
Journal of Magnetic Resonance 203 (2010) 199–202
Contents lists available at ScienceDirect

Journal of Magnetic Resonance

journal homepage: www.elsevier .com/locate / jmr
Communication

Efficient heteronuclear dipolar decoupling in solid-state nuclear magnetic
resonance at rotary resonance conditions

Subhradip Paul a, Venus Singh Mithu a, Narayanan D. Kurur b,*, P.K. Madhu a,*

a Department of Chemical Sciences, Tata Institute of Fundamental Research, Homi Bhabha Road, Colaba, Mumbai 400 005, India
b Department of Chemistry, Indian Institute of Technology Delhi, Hauz Khas, New Delhi 110 016, India
a r t i c l e i n f o

Article history:
Received 9 October 2009
Revised 1 December 2009
Available online 21 December 2009

Keywords:
Solid-state NMR
Heteronuclear dipolar decoupling
Magic-angle spinning
TPPM
SPINAL
PISSARRO
Rotary resonance
1090-7807/$ - see front matter � 2009 Elsevier Inc. A
doi:10.1016/j.jmr.2009.12.010

* Corresponding authors. Fax: +91 22 2280 4610 (P
E-mail addresses: nkurur@chemistry.iitd.ernet.in (N

(P.K. Madhu).
a b s t r a c t

We introduce here a heteronuclear dipolar decoupling scheme in solid-state nuclear magnetic resonance
that performs efficiently at the rotary resonance conditions, where otherwise dipolar couplings are re-
introduced. Results are shown proving the efficiency of this scheme at two magnetic fields under
magic-angle spinning frequencies of 30 and 20 kHz.

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

Heteronuclear dipolar decoupling schemes are made use of in
solid-state nuclear magnetic resonance (NMR) experiments whilst
observing rare spins, such as 13C and 15N, that are dipolar coupled
to the abundant spin 1H [1]. Several such schemes are currently
available, and some of them are, CW [2], TPPM [3], SPINAL [4],
XiX [5,6], SWf-TPPM [7], and PISSARRO [8]. Extensive investiga-
tions [9–11] have shown SWf-TPPM to be better than most of these
schemes either in terms of sensitivity or robustness with respect to
experimental parameters or both. This is particularly true in the
case of decoupler amplitude regimes of more than 50 kHz and
magic-angle spinning (MAS) frequencies of 5–30 kHz.

PISSARRO is a recently introduced decoupling scheme with
superior performance when the decoupler RF frequency is an inte-
gral multiple of the MAS frequency m1 ¼ nmr ðn ¼ 1;2; . . .Þ, the
so-called rotary resonance (RR) condition [12]. The other decou-
pling schemes fail at these conditions owing to the recoupling of
heteronuclear dipolar interactions. The superior performance of
PISSARRO is attributed to the quenching of the RR effects and it
is most suitable at n ¼ 2 RR condition [8]. It is noteworthy that
the combination of currently achievable MAS frequencies in excess
of 70 kHz and the gathering interest in decoupling at lower radio-
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frequency amplitudes makes the RR conditions, especially the
n ¼ 1 and 2 conditions, appear in an increasing number of experi-
mental situations. Further, the RR condition is not narrow banded.
RR conditions are also encountered in double-rotation (DOR) [13]
experiments where 1H decoupling has typical values of
15–20 kHz and the MAS frequencies are of the order of 6–9 kHz
[14]. Hence, it is very important to understand the reasons behind
the efficiency of PISSARRO and at the same time, if possible, try to
improve it.

We discovered empirically that simple modifications to the
TPPM scheme lead to remarkable decoupling at rotary resonance,
which is reported here. Experiments are reported on a sample of
uniformly labelled glycine and results compared with PISSARRO
at RR conditions. Numerical results are also shown to corroborate
the experimental observations.
2. Results and discussions

The scheme that we propose in and around the RR condition is
similar to TPPM except that the flip angle of the pulses has a linear
dependence on the RF amplitude (compared to �p in conventional
TPPM) and a phase difference of 150� (compared to�15� in conven-
tional TPPM). We refer to this scheme as high-phase TPPM. The
pulse duration needs to be optimised between 4 and 6 ls for all
the RF amplitudes at the spinning frequency of 30 kHz. In the exper-
iments reported here, the pulse duration sp of PISSARRO in terms of
the rotor period sr ;

sp

sr
was found to be in the range of 0.2–0.4.
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Fig. 1 shows the comparison between PISSARRO and high-phase
TPPM at two MAS frequencies of 30 and 20 kHz and m1 ¼ mr and
m1 ¼ 2mr RR conditions. The spectrometer frequency for 1H was
500 MHz. The CH2 resonance of uniformly labelled glycine is plot-
ted in the figure. Fig. 2 has the results at a 1H resonance frequency
of 700 MHz. The better efficiency of the high-phase TPPM over
PISSARRO is evident from these figures. Fig. 2 further emphasises
on the fact that, at high magnetic fields, with the increase of chem-
ical-shift anisotropy value, the performance of the high-phase
TPPM is still better than PISSARRO. It is observed that at higher or-
ders of RR conditions ðn > 2Þ, performance of the high-phase TPPM
deteriorates, but remains marginally better than PISSARRO.
a

c

Fig. 1. Spectral comparison of the high-phase TPPM and PISSARRO observing the CH
m1 ¼ mr ¼ 30 kHz, (b) m1 ¼ 2mr ¼ 60 kHz, (c) m1 ¼ mr ¼ 20 kHz, and (d) m1 ¼ 2mr ¼ 40 kHz.
adamantane. The pulse durations in the case of TPPM were (a) 5.4 ls, (b) 4.5 ls, (c) 5.4 ls,
0:2sr , and (d) 0:3sr . The y-axis of the bottom panel is scaled up five times for clarity in
spectrometer with a 2.5 mm double resonance probe.

