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a b s t r a c t

A simple method is shown for optimization of 1H homonuclear dipolar decoupling at MAS rates exceed-
ing 10 kHz. By monitoring the intensity of a spin-echo under the decoupling conditions, it is possible to
optimize the amplitude of the RF magnetic field, the cycle time of the decoupling sequence and the res-
onance offset within minutes. As a result, the decoupling efficiency can be quickly and reliably fine-tuned
without using a reference sample. The utility of this method has been confirmed by studying the resolu-
tion patterns for the supercycled PMLG scheme, which were found to be in excellent agreement with ear-
lier theoretical predictions and verified in high-resolution 2D 1H–1H experiments.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Overcoming the strong homonuclear dipolar interactions be-
tween 1H nuclei has been one of the principal pursuits in solid-
state NMR spectroscopy for several decades. The advancement of
high-resolution 1H NMR in solids commenced with the introduc-
tion of Lee–Goldburg (LG) RF decoupling [1] and was followed by
the development of multiple-pulse sequences for static samples
[2–4]. The first highly resolved 1H spectra were attained by com-
bining these sequences with slow magic angle spinning (MAS), to
eliminate the chemical shift anisotropy (CSA), in an experiment re-
ferred to as CRAMPS (combined rotation and multiple-pulse se-
quence) [5]. Subsequently, improved RF schemes emerged that
enabled high-resolution 1H NMR at MAS rates up to 25 kHz, which
included frequency-switched LG (FSLG) [6], phase-modulated LG
(PMLG) [7], decoupling using mind-boggling optimization (DUM-
BO) [8] and symmetry-based (R-based and smooth amplitude
modulation, SAM) [9,10] pulse sequences. In depth theoretical
analyses of most of these experiments were offered based on the
average Hamiltonian theory [11,12] and the Floquet theory
[13,14]. It has been generally implied that the homonuclear decou-
pling sequences perform well under the so-called ‘quasi-static con-
dition’, where the sample spinning period sR = (mR)�1 is long
relative to the cycle time of the RF sequence sc. However, the
development of ultra fast MAS [15], which can now reach frequen-
ll rights reserved.
cies in the range 40 6 mR 6 70 kHz, induced interest in application
of homonuclear decoupling under conditions that can no longer be
‘quasi-static’ under practical RF amplitudes. Most recently, the
windowed and windowless PMLG, DUMBO and SAM schemes were
shown to perform surprisingly well in the regime where sR and sc

are comparable (but not equal), both in terms of resolution [16,17]
and sensitivity [17], and theoretical arguments were presented
that rationalize the experimentally observed resolution patterns
[18]. These findings open new opportunities for designing two-
and three-dimensional (2D and 3D) correlation experiments,
which involve at least one 1H dimension with CRAMPS-quality res-
olution and utilize the spectral range, sensitivity and RF flexibility
offered by fast MAS probes.

In spite of the importance of the homonuclear decoupling tech-
niques, their widespread use by the scientific community has been
affected by the experimental challenges involved in the setup and
optimization. Early CRAMPS experiments, which used homebuilt
RF circuitry and probes, were intricate due to rigorous require-
ments on pulse shapes, phases, timing and RF homogeneity
[19,20]. Extensive analyses have been dedicated to the practical as-
pects of the currently used PMLG and DUMBO sequences. Although
the difficulties due to RF imperfections and instabilities have been
largely overcome in present-day spectrometers, practical imple-
mentation of 1H homonuclear decoupling remains demanding
and time consuming. The performance of state-of-the-art se-
quences is defined by a number of parameters, most of which are
difficult to predict a priori. In particular, the optimum RF ampli-
tude for PMLG decoupling does not necessarily correspond to the
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Fig. 1. Pulse sequences for (a) spin-echo experiment with PMLG5�xx
mm

1H homo-
nuclear decoupling during s, (b) 2D 1H–1H correlation experiment using PMLG5�xx

mm

decoupling in the indirect dimension, and (c) schematic representation of the
PMLG5�xx

mm block.

K. Mao, M. Pruski / Journal of Magnetic Resonance 203 (2010) 144–149 145
LG condition [18,21]. More importantly, the decoupling deterio-
rates rapidly when the ratio w = mc/mR (where mc = (sc)�1) is near
the so-called degeneracy conditions nmc = mmR (n, m = 1, 2, . . .).
The limitations imposed by these conditions on the experimental
parameters strongly depend on the MAS rate [18].

