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We compare in this communication several heteronuclear dipolar decoupling sequences in solid-state
nuclear magnetic resonance experiments under a magic-angle spinning frequency of 60 kHz. The decou-
pling radiofrequency field amplitudes considered are 190 and 10 kHz. No substantial difference was
found among the sequences considered here in performance barring the difference in the optimisation
protocol of the various schemes, an aspect that favours the use of swept-frequency two pulse phase mod-
ulation (SWf-TPPM).

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

In solid-state nuclear magnetic resonance (NMR), in order to
improve the resolution and sensitivity of rare spins, such as 13C
and 15N, dipolar coupled to the abundant spins, such as 1H, efficient
heteronuclear dipolar radiofrequency (RF) pulse schemes need to
be applied on the 1H channel [1]. Some of the prominent decou-
pling schemes currently used are TPPM [2], SPINAL [3], XiX [4,5],
and SWf-TPPM [6]. A crucial aspect in the field of decoupling is
the ease of setting up of the sequences besides the sensitivity
and resolution advantages. SWf-TPPM has been found to perform
better than the other methods either in terms of sensitivity or
robustness with respect to experimental parameters or both in
decoupler amplitude regimes of more than 50 kHz and magic-
angle spinning (MAS) frequencies of 5–30 kHz [7–11].

Under rotary-resonance (RR) conditions, when the decoupler RF
frequency is an integral multiple of the MAS frequency m1 = nmr

(n = 1,2, . . .) [12], decoupling despite recoupling is accomplished
by either PISSARRO [13] or high-phase TPPM schemes [14]. PISS-
ARRO was also shown to accomplish decoupling at off-RR condi-
tions at high MAS of 60 kHz and low decoupler RF amplitudes of
15 kHz although its efficiency was only compared with the contin-
uous-wave decoupling on the 1H channel [15].
ll rights reserved.
Feasibility of MAS at frequencies up to 70–80 kHz has led to
considerations such as: The possibility of decoupling at very low
RF amplitudes (e.g. 15 kHz), comparison of the efficiency of the
various schemes at low RF amplitudes, magnitude of the decou-
pling RF amplitude required for various schemes at the high-
amplitude regime, and the comparison of various schemes at high
RF amplitudes. There have been a few reports in this direction
exploring decoupling at MAS frequencies of 40–50 kHz and RF
amplitudes down to 13–15 kHz [16–19].

We report in this communication the performance efficiency of
TPPM, SPINAL, SWf-TPPM, XiX, and PISSARRO schemes at a MAS
frequency of 60 kHz and two decoupling RF amplitudes of 190
and 10 kHz. It is observed that in this extreme regime of MAS fre-
quency, irrespective of the high or low RF amplitude, all the
schemes behave in a similar way with regard to the decoupling
efficiency. We present here experimental results on a sample of
U–13C-L-glycine and U–13C-L-histidine�HCl�H2O at the 1H Larmor
frequency of 600 MHz.
2. Experimental

The experiments were carried out on a BRUKER AVIII 600 MHz
spectrometer equipped with a 1.3 mm triple-resonance probe. The
experiments were done on commercially purchased U–13C-L-
glycine and U–13C-L-histidine�HCl�H2O without any further purifi-
cation. A sample of commercially available adamantane was used
for the calibration of RF amplitude via nutation experiments.
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3. Results and discussions

Fig. 1 shows the intensity of the 13CH2 peak of U–13C-L-glycine
for the different sequences at the MAS frequency (mr) of 60 kHz
and at RF amplitudes (m1) of 10 kHz and 190 kHz. For the different
sequences the pulse length at m1 = 10 kHz was optimised in the
following manner:

(a) SWf-TPPM, TPPM, and SPINAL-64: The pulse length sp was
optimised by varying sp in the range corresponding to a flip
angle of 140–220�. The optimum pulse length was found to
be in the vicinity of the value corresponding to 180�. The
phase for each of these sequences was also optimised. For
TPPM and SWf-TPPM the optimal phase for each unit of
s/ s�/ was found to be / = 15�. The SPINAL-64 used here is
of the form QQQQQQQQ , where Q � s/s�/, s/+5s�/�5, s/

+10s�/�10, s/+5s�/�5, where the optimal value of / was
found to be same as that of TPPM.