a b

c d

Fig. 2. Same as in Fig. 1 except that the experiments were performed on a 700 MHz
durations in case of high-phase TPPM were (a) 5.2 ls, (b) 5.2 ls, (c) 5.8 ls, and (d) 6 ls. F
0:2sr . The y-axis of the bottom panel is scaled up three times for clarity in intensity com
Simulations performed with the SPINEVOLUTION programme
[15] using the crystallographic coordinates of a-glycine [16] and
a 1H CSA of 2.5 kHz [17,18] confirm our experimental findings.
The simulation results in Fig. 3 compare the performance of
high-phase TPPM and PISSARRO at two different spinning frequen-
cies, 30 and 20 kHz, and a 1H Larmor frequency of 500 MHz. From
the figure it is clear that the high-phase TPPM delivers a superior
performance compared to PISSARRO and the performance of both
these sequences worsens with a decrease of spinning frequency.

The simulated intensity variation of the CH2 peak in the 13CHH2

fragment as a function of pulse duration and m1 ¼ mr with the phase
difference in TPPM fixed at 150� is displayed in Fig. 4. The region
b

d

2 resonance of uniformly labelled glycine for two different MAS frequencies. (a)
The RF amplitude levels were calibrated with nutation experiments on a sample of
and (d) 6 ls. For PISSARRO the optimum pulse durations were (a) 0:4sr , (b) 0:2sr , (c)
intensity comparison. The spectra were obtained on a 500 MHz Bruker AVI NMR

Bruker AVIII NMR spectrometer with a 2.5 mm triple resonance probe. The pulse
or PISSARRO the optimum pulse durations were (a) 0:2sr , (b) 0:2sr , (c) 0:2sr , and (d)

parison.
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inside the dotted box is where we have found the best performance
for the high-phase TPPM. The efficiency of decoupling improves
with higher MAS frequencies. The contour plots clearly demon-
strate the superior efficiency of high-phase TPPM over PISSARRO.
The contours were simulated with low CSA values so that the pow-
der averaging can be done over a smaller set of Euler angles with
a

b

Fig. 3. Simulated spectra of glycine with high-phase TPPM and PISSARRO at spinning fre
scaled up two times for clarity in intensity comparison. In the simulations the CH2 resonan
the ZCW scheme of powder averaging [19–21] with 4181 pair of crystallite orientatio
relaxation effects.

Fig. 4. Contour plots showing the intensity of a 13CHH2 system obtained with SPINEVOLU
TPPM and (b) PISSARRO schemes. The isotropic chemical-shift separation between the H
on resonance. The fragment has a dipolar coupling strength of 22 kHz between 13C and tw
0.5 kHz CSA on the protons and the ZCW scheme of powder averaging [19–21] with
constraints of generating the contour plots. The contour levels indicate that the intensity
with respect to the best point obtained with the modified TPPM at m1 ¼ mr ¼ 60 kHz. T
�23.3 kHz, the second H in H2 and H was �8.4 kHz, and between the two H in H2 was
five c angles. Both experiments and simulations shows that, for a
fixed MAS frequency the flip angle for TPPM has a linear depen-
dence with the RF amplitude, approaching 180� at high RF ampli-
tude. These will be presented elsewhere. This observation
simplifies the applicability of the sequence as the pulse length
has to be optimised for one RF amplitude only.
quencies of (a) 30 kHz and (b) 20 kHz with m1 ¼ mr . The y-axis of the bottom panel is
ce was detected. The simulations were done with 2.5 kHz of CSA on the protons and

ns. Fifty hertz of line broadening was applied in all the cases in order to emulate

TION programme as a function of the pulse duration and m1 ¼ mr for (a) high-phase
and the H2 system was 2 ppm and the irradiation frequency on the protons was kept
o of the protons and 10 kHz with the other proton. The simulations were done with

610 pair of crystallite orientations. The CSA was kept low for the computational
in the case of PISSARRO is only 50% to that of TPPM. The intensities are normalised

he homonuclear dipolar coupling constant between one of the H in H2 and H was
�8.6 kHz.
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3. Conclusions

We have demonstrated here that two simple modifications of
the TPPM scheme result in good decoupling at the investigated
RR conditions and outperforms PISSARRO. The high-phase TPPM
reported here gives a good performance at the RR conditions of
n ¼ 1 and 2 whilst PISSARRO gives a good performance at n ¼ 2
condition. We are currently investigating the performance of the
high-phase TPPM and all other relevant decoupling schemes for a
wide range of MAS and decoupler frequency conditions including
low decoupler RF amplitude levels.
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