

proton linewidths obtained from numerical simulations (solid line).

The simulations were done with the SIMPSON program [54] using

standard methods [55]. A spin system of four protons was considered.

The following parameters were used for the simulations: dipolar cou-

plings D12 ¼ 18 kHz, D13 ¼ 14:5 kHz, D14 ¼ 9:5 kHz, D23 ¼
27:5 kHz, D34 ¼ 14 kHz; D24 ¼ 17 kHz; chemical shifts: d1 ¼
�1 ppm, d2 ¼ 1 ppm, d3 ¼ 3 ppm, d4 ¼ 4 ppm; CSA (axially sym-

metric tensors) d1 ¼ 2 ppm, d2 ¼ 10 ppm, d3 ¼ 2 ppm, d4 ¼ 4 ppm;
RF field amplitude for DUMBO-1 decoupling; x1 ¼ 100 kHz; MAS
rotation frequency xr ¼ 12:5 kHz. A powder average over 440 differ-
ent crystal orientations was performed to obtain the simulated spectra

(not shown). The relative orientations of the CSA and dipolar tensors

were chosen arbitrarily. The simulations yield a scaling factor of 0.51.

For the plot, an averaged linewidth over the four proton resonances

was considered (plain line).
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The proton linewidths reported in this paper are by

no means the limiting or ‘‘natural’’ proton linewidths

expected in solid systems. In particular by combining a

constant-time acquisition scheme with DUMBO-1 de-

coupling, we observed (Fig. 5d) a reduction of proton
linewidths by about a factor 2 through the elimination

of the contribution of the non-refocusable interactions

to the apparent linewidth, in line with results previously

reported for other homonuclear decoupling sequences

[50].

3.3. Heteronuclear spectroscopy with DUMBO-1 decou-

pling

The pulse block of Fig. 1a containing the DUMBO-1

scheme can be inserted into any multi-nuclear or multi-

dimensional solid-state NMR experiment which requires
a high-resolution 1H dimension. As an example, Fig. 6a

shows the aliphatic region of the 2D MAS-J-HMQC

spectrum of natural abundance Cyclosporin A (a cyclic

peptide of 11 amino acids) recorded with DUMBO-1

decoupling during the excitation and reconversion pe-

riods of multiple-quantum coherences as well as during

the indirect detection time t1 (the pulse sequence is given
in Fig. 1d). As reported previously [4,51], the MAS-J-
HMQC spectrum gives correlations through scalar

couplings between pairs of bonded protons (in x1) and
carbons (in x2). The x1 traces (b), (c), and (d) which
correspond, respectively, to a CH3, a CH2, and a CH

group show that the proton resolution in this spectrum

is about 0.5 ppm, including for the two diastereotopic

protons of the CH2 group. (CH2 groups are the most

strongly coupled groups and thus, the most difficult to
decouple).
4. Conclusions

We have demonstrated experimentally that the phase-

modulated DUMBO-1 1H–1H homonuclear decoupling

sequence is suitable for high-resolution proton solid-
state NMR spectroscopy. Over a wide range of experi-

mental conditions, an average 1H resolution of about

0.4 ppm could be obtained for the aliphatic protons of

the model sample LL-alanine as well as for small peptides,

which compares very favorably with other existing de-

coupling schemes. In particular, this study demonstrates



Fig. 6. (a) Two-dimensional MAS-J-HMQC spectrum of natural

abundance Cyclosporin A recorded using the pulse sequence of Fig.

1d. The Cyclosporin sample was obtained from Sandoz AG and used

without further recrystallization. The spinning frequency was 12 kHz.

A total of 74 t1 increments with 196 scans each were collected (10 h
acquisition time). The other experimental conditions are the same as

for Fig. 2. (b), (c), and (d) are three proton traces (extracted in the x1
dimension) corresponding to a CH3, a CH2, and a CH group.
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that the DUMBO-1 scheme has good decoupling per-

formance at very fast MAS. The DUMBO-1 scheme,

which was previously shown to be a robust decoupling

technique as regards to RF inhomogeneity [39], is easy

to implement on modern spectrometers and can be in-
serted in any kind of multi-dimensional homo- or het-

eronuclear correlation experiments.

As pointed out previously, the DUMBO-1 scheme

was originally developed assuming static conditions.

Work is in progress in our laboratory to find phase-

modulated decoupling sequences directly developed for

use under fast magic-angle spinning rates. We expect

that such new sequences will lead to a further en-
hancement of the spectral resolution of solid-state pro-

ton spectra.
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