(b) PISSARRO and XiX: The recommended pulse length for these
two sequences are in the region m1sp = k2p [15,17]. For opti-
misation of pulse length, it was varied over a range which
corresponds to a flip angle variation of ±40� around the con-
ditions m1sp = k2p, (k = 1,2). The optimal flip angle was in the
vicinity of 360�.
Fig. 1. Intensity of the 13CH2 peak of U–13C-L-glycine obtained with different
heteronuclear dipolar decoupling sequences at m1 = 10 kHz and m1 = 190 kHz at
mr = 60 kHz. The intensities are normalised to the best intensity obtained with
PISSARRO.

a

Fig. 2. Intensity of the 13CH2 peak of U–13C-L-glycine as a function of offset on 1H at (a) m
normalised to the best intensity obtained with (a) TPPM and (b) PISSARRO.
The pulse length optimisation for the high RF amplitude of
m1 = 190 kHz was done in the following fashion:

(a) SWf-TPPM, TPPM and SPINAL-64: The pulse length sp was
optimised by varying sp in the range corresponding to a flip
angle of 140–220�. The optimum pulse lengths for the three
sequences correspond to 188�, 185�, and 170� respectively.
The optimal phase values are same as that used at
m1 = 10 kHz.

(b) PISSARRO: The optimum pulse length at high RF amplitude
was found to be at sp = 0.93sr.

(c) XiX: The recommended pulse length for XiX at high RF
amplitude is 2.85sr [5]. The experimentally optimised pulse
length for best decoupling here was at sp = 2.65sr.

From Fig. 1 it can be concluded that TPPM performs the best at
the low RF amplitude but the sequences SWf-TPPM, SPINAL-64,
XiX, and PISSARRO deliver almost the same intensity and all of
the aforementioned sequences are within 90% of the best intensity
obtained. All of these sequences perform much better than CW
as expected. High-phase TPPM is designed to work at the
n = 1,2 , . . . ,RR conditions and hence yields a poor decoupling effi-
ciency at the experimental conditions considered here. In the re-
gime of high RF amplitude decoupling at high MAS frequencies
PISSARRO and SWf-TPPM deliver the best performance whilst
TPPM and SPINAL-64 deliver 95% and 92% of the best intensity ob-
tained respectively followed by XiX, high-phase TPPM, and CW.
The intensities are normalised with respect to the best intensity
obtained with PISSARRO.

We now investigate the robustness of the aforementioned
sequences towards experimental parameters like the pulse length
and the offset on 1H. Fig. 2 shows the offset dependence at
both high and low RF amplitudes of (a) m1 = 10 kHz and (b)
m1 = 190 kHz at mr = 60 kHz. The carrier frequency was varied in
the range of ±6 kHz from the centre of the proton resonance of
glycine and the intensity of the 13CH2 peak is monitored as a func-
tion of the proton offset. From Fig. 2a and b it can be inferred that
all the sequences show similar offset dependence but at
m1 = 10 kHz, the offset dependence becomes much more critical
as at ±6 kHz offset the intensity drops to almost 20% of the best
intensity obtained using TPPM. From these two plots it can be con-
cluded that at low RF amplitudes the offset dependence is much
more critical. The best intensity is obtained at �2 kHz as it is the
on-resonance position for the 13CH2 peak relative to the centre of
the proton spectra of glycine.

Fig. 3 shows the pulse length dependence of the various
sequences at m1 = 10 kHz and mr = 60 kHz. The optimal pulse length
b

r = 60 kHz and m1 = 10 kHz, and (b) mr = 60 kHz and m1 = 190 kHz. The intensities are
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Fig. 3. Intensity of the 13CH2 peak of U–13C-L-glycine as a function of flip angle (b) corresponding to the decoupling pulse of length s on 1H at mr = 60 kHz and m1 = 10 kHz. The
pulse lengths were optimised around (a) m1sp � p for TPPM, SWf-TPPM, and SPINAL-64 and (b) m1sp � 2p for XiX and PISSARRO over a range of ±40� with respect to (a) p and
(b) 2p.

Fig. 4. Intensity of the 13CH2 peak of U–13C-L-glycine as a function of pulse length for (a) TPPM, SWf-TPPM, and SPINAL-64, (b) XiX and (c) PISSARRO. For (a) the pulse lengths
were optimised over a range of ±40� around the pulse length corresponding to a flip angle of 180�. For (b) the pulse length was varied over a range of 2.3–3.0sr whilst for (c) it
was varied in the range of 0.7–1.2sr.

