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a b s t r a c t

Solid-state NMR experiments may suffer from rotary resonance recoupling (R3) due to the interference
between sample spinning at a frequency mrot and rf irradiation with an amplitude mH

1 in the vicinity of har-
monic relationships mH

1 ¼ nmrot where n = 1 or 2. Until recently, only the use of very high rf amplitudes
(e.g., mH

1 � 2mrot) made it possible to avoid such interference effects. With the advent of PISSARRO decou-
pling, the deleterious effects of rotary resonance recoupling can be quenched, notably for mH

1 ¼ 2mrot, so
that demands on the rf amplitude mH

1 are relaxed. Here, we discuss how PISSARRO decoupling benefits
from mirror symmetry and phase-shifting. We also show that PISSARRO can cope with the chemical shift
anisotropy of protons and with proton–proton dipolar interactions. PISSARRO is most effective for very
fast spinning at very high static fields.

� 2010 Elsevier B.V. All rights reserved.

1. Introduction

Heteronuclear dipolar decoupling combined with magic-angle
spinning (MAS) allows one to obtain high-resolution solid-state
NMR spectra of dilute nuclei such as 13C coupled to abundant spins
like protons. Recent progress in the design of MAS probes allows
one to achieve routinely spinning frequencies up to 70 kHz, which
are particularly useful at very high static fields (currently 23.5 T for
proton NMR at 1000 MHz.) At very high spinning frequencies and
static fields, phase-modulated decoupling methods are to be pre-
ferred over continuous wave (CW) decoupling [1]. Yet most meth-
ods are prone to interference between spinning at a frequency mrot

and decoupling with an rf nutation frequency mH
1 , in particular

when mH
1 ¼ nmrot with n = 1 or 2. These interference effects are

due to rotary resonance recoupling (R3) [2]. Such interference ef-
fects can of course be avoided by using very high rf amplitudes
mH

1 � 2mrot , but this sets high demands on probes and amplifiers.
To overcome this problem, we have developed a heteronuclear

decoupling method called ‘Phase-Inverted Supercycled Sequence
for Attenuation of Rotary Resonance’ (PISSARRO) [3]. The PISSARRO
pulse sequence comprises phase-alternated pairs of pulses that are
repeated N times in two segments featuring mirror symmetry that
are phase-shifted through 90� with respect to each other [3]. This
method enables efficient decoupling over a wide range of rf ampli-
tudes, especially at high spinning frequencies where R3 interfer-
ence effects in the vicinity of n = 2 can be dramatically reduced [4].

In this study, we shall break down the PISSARRO sequence into
different components (see Supplementary Figure S1) and probe
their capability to quench R3 effects near n = 2. Eventually, we shall
reconstruct the full sequence by combining these elements and
show that PISSARRO decoupling near n = 2 benefits from mirror
symmetry and phase-shifting.

2. Methods and materials

All spectra of uniformly 13C, 15N-labelled L-histidine (L-His) in a
partially deprotonated form [5,6] were obtained with a Bruker
spectrometer operating at B0 = 18.8 T (800 MHz for 1H) and a
1.3 mm rotor spinning at mrot = 40 or 60 kHz. The proton carrier fre-
quency was placed to coincide with the isotropic shift of the Hb

proton. Further experiments with uniformly 13C, 15N-labelled L-ala-
nine (L-Ala) were performed at 9.4 T (400 MHz for 1H) and
mrot = 30 kHz. The PISSARRO scheme [3] consists of a sequence of
rf pulses [{(sx)(s-x)}N{(s-x)(sx)}N{(sy)(s-y)}N{(s-y)(sy)}N] where the
pulse length s must be optimized for each spinning frequency mrot

around s = 0.3srot for decoupling near the n = 1 condition, around
s = 0.2srot for decoupling near the n = 2 condition and around
s = 0.9srot or 1.1srot for very high rf amplitudes (e.g., mH

1 � 2mrot).
We used N = 5 throughout this work, unless indicated otherwise.

