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a b s t r a c t

Three 1H–1H homonuclear dipolar decoupling schemes for 1H indirect detection measurements at very
fast MAS are compared. The sequences require the following conditions: (i) being operable at very fast
MAS, (ii) a long T 02 value, (iii) a large scaling factor, (iv) a small number of adjustable parameters, (v)
an acquisition window, (vi) a low rf-power requirement, and (vii) a z-rotation feature. To satisfy these
conditions a modified sequence named TIlted Magic-Echo Sandwich with zero degree sandwich pulse
(TIMES0) is introduced. The basic elements of TIMES0 consist of one sampling window and two phase-
ramped irradiations, which realize alternating positive and negative 360� rotations of 1H magnetization
around an effective field tilted with an angle h from the B0 axis. The TIMES0 sequence benefits from very
large chemical shift scaling factors at ultra-fast MAS that reach jcs = 0.90 for h = 25� at mr = 80 kHz MAS
and only four adjustable parameters, resulting in easy setup. Long jcsT 02 values, where T 02 is a irreversible
proton transverse relaxation time, greatly enhance the sensitivity in 1H–{13C} through-bond J-HMQC
(Heteronuclear Multiple-Quantum Coherence) measurements with 1H–1H decoupling during magnetiza-
tion transfer periods. Although similar sensitivity can be obtained with through-space D-HMQC
sequences, in which 13C–1H dipolar interactions are recoupled, J-HMQC experiments incorporating
1H–1H decoupling benefit from lower t1-noise, more uniform excitation of both CH, CH2 and CH3 moieties,
and easier identification of through-bond connectivities.

� 2011 Elsevier Inc. All rights reserved.

1. Introduction

Sensitivity enhancement by indirect detection of 13C and 15N
spectra via 1H nuclei is a well established method in solution
nuclear magnetic resonance (NMR) experiments [1–3]. Since the
magnetization is transferred via J-coupling, the resulting 2D spec-
tra show through-bond correlations which are useful for resonance
assignments. The sensitivity enhancements are due to high natural
abundance (�99.99%) and gyromagnetic ratio of 1H. The narrow
line-widths of 1H nuclei and their long T 02 values, which are much
longer than the magnetization transfer periods, even for small J
couplings, greatly contribute to sensitivity enhancement. However,
high natural abundance and gyromagnetic ratio also lead to strong
1H–1H homonuclear dipolar interactions, which are fortunately
averaged out by fast isotropic tumbling motions in the solution
state. On the other hand, these interactions induce rapid spin diffu-
sion among 1H nuclei in rigid-solid samples, resulting in short T 02

relaxation times, typically less than tens of micro-seconds, and in
broad 1H line-widths usually more than 50 kHz under static condi-
tions. These two facts quickly quench 1H magnetization during the
magnetization transfer periods and signal acquisition. Thus, indi-
rect detection via 1H nuclei in solid state seems not to be as effi-
cient as in solution state, especially if 1H–1H interactions are not
greatly decreased [4–11].

Decoupling of 1H–1H homonuclear dipolar interactions is hence
essential to achieve efficient indirect-detection via 1H nuclei in sol-
ids. Theoretically, 1H–1H homonuclear decoupling is easily realized
by only applying an infinitely fast magic-angle spinning (MAS) sam-
ple rotation. Recently, rotation frequencies have largely increased
with the advent of small diameter rotors [12]. However, even at
mr = 80 kHz, which is the fastest spinning frequency commercially
available now [13], 1H–1H interactions still show significant effect
on 1H line-width and T 02 value (see Figs. 2 and 4). Therefore, rf irradi-
ations, as well as MAS, are needed to decouple efficiently these inter-
actions. Numerous 1H–1H decoupling schemes have been designed
from the early stage of NMR [14–49]. Recently, sophisticated meth-
ods were developed by considering rf and mechanical averaging
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simultaneously [25–32]. Synchronized [29–32] or non-synchro-
nized [33,34,38–41] Combined Rotation And Multiple Pulse Spec-
troscopy (CRAMPS) methods with ultra-fast MAS above
mr = 60 kHz have been introduced, including SAM [29–31], RNm

n

[32], wPMLGx�x
pp [33], eDUMBO [38,40], and TIMES [41]. All of these

rf-assisted 1H–1H decoupling methods suppress 1H–1H dipolar
interactions, but inevitably introduce scaling down of 1H isotropic
chemical shifts, as well as of 13C–1H J-couplings, by a factor of jcs.
As CRAMPS direct 1H signal acquisition introduces a large additional
noise and artifacts, very fast MAS alone is frequently preferred for
line-narrowing in the direct 1H dimension [5,50–52]. To our knowl-
edge, no measurement of T 02 enhancement by 1H–1H dipolar decou-
pling during magnetization transfer periods has been reported for
13C indirect detection in fast MAS through-bond 1H–{13C} correla-
tion experiments. Although, this T 02 enhancement has been demon-
strated in the 13C direct detection scheme at moderate MAS
frequencies [53].

In this article, we investigate the 1H–1H decoupling schemes
during the magnetization transfer periods in through-bond 1H–
{13C} correlation experiments with indirect 13C observation via
1H nuclei. The decoupling scheme should: (i) work well at very fast
MAS to narrow the 1H line-widths, (ii) enhance the T 02 relaxation
time to reduce signal decay during the magnetization transfer peri-
ods, and (iii) show a large scaling factor to shorten the magnetiza-
tion transfer periods. In addition to these features, it is preferable
that the decoupling scheme presents several additional features:
(iv) a small number of parameters to be optimized, (v) an acquisi-
tion window enabling a direct 1D observation during optimization,
(vi) a moderate rf power requirement, and (vii) an effective global
precession of the spins around B0, usually called a z-rotation. Fea-
tures (iv) and (v) enable a fast optimization of experimental
parameters by directly observing 1D spectra. Features (vi) and
(vii) are preferable to avoid sample heating and artificial modula-
tions due to zero or symmetrical false 1H peaks, respectively. Usu-
ally, feature (vii) presents the disadvantage of reducing the scaling
factor; but it has experimentally been found that this is not the
case for very fast MAS [49], as shown below.