Fig. 5. 13CH2 (Ca) and 13CH (Cb), aromatic region (C2, C4, and C5), and carbonyl resonance of U–13C-L-histidine�H2O at m1 = 10 kHz and mr = 60 kHz. The chemical-shift axis
corresponds to the spectra obtained with SWf-TPPM. The three regions have been scaled horizontally by different magnitudes for clarity.
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Fig. 6. 13CH2 (Ca) and 13CH (Cb), aromatic region (C2, C4, and C5), and carbonyl resonance of U–13C-L-histidine�H2O at m1 = 190 kHz and mr = 60 kHz. The chemical-shift axis
corresponds to the spectra obtained with SWf-TPPM. The three regions have been scaled horizontally by different magnitudes for clarity.
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for TPPM, SWf-TPPM, and SPINAL-64 should correspond to a flip
angle around 180� whilst that for XiX and PISSARRO should corre-
spond to multiples of 360�. We varied the flip angle in the range of
±40� around these optimal values. Comparing Fig. 3a and b it can
be concluded that SPINAL and SWf-TPPM show slightly better per-
formance as compared to the other decoupling sequences in terms
of pulse length.

Fig. 4 shows the pulse length dependence of these sequences at
high RF amplitude, m1 = 190 kHz. The optimal pulse length for
TPPM, SWf-TPPM, and SPINAL-64 should correspond to a flip angle
around 180� whilst that for XiX is around 2.85sr and for PISSARRO
in the regime of 0.9sr to 1.1sr [5,15]. In order to optimise the pulse
lengths we varied it in the range corresponding to ±40� of 180� for
TPPM, SWf-TPPM, and SPINAL-64 in Fig. 4a. For XiX we varied the
pulse length in the range of 0.1sr to 3.5sr but here we show the re-
gion from 2.2srto 3sr. For PISSARRO we varied the pulse length in
the range of 0.1–3.0sr, with a subset from 0.75 to 1.15sr shown
in Fig. 4c. From the three plots it can be concluded that TPPM
and SWf-TPPM are the most forgiving sequences in terms of pulse
length misset whilst XiX and PISSARRO are least forgiving to this
parameter.

We have applied TPPM, SWf-TPPM, SPINAL-64, XiX, and PISSAR-
RO on U–13C-L-histidine�HCl�H2O in order to investigate their
decoupling efficiency on a sample having a wide spread of proton
resonance frequencies. Fig. 5 shows the 13CH2 (Ca) and 13CH (Cb),
aromatic region (C2, C4, and C5), and carbonyl resonance of the
13C spectra of U–13C-L-histidine�H2O at m1 = 60 kHz and mr = 10 kHz.
From the three plots it can be concluded that all of these sequences
deliver almost the same decoupling efficiency with SWf-TPPM and
SPINAL-64 marginally better than the other sequences. Fig. 6
shows the same at m1 = 190 kHz. At the high RF amplitude regime
PISSARRO and SWf-TPPM seem to perform slightly better than
the other sequences in terms of intensity of different peaks.
4. Conclusions

We have presented here a comparison study of different heter-
onuclear decoupling sequences at high MAS frequency of 60 kHz
and at RF amplitudes of 190 kHz and 10 kHz. The results show that
the decoupling efficiency of these sequences are almost the same
at both the regimes of the RF amplitude indicating that high MAS
does the primary averaging. Differences among these decoupling
schemes in the T02 values [21] is currently being investigated.

The parameters for optimisation are different for XiX and PISS-
ARRO under different regimes of MAS frequency and RF amplitude.
A careful optimisation of TPPM and SPINAL also requires a multipa-
rameter fit. We have found that the performance of SWf-TPPM has
only a marginal dependence on the pulse duration and the phase
angle. The pulse duration for SWf-TPPM can be normally kept at
the value corresponding to a flip angle of 180� and the phase value
can be set at / = ±15� for all ranges of MAS frequency and RF ampli-
tude. Hence, use of SWf-TPPM is still favourable over the other
schemes for all routine purposes. This fact was presumably made
use of in a study involving a protein by the group of Emsley where
SWf-TPPM was used at low RF amplitudes under high MAS [20]. It
was particularly mentioned that SWf-TPPM achieves decoupling
over a broader bandwidth compared to TPPM. This feature of
SWf-TPPM would be crucial in the investigation of complicated
systems, such as proteins.
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