One of the optimization strategies relies upon monitoring the
effect of 1H decoupling on 13C spectra, e.g. of adamantane or ala-
nine [6,22,23]. The suppression of 1H homonuclear dipolar interac-
tions renders the 1H–13C spin pairs equivalent to the AX system in
solution [24,25], providing a sensitive probe of the decoupling effi-
ciency and a good estimate of the scaling factor through the obser-
vation of J-multiplets. A more direct method involves acquisition of
high-resolution 1D or 2D 1H–1H spectra of a reference sample, usu-
ally glycine, which allows for optimization of the amplitude of the
RF magnetic field mRF and the sc/sR ratio [13,17,18,21,22,26,27], cal-
ibration of the effective field [26] and the scaling factor [23,26,27],
optimization of the resonance offset, the pulse imperfections and
the spectral artifacts [13,21,27,28].

Recently, we studied the utility of 1H decoupling under fast MAS
in 13C and 1H-detected through-bond heteronuclear correlation
(HETCOR) experiments [29], where the best performance of PMLG
and SAM3 sequences was found by minimizing the loss of signal
due to transverse relaxation (T 02) in a simple spin-echo experiment.
Here, we will demonstrate that this strategy is of general practical
relevance to high-resolution 1H spectroscopy. By monitoring the
Fig. 2. The integrated intensity of spin-echo in glycine as a function of sR and mRF, measured under PMLG5�xx
mm decoupling, with s ffi 2 ms, the carrier frequency set at 4 ppm

from TMS, and sc = 50 ls (a), 32 ls (b) and 25 ls (c). The experiments were performed at 14.1 T on a Varian NMR System 600 MHz spectrometer, equipped with 1.6 mm
triple-resonance MAS probe. The plots comprise 2000 points representing integrated intensity of the entire echo signal measured for 40 values of sR and 50 values of mRF. Each
signal consisted of 4 scans acquired using acquisition delay of 2 s. The measurement took approximately 3 days per plot. The contours were normalized relative to the highest
intensity observed in each plot. The vertical lines correspond from left to right to w = 1, 3/2 and 2. The dashed line represents the LG value mRF;LG ¼ 4

ffiffiffiffiffiffiffiffi
2=3

p
mc. (d–f) The

projections of indirect dimensions of 2D 1H–1H correlation spectra measured using the mR and mRF values indicated by arrows in (a–c). Each spectrum was acquired in 160
rows, 8 scan per row, with t1 increment of �100 ls, and the total experiment time was 1.5 h.
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echo intensity for a fixed delay s, it is possible to quickly and reli-
ably navigate through the complex space of experimental parame-
ters and gauge the decoupling efficiency of the supercycled PMLG
scheme as a function of mRF, mR, mc, and the resonance offset without
acquiring high-resolution spectra. The observed patterns are com-
pared with those recently calculated by Vega et al. based on the bi-
modal Floquet theory [18]. We conclude by offering a tuning
‘recipe’, which affords simple and fast optimization of the homonu-
clear decoupling using directly the sample of interest.

2. Results and discussion

2.1. Resolution patterns

The pulse sequences for spin-echo and 2D 1H–1H correlation
experiments are shown in Fig. 1a and b. All measurements were
Fig. 3. (a) The integrated intensity of spin-echo in glycine as a function of sc and mRF, meas
plot consists of 1920 points representing integrated intensity of the entire echo signal me
LG condition mRF;LG and the vertical lines to w = 3/2, 1, 3/4, 2/3, 3/5 and 1/2. The me
mRF = 155 kHz (horizontal line in (a)). (c–h) The projections of 2D 1H–1H correlation spect
conditions were as given in the caption to Fig 2.
performed using the supercycled PMLG scheme, denoted
PMLG5�xx

mm, which consists of two blocks PMLG5x
m and PMLG5�x

m with
phase rotation as shown in Fig. 1c [30].

The contour plots shown in Fig. 2a–c represent the intensities of
spin-echoes observed for glycine (full rotor) using a s value of
approximately 2 ms, the carrier frequency at 4 ppm with respect
to TMS, and three different PMLG5�xx

mm cycle periods sc of 50 ls
(mc = 20 kHz), 32 ls (mc = 31.25 kHz) and 25 ls (mc = 40 kHz). Each
plot consists of 2000 data points representing the total echo inten-
sity, including the spinning sidebands, measured for 50 values of
mRF and 40 values of mR, the ranges of which are compatible with
the theoretical results of Vega et al. (Figs. 2 and 3 in Ref. [18]),
within the capabilities of our Varian FastMASTM probe. The results
shown in Fig. 2a–c (as well as those in Fig. 3a and b, below) were
obtained using rotor synchronization of s. Under such conditions,
s is not in general a multiple of sc, in which case 1H decoupling
ured under PMLG5�xx
mm decoupling, with s ffi 2 ms and sR = 24 ls (mR = 41.67 kHz). The

asured for 40 values of sc and 48 values of mRF. The dashed curve corresponds to the
asurement time was approximately 4 h. (b) A series of 1D spectra measured for
ra obtained under decoupling conditions marked in (a) and (b). Other experimental