3. Results and discussion

3.1. Experimental results

The decoupling efficiency of the PISSARRO scheme and its basic
module, i.e., a phase-alternated pair of pulses, were probed exper-
imentally at spinning frequencies mrot = 40 and 60 kHz over a wide
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range of rf amplitudes mrot < mH
1 < 150 kHz. Higher rf amplitudes

might damage heat-sensitive samples. The pulse length s was opti-
mized to achieve the highest peak height of the CbY2 signal in L-His.
Unless otherwise stated, ramped cross-polarization [7] was used to
transfer the polarization from protons to carbon-13 nuclei. For
each experiment, twelve dummy scans were used to set up a stea-
dy state.

PISSARRO’s phase-alternated pair of pulses is reminiscent of the
XiX method [8,9]. As shown in Figure 1, PISSARRO is more efficient
than its basic module in the vicinity of mH

1 ¼ 80 kHz at mrot = 40 kHz
(n = 2) while for mH

1 P 100 kHz one observes virtually the same
performance. For the phase-alternated pair, we found the best
decoupling efficiency with s = 0.85srot except for very high rf
amplitudes mH

1 � 2mrot , where the optimum s approaches the rec-
ommended pulse length s = 2.85srot of XiX decoupling [9] (see Ta-
ble 1 in the Supplementary material for details). Note that we focus
in this work on the quenching mechanism at the n = 2 rotary reso-
nance condition and therefore do not refer in general to XiX decou-
pling for phase-alternated pairs. At mrot = 60 kHz the performance
gap between PISSARRO and phase-alternated pairs widens. PISSAR-
RO shows a good efficiency for 80 < mH

1 < 150 kHz. In the range
90 < mH

1 < 130 kHz, the CbY2 peak height is about 20–25% higher
with PISSARRO than with phase-alternated pairs and about 10%
higher at mH

1 ¼ 140 kHz. The CaY peak shows a similar pattern, with
the same improvement of PISSARRO with respect to phase-alter-
nated pairs. Moreover PISSARRO decoupling gives the same height
of the Ca peak at mH

1 ¼ 120 kHz (n = 2) as at mH
1 ¼ 150 kHz.

As shown in Figure 1, substantial losses in signal height have to
be accepted with low-power PISSARRO or phase-alternated pulse
pair decoupling as compared with PISSARRO decoupling close to
the n = 2 condition. For instance at mrot = 60 kHz, decoupling at
mH

1 ¼ 130 kHz with PISSARRO offers a gain of 30% in signal height

along with a much narrower linewidth (see Figure 1 for signal
heights and Figure S6 for linewidths).

The origin of the broadening of the n = 2 rotary resonance con-
dition observed with the phase-alternated pulse pair irradiation
(Figure 1) will be discussed below in a separate section.

3.2. Numerical simulations

All simulations were carried out with the SPINEVOLUTION [10]
program with and without proton–proton dipolar couplings for the
5-spin fragments CaHaYb1Yb2YN and HaCbYb1Yb2YN of L-serine
which have similar CaHaCbYb1Yb2 fragments as L-His and other
common amino acids. Contributions of the proton chemical shift
anisotropy (CSA) were not considered in the simulations discussed
in this section. The decoupling efficiency of PISSARRO, the mirror
symmetry segment (Figure S1) and the phase-alternated pairs
were numerically optimized for best decoupling of CH and CH2

by independent variation ðmrot � 10 kHzÞ < mH
1 < 150 kHz and

30 < mrot < 70 kHz. All simulations used increments of 5 kHz for mH
1

and 10 kHz for mrot. For both CH and CH2 groups, several experi-
mentally observed features could be reproduced in the simula-
tions, in spite of the simplification of the spin systems. Indeed,
the simulated data shown in Figure 2a and e confirm that: (i) PISS-
ARRO is more efficient than a simple phase-alternated pair in
quenching R3 when mH

1 � 2mrot (n = 2); (ii) both methods show com-
parable performance for mH

1 � 2mrot; (iii) the ‘dips’ near recoupling
conditions are less pronounced at high spinning frequencies. More-
over, stronger recoupling effects appear for CH2 groups (see
Figure S2a and c). In particular, according to experimental observa-
tions in the range 60 < mrot < 70 kHz, the recoupling dips that are
seen with the PISSARRO sequence for the CY group are very flat
and narrow (Figure 2e) with only a 5–8% loss in peak height with