First, we investigate two 1H–1H decoupling schemes, wPMLGx�x
pp

and TIMES, at very fast MAS. We also introduce a new version of
TIMES, named TIMES0, in which the sandwich pulses are removed,
thus leading to favorable features for 1H–{13C} J-HMQC (Heteronu-
clear Multiple-Quantum Coherence) experiments at ultra-fast
MAS. To conclude, we compare two different 1H–{13C} indirect
HMQC observations, either based on through-bond or on through-
space correlations.

2. 1H–1H homonuclear decoupling schemes

In the article, we focus on three windowed non rotor-synchro-
nized 1H–1H decoupling schemes: wPMLGx�x

pp, TIMES and TIMES0

(Fig. 1a). Indeed, these sequences work well at very fast MAS, en-
hance the T 02 relaxation time, have an acquisition window, and
offer an effective z-rotation for 1H magnetization [33,41]. The gray
sandwich pulses are removed in wPMLGx�x

pp and TIMES0, and hence,
experimentally their pulse sequences are similar. However, as
shown below, the two basic concepts of wPMLGx�x

pp and TIMES0

sequences are very different and their optimizations do not only
correspond to a re-parameterization process. In the three se-
quences the magnetization is rotated during each sp period with
an angle w around the effective field, which is tilted from the B0

axis by the angle h. Every cycle period, sc = 2(sp + sh) + sw, the glo-
bal rotation is cancelled in each R or R unit, since the direction of
the rotation in the second sp period is reversed. Thus, the interac-
tion frame of the rf-field is coincident with the rotating frame in
each sampling window, sw, where the NMR signal is sampled. An

effective z-rotation for the magnetization is achieved by applying
two effective fields symmetrical with respect to B0 during two con-
secutive sc periods [46–48]. The major difference between these
methods is the w angle value and the presence or absence of sand-
wich pulses. These sequences are summarized in Table 1.

Let’s first analyze the wPMLGx�x
pp sequence, which is composed

with the R wPMLGx
p

� �
and R wPMLG�x

p

� �
units. Each unit was orig-

inally designed by adding an acquisition window to the window-
less PMLG sequence, which is essentially the same as the
Frequency-Switched Lee–Goldburg (FSLG) sequence [20]. In FSLG,
the tilt of the effective field is achieved by an off-resonance irradi-
ation at moff frequency, whereas PMLG employs an on-resonance
irradiation and the tilt of the effective field results from a sweep
of the rf phase from 0 to /last [22]:

/lastð
�Þ ¼ 360 � moff � sp; ð1Þ

where sp is the length of the ramped on-resonance irradiation.
The rotation angle w about the effective field during sp is described
by:

wð�Þ ¼ 360 � meff � sp ¼ 360 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

1p þ m2
off

q
� sp

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð360m1pspÞ2 þ /2

last

q
; ð2Þ

where m1p is the strength of the on-resonance B1 field during the
phase ramp. meff is the strength of the effective field, which is tilted
by the angle h with respect to the B0 magnetic field:

tan h ¼ m1p

moff
: ð3Þ

h = hm = 54.74� is used in FSLG and PMLG to achieve the Lee–
Goldburg condition, and the theoretical length of the phase ramp
irradiation is chosen to achieve a full w = 360� rotation about the
effective field, thus leading to sp ¼ 1=meff ¼ 1= m2

off þ m2
1p

� �1=2
and

/last ¼ 208�. In practice, wPMLGx�x
pp is experimentally optimized by

changing sp, while keeping the phase ramp final value of
/last = 208�. This optimization leads to a concurrent variation of
the offset frequency, moff, and of the h and w angles. Indeed, after
optimization, the experimentally optimized sp value tends to be-
come shorter than its theoretical value [54], which corresponds
to a h angle smaller than hm (Eqs. (1), (3)), and to a w angle smaller
than 360� (Eq. (2)).

With TIMES and TIMES0, the effective rotation is always kept
equal to w = 360� by changing not only the length of the on-
resonance irradiation, but also simultaneously the phase sweep va-
lue (Eq. (2)) to:

/lastð
�Þ ¼ 360: 1� s2

pm
2
1p

� �1=2
: ð4Þ

The length of sandwich pulses in TIMES is experimentally opti-
mized, but the flip angle of these pulses is always found to be close
to the h value described with Eq. (3). These pulses hence align the z
axis of the precession axis, tilted with the phase ramp, with the B0

field. Under fast MAS, these two axes tend to be very close, and
therefore the two sandwich pulses can be dropped, thus leading
to the TIMES0 sequence.

It is important to reduce experimentally the number of opti-
mized parameters for quick, stable, and reproducible experimental
setup. There are six experimentally adjustable parameters in
TIMES: the lengths of sandwich pulses, sh, of ramp pulses, sp, and
of window, sw, as well as the amplitudes of rf fields during sand-
wich pulses, m1h, and ramp pulses, m1p, and the resonance offset fre-
quency Dm0. On the other hand, only four parameters (sp, m1p, Dm0,
sw) have to be optimized for wPMLGx�x

pp and TIMES0 sequences.
As the interaction and rotating frames coincide every sc, the iso-

tropic chemical shift scaling factor can be analytically calculated
with first-order average Hamiltonian:
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