Fig. 4. (a) The spin-echo spectra of glycine as a function of resonance offset with respect to the carrier frequency used in previous measurements, set at 4 ppm from TMS. The
experimental parameters were the same as for the spectrum shown in Fig. 3c, which corresponds to offset equal zero. (b–g) 2D 1H–1H correlation spectra measured under
decoupling conditions marked in (a). Other experimental conditions were as given in the caption to Fig 2.
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is ‘off’ for a fraction of the rotor period on each side of the p pulse.
During these ‘off’ periods, which vary with sR and sc, 1H magneti-
zation evolves only under MAS. We should point out that the
resulting dephasing is insignificant at high MAS rates. Indeed, we
have verified that at mR = 20 and 40 kHz the spin-echo patterns ob-
served with and without rotor synchronization were indistinguish-
able. As noted in Section 2.2, at mR 6 10 kHz, the non-synchronized
patterns were in fact more reliable, at least in the glycine sample
studied here.

There are clear similarities between the experimental and the-
oretical patterns. The left and right vertical lines in Fig. 2a–c, which
correspond to w = 1 (i.e. mc = mR) and 2 (mc = 2mR) correspond to
areas with the lowest echo intensity. The same areas were identi-
fied as most sensitive to the zero-order degeneracy conditions in
the Floquet Hamiltonian. Other such areas correspond to w = 1/2
and 2/3. These are only represented in Fig. 2a, at sR = 25 and
33.3 ls, respectively (not marked). Weak echo intensity has been
also observed at w = 3/2, as indicated by the central vertical line
in Fig. 2a–c. This coincides with the region of first-order degener-
acy effect, where the decline in PMLG5�xx

mm decoupling was detected
using numerical simulations [18]. Additional ‘dips’ in echo inten-
sity observed for high MAS rates in Fig. 2a are also due to first-or-
der degeneracies, which are closely spaced for w 6 3/2 (also see
discussion of Fig. 3a, below).

The spectra in Fig. 2d–f represent high-resolution projections of
the 2D 1H–1H spectra measured under the conditions indicated by
arrows in Fig. 2a–c. Clearly, high quality decoupling has been
achieved in all three spectra. These results show that the best refo-
cusing has not been reached under the LG condition
mRF;LG ¼ 4

ffiffiffiffiffiffiffiffi
2=3

p
mc, indicated by the dashed horizontal line in

Fig. 2a–c, but at the mRF values approximately 20% higher. Interest-
ingly, these values are within ±3% of the theoretically determined
maxima of decoupling efficiency (Fig. 2a–c in Ref. [18]), which im-
plies that the observed divergence is not due to inaccurate esti-



148 K. Mao, M. Pruski / Journal of Magnetic Resonance 203 (2010) 144–149
mate of mRF or RF inhomogeneity. Note, however, that under MAS at
41.67 kHz, the best resolution was found at mRF < mRF,LG (see below).

The w values of 1.4 and 1.6 appear to be universally reliable,
which in the case of fast MAS implies the use of high mc as well
as high mRF. The parameter space associated with high echo inten-
sity increases considerably with increasing mc, which favors probes
with excellent RF capabilities. In general, the decoupling efficiency
depends on the proximity of these areas to mRF,LG. The overall
decoupling performance also depends on the scaling factor sf,
which is not discernible in the spin-echo experiment. As expected,
the scaling factor is unrelated to mR, with mc and mRF being constant.
For any given set of mc and mR, an increase of mRF lowers the scaling
factor. For example, the spectra shown in Fig. 2 have approxi-
mately the same value sf ffi 0.30. Spectra of similar quality can be
obtained within the ‘red area’ on the right side of Fig. 2c, whereas
the sf value is considerably reduced for the area of high echo inten-
sity in the upper left part of Fig. 2a.

Additional insights can be obtained by monitoring the echo
intensity as a function of sc and mRF, at a constant MAS rate.
Fig. 3a represents a contour plot measured at mR = 41.67 kHz
(sR = 24 ls). Note that the slices at sc = 25, 32 and 50 ls match
up closely with the left vertical edges of Fig. 2a, b and c. The areas
of low echo intensity include the entire bottom half of the figure
(mRF < 140 kHz), the vicinity of LG condition, and the vertical strips
corresponding to low w values of 3/2, 1 (broad region), 3/4, 2/3, 3/
5, and 1/2 (broad region).