Figure 1. Experimental comparison of PISSARRO (blue circles) and its basic element, i.e., a phase-alternated pulse pair (orange lozenges) at mrot = 40 kHz (a, b) and 60 kHz (c,
d). The peak heights are those of CH (a, c) and CH2 (b, d) carbons in L-histidine at 18.8 T (800 MHz for protons). For each rf amplitude in the range
10 < mH

1 < 150 kHz < 150 kHz, the pulse lengths s were optimized over the range 0.1srot < s < 4srot (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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respect to optimal decoupling, while the phase-alternated pair
leads to losses of ca. 20–25% (Figure 2a). For mrot > 50 kHz, the
phase-alternated pair requires rf amplitudes that are 10 or
20 kHz higher than for PISSARRO to avoid the recoupling dip, a
trend which agrees with the experimental data at mrot = 60 kHz
(Figures 1c and d).

3.2.1. Role of segments with mirror symmetry
So far, many experimental observations could be reproduced in

simulations, but this does not give much insight into the quench-
ing mechanism of PISSARRO irradiation. Simulations were there-
fore repeated without proton-proton dipolar couplings dHH

(Figures 2b, f and Figure S1). The removal of dHH attenuates R3

effects for the phase-alternated pair, while for PISSARRO decou-
pling these effects practically disappear at mrot > 30 kHz.

To identify which features of PISSARRO irradiation contribute to
the quenching of R3 effects, simulations were run considering so-
lely the first half of the pulse sequence, which we shall refer to
as ‘mirror symmetry segment’ or ‘truncated PISSARRO’ (Figure S1).
As shown in Figure 2d, in the absence of proton-proton dipolar
interactions, the mirror symmetry segment turns out to be fully
sufficient to yield perfect quenching. This proves the crucial role
of mirror symmetry in quenching R3 through suppression of heter-
onuclear dipolar recoupling. Yet, in the presence of proton–proton
dipolar interactions (Figure 2c), and in agreement with experimen-
tal observations (Figure S3), the truncated version copes less well

Figure 2. Simulations showing the peak height of the Ca carbon of the CaHaYb1Yb2YN fragment of L-serine in a static field of 21.2 T over a range of rf amplitudes
ðmrot � 10 kHzÞ < mH

1 < 150 kHz and spinning frequencies 30 < mrot < 70 kHz. with (a, c, e) and without (b, d, f) considering dipolar proton–proton interactions. (a, b) The basic
element of PISSARRO, i.e., a phase-alternated pair. (c, d) The first half of PISSARRO, i.e., the mirror symmetry segment. (e, f) Full PISSARRO with N = 5. The pulse width s was
optimized in each case. The peak heights were normalised with respected to a simulation using the same s while all dipolar interactions were set to zero.
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with R3 effects than the full PISSARRO sequence. Indeed, as dis-
cussed in the next section, the 90�-shifted segments improve the
quenching of R3 effects by weakening proton-proton dipolar
couplings.

3.2.2. Weakening proton–proton dipolar couplings by 90� phase-
shifted segments

The comparison between simulations with and without proton–
proton dipolar couplings dHH reveals that these couplings hamper
the quenching of R3 effects in both truncated and full PISSARRO
decoupling schemes. Yet, full PISSARRO decoupling clearly per-
forms better, presumably due to its capacity to partially average
out dHH. To check this hypothesis, we probed the effect of the 90�
phase-shifted segment on the proton-proton interactions by com-
paring proton spectra simulated under phase-alternated pairs,
truncated PISSARRO and the full PISSARRO scheme. The simula-
tions were done for CaHaYb1Yb2YN five spin-system at mrot = 50 kHz
and mH

1 ¼ 100 kHz using pulse lengths optimized for heteronuclear
decoupling at the n = 2 condition. All thee irradiation schemes have
very different optimal pulse lengths s at mH

1 � 2mrot and at high rf
amplitudes mH

1 � 2mrot. This corresponds to different decoupling
mechanisms at and beyond rotary resonance. The optimal pulse
length s for high rf amplitudes yields minimal non-resonant terms,
whereas the optimal quenching pulse length s should simulta-
neously suppress rotary resonance effects and handle non-reso-
nant contributions.

As shown in Figure 3, the peak heights under rf irradiation in-
crease compared with the MAS spectrum simulated in the absence
of any rf irradiation. This proves that around n = 2, all three meth-
ods, i.e., full PISSARRO, the mirror symmetry segment and the
phase-alternated pair, have some capacity to bring about homonu-
clear dipolar decoupling. Notably, the full PISSARRO scheme
yielded better homonuclear proton–proton decoupling than its
truncated version, which reveals the function of the 90� phase shift
of the second half of PISSARRO. Since the quenching of heteronu-
clear dipolar interactions is similar for PISSARRO and its truncated
version in the absence of dHH terms (Figures 2d and f), while in

their presence the attenuation of R3 effects is superior with the full
PISSARRO sequence (Figures 2c and e), the improved proton–pro-
ton decoupling of full PISSARRO must be the reason for its quench-
ing efficiency.

Irradiation by the phase-alternated pair leads to large image-
and zero-frequency peaks in proton nutation spectra for all signals
that are not exactly on-resonance, whereas spectra simulated un-
der the mirror symmetry segment and full PISSARRO were free of
these artefacts (see Figure S4). This is reminiscent of Phase-
Modulated Lee-Goldburg (PMLG) [11,12] and Decoupling Using
Mind Boggling Optimisation (DUMBO) [13,14] methods for homo-
nuclear dipolar proton decoupling. For both methods, the versions
employing phase inversions, i.e., two consecutive cycles having a
180� shift, lead to effective broadband z-rotations of the magneti-
zation [15]. In the case of PMLG, the z-rotation was shown to be
accompanied by a second averaging of homonuclear dipolar terms
[16]. For both DUMBO and PMLG z-rotation sequences, the spectra
were free of image- and zero-frequency peaks. PISSARRO’s 180�
shifts have similar consequences.

The efficiency of the phase-alternated pair for homonuclear
decoupling is difficult to assess from Figure 3 due to the above-
mentioned image- and zero-frequency spectral features. Indeed,
the high peak intensity of the Hb protons at zero-frequency under
decoupling with the phase-alternated pair not only results from
efficient homonuclear decoupling but also from spin-locked contri-
butions of off-resonance signals. To avoid these complications, the
simulations of Figure 3 were repeated by selectively detecting only
one of the Hb protons which was set on resonance (Figure S5). The
simulations show an increased signal intensity of Hb under the ba-
sic element as compared with the full or truncated PISSARRO se-
quences. However, this does not translate into good quenching as
the phase-alternated pair cannot suppress efficiently the recoupled
heteronuclear dipolar interactions around n = 2 in the absence of
homonuclear dipolar proton couplings (Figure 2b).

The simulations also help to understand why the quenching of
R3 effects near the n = 2 condition under PISSARRO decoupling im-
proves with increasing MAS frequency. As shown in Figure 2,
heteronuclear dipolar contributions at n = 2 are largely suppressed
for mrot > 30 kHz in the absence of proton–proton couplings. This
cannot be the main reason for the gradual improvement with
increasing spinning speed. Since proton–proton decoupling by
PISSARRO improves with increasing spinning frequencies
(Figure 4), this contributes to more efficient quenching of R3 effects.

Figure 3. Simulated proton spectra for the CaHaYb1Yb2YN fragment of L-serine using
basic phase-alternated pairs (red lines), the mirror symmetry segment (light blue
lines) and the full PISSARRO sequence (dark blue lines) with mH

1 ¼ 100 kHz and
mrot = 50 kHz, and without any rf irradiation (black lines). The spectra were
normalised to the peak height of a simulation neglecting all dipolar interactions
(see Figure S4) (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.).