The set of spectra in Fig. 3b corresponds directly to the horizon-
tal slice at mRF = 155 kHz (solid line in Fig. 3a). The high-resolution
1H spectra shown in Fig. 3c–h were measured under the conditions
designated by (c), (d), (e), (f), (g) and (h) in Fig. 3b (also marked c–h
in Fig. 3a). As a general rule, under constant mRF the scaling factor
improves for short sc (as noted in Fig. 3c–h), and under constant
sc for low mRF, as noted earlier. Overall, the best performance is
again observed around w = 1.6 and 1.4 (Figs. 3c and d), whereas
experiments corresponding to low intensity echoes near mRF,LG

(Fig. 3e) or high intensity echoes further away from mRF,LG

(Fig. 3h) yield poor 1H resolution.
Finally, we show the effect of the resonance offset on spin-echo

intensity and 1H resolution (Fig. 4). Again, the decoupling effi-
ciency can be easily assessed based on the echo intensity, although
the effect of offset varies across each spectrum. Small offsets are
preferred, which is in agreement with earlier results obtained
using windowed PMLG5�xx

mm sequence and MAS rates of 7–14 kHz
[27].

2.2. Simple optimization strategy

The measurements shown in Figs. 2 and 3, which took days and
hours to acquire, respectively, are not needed in routine optimiza-
tions of the decoupling efficiency. The selection of proper experi-
mental parameters (mR, mRF, mc and the resonance offset) can be
done quickly and reliably by performing a very limited number
of spin-echo experiments. The choice of mR is usually dictated by
the research needs and probe capabilities, and we first assume
the use of fast MAS, as required in HETCOR experiments at high
magnetic fields. It is clear from Fig. 3a that this implies the use
of the strongest available RF field. The best value of mc must be cor-
related with mRF by the LG condition (roughly) and with mR via the
constrains imposed by the w ratio. We used the following steps:

(i) set mRF at 80–90% of the maximum ‘safe’ value for the probe
and s at around 2 ms,

(ii) measure a series of spin-echo spectra as a function of sc sim-
ilar to that shown in Fig. 3b,

(iii) choose the best value of sc (see below) and fine-tune mRF by
arraying it around the starting value, and
(iv) use the best values of sc and mRF to optimize the offset, again
by collecting a series of echoes.

As noted earlier, under fast MAS step (ii) may be performed
with or without rotor synchronization. In the latter case, s has to
be fine-tuned, such that it becomes a multiple of sc for each echo
in a series. Step (iii) may involve some ambiguity when compara-
ble echo maxima are observed for different values of sc, such as
those marked (c) and (h) in Fig. 3b. In such case the maximum
associated with shorter sc is preferred, because it is associated with
a higher scaling factor, as indeed confirmed in Fig. 3c and h. A more
methodical search can be initially carried out by the repeating
steps (ii) and (iii) for several values of mRF, but it is not needed once
the routine is established. In samples studied in our laboratory
(glycine, tripeptide f-MLF-OH and a series of coals) these tasks
could be performed directly on the sample of interest within 20–
30 min and invariably led to excellent resolution.

As Fig. 2 demonstrates, a similar strategy can be applied at low-
er MAS rates, down to at least 10 kHz. Rotor-synchronization
should be avoided under slow MAS because the echo patterns ob-
served as a function of sc (step (ii)) may become s-dependent due
to the abovementioned difficulties with timing of the sequence.

3. Conclusion

The spin-echo measurement provides a quick and reliable
method for optimization of 1H homonuclear decoupling without
using a reference sample. Its utility has been confirmed at MAS
rates above 10 kHz by excellent agreement of the observed effi-
ciency patterns of the supercycled Lee–Goldburg sequence with
earlier theoretical predictions and verified in high-resolution 2D
1H–1H experiments. For this sequence, the best performance was
observed when the ratio w = mc/mR was approximately 1.4 or 1.6.

Although further studies are needed in order to better under-
stand the relationship between transverse coherence lifetime of
protons and the functioning of homonuclear decoupling, we expect
that similar strategy can be used to optimize other sequences, such
as SAM and PMLG5x

m (which we verified, see Ref. [29]) or DUMBO,
under windowed and windowless conditions. In sequences where
the average Hamiltonian does not generate z-rotation, additional
pulses before and after each decoupling block should be used to ro-
tate the 1H magnetization into the xy plane.
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