Figure 4. Simulated proton spectra of the CaHaYb1Yb2YN fragment of L-serine using
full PISSARRO decoupling at mrot = 50 kHz (dashed-dotted lines) or 70 kHz (contin-
uous lines) and mH

1 ¼ 100 and 140 kHz, respectively. All spectra were normalised
taking the maximal peak height of Figure S4 as reference.
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3.2.3. The breadth of the recoupling dips near n = 2
The breadth of the R3 dips near n = 2 that are observed experi-

mentally for PISSARRO’s basic element, i.e., a phase-alternated pair
at mrot = 60 kHz (Figures 1c and d) could not be reproduced by sim-
ulations. Although the addition of further protons in the simula-
tions leads to a slight broadening of the recoupling condition,
this turned out to be insufficient to reproduce the experimentally
observed breadth. For CW decoupling on the other hand, simula-
tions of an iso-butyl (CH3)3C– system using the SPINEVOLUTION
package, showed that the sum of heteronuclear dipolar couplings
dCH is responsible for the broadening of the funnel-shaped dip
around n = 2, while the presence of proton–proton dipolar interac-
tions dHH leads to a slight narrowing of the recoupling dip. How-
ever, for CW decoupling at high spinning speeds, a dramatic
decrease of decoupling efficiency due to a residual second order
cross-term between 1H-CSA and dCH [17] overshadows this type
of broadening.

Indeed, the only interaction that has been disregarded so far in
the simulations, apart from scalar contributions, is the proton CSA.
Although the decoupling by phase-alternated pulse pair is suffi-
cient to average out a non-resonant cross-term between the proton
CSA and the heteronuclear dipolar couplings, other resonant terms
involving the proton CSA are reintroduced at the n = 2 condition.
We sought to address the effects of CSA interactions by repeating
the simulations for the five spin-system at mrot = 60 kHz for rf
amplitudes 110 < mH

1 < 150 kHz, incorporating CSA tensors for
every proton. While the impact on PISSARRO decoupling turned
out to be very small, the recoupling dips of the phase-alternated
pair featured progressive broadening upon increasing the 1H CSA
to 8 ppm (Figure 5a). The curves simulated for a proton CSA of
8 ppm resembled the experimental data remarkably well, showing
a wide recoupling dip for the phase-alternated pair (Figure 5b) and
the differences between the two methods could be nicely repro-
duced. For the sake of completeness, we considered a 13C CSA of
25 ppm, but this leads to negligible effects for both decoupling
methods. Furthermore, the simulations unambiguously demon-
strate that proton–proton dipolar interactions dHH are not only
responsible for the depth of the R3 dips (Figure 2), but also deter-
mine their width (Figure S6). This was confirmed by further
expanding the proton network. Indeed, upon addition of a fifth
proton, the recoupling dips become more pronounced and broader
(Figure 6).

To understand why PISSARRO and its basic phase-alternated
pair diverge so strongly at very high spinning frequencies over
such a broad range of rf amplitudes, while at slower spinning fre-
quencies significant differences appear only near n = 2, we need to
distinguish the effects of rf amplitudes and pulse lengths s on the
quenching of proton CSAs. For the phase-alternated pair, if we
avoid the n = 2 condition, we can employ the pulse lengths
s = 1.9srot or 2.9srot or 3.9srot (or possibly other pulse lengths, if
they result in improved performance). For these s values, the peak
height of the carbon-13 decreases when proton CSAs are included.
On the other hand, s = 0.85srot leads to the best decoupling effi-
ciency in the vicinity of n = 2 and the signal intensity remains
remarkably insensitive to proton CSAs. However, the resulting
decoupling efficiency cannot compete with what is available with
pulse lengths for high rf amplitudes. At a first glance, a similar sce-
nario occurs for PISSARRO decoupling. When using pulse lengths
s = 0.9srot or 1.1srot with high rf amplitudes, the decoupling effi-
ciency is sensitive to proton CSAs, but it remains unaffected for
s = 0.2srot used for optimal quenching. However, at very high
spinning frequencies, in contrast to the phase-alternated pair,
PISSARRO’s best quenching pulse length s allows better decoupling
near the n = 2 condition than pulse lengths for high rf amplitudes
(Figure 5c). This explains why the performances of phase-alter-
nated pairs and PISSARRO decoupling converge for lower spinning

frequencies where PISSARRO decoupling using ideal pulse lengths
cannot compete with PISSARRO with longer pulse lengths. Conse-
quently, PISSARRO can fully develop its potential in the very fast
spinning regime and at very high static fields where other decou-
pling schemes require much higher rf amplitudes mH

1 � 2mrot to
reach the same level of performance [4].

To demonstrate the benefit of very high spinning frequencies
for PISSARRO decoupling, we compared peak heights at mrot = 40
and 60 kHz. PISSARRO was applied with mH

1 ¼ 150 kHz, using 13C
pre-saturation followed by partial recovery and direct carbon exci-
tation, to exclude signal fluctuation due to incomplete longitudinal
relaxation. As shown in Figure 7, the peak heights are considerably
enhanced at a higher spinning frequency. We found the Cb peak
height to have increased by �30%, while the Ca signal showed a
gain of 60%. It is remarkable that despite the increase of peak
height with the spinning frequency, the line-width remains almost
unchanged. While peak heights determine the sensitivity, line

Figure 5. Simulations of the Ca peak height in a CaHaYb1Yb2YN fragment of L-serine
at mrot = 60 kHz and B0 = 21.2 T using 110 < mH

1 < 150 kHz in increments of 5 kHz.
(a) Comparison of basic phase-alternated pairs (orange) and full PISSARRO (blue)
without proton CSA (long-dashed lines), or with Dr = 4 ppm (short-dashed lines)
and Dr = 8 ppm (continuous lines) for each proton. The CSA tensors were arbitrarily
oriented in the molecular frame, given that their orientation had virtually no
influence upon the simulated line-shapes. (b) Comparison of experimental (dashed-
dotted lines) and simulated data including Dr = 8 ppm for each proton (continuous
lines) for PISSARRO (blue) and basic phase-alternated pairs (orange). (c) Full
PISSARRO decoupling with Dr = 8 ppm CSA for each proton using only pulse widths
s = 0.1967 srot (continuous lines), which is the best pulse length for R3 quenching
and using the ‘high rf amplitude pulse length’ (h ± 0.1)srot where h is a small integer
(blue dots). Since the latter fail near R3 conditions, no values are given for
110 < mH

1 < 130 kHz (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.).
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widths limit the resolution. In the present context, they are not
simply inversely proportional to each other. It is therefore impor-
tant to consider both peak heights and line widths when assessing
the performance of various decoupling methods. For on-resonance
decoupling, the line-width is independent of the spinning fre-
quency but signal intensity is transferred from sidebands originat-
ing from the decoupling scheme [18–20] (see also S7). For
PISSARRO, with increasing spinning frequency, signal intensity is
transferred from decoupling sidebands to the central line. Note

that these sidebands are similar to those we have recently
exploited for homonuclear carbon–carbon recoupling [21,22]. Be-
yond the fact that high spinning frequencies are often necessary
at high static fields to prevent residual sidebands and unwanted
rotational resonance effects that can lead to line broadening [23],
this is a strong argument for the combined use of very high spin-
ning speeds and PISSARRO decoupling. Similar signal enhance-
ments at very high spinning speeds were also reported for
homonuclear proton–proton decoupling [24].

3.2.4. Effect of the block length N
The one remaining feature of the quenching mechanism of PISS-

ARRO decoupling that we wish to comment on is its dependence
on the block length N. Earlier observations [3] indicated that odd
values of N are more efficient than even values in attenuating R3 ef-
fects near n = 2. We found that for Ca in L-Ala at mrot = 30 and
mH

1 ¼ 60 kHz (n = 2) the signal intensity was 100% for N = 5, 95%
for N = 3, 62% for N = 4 and 50% for N = 6. Simulations for the Ca-

HaYb1Yb2YN 5-spin cluster under the same conditions but neglect-
ing dHH, also showed a strong attenuation of R3 with odd values of
N. Indeed, we found 100% relative intensity for N = 5, followed by
95% for N = 3, 76% for N = 6 and 73% for N = 4. Re-introducing dHH

reproduces the experimental order with N = 5 (85% compared to
simulations without dHH), N = 3 (82%), N = 4 (69%) and N = 6
(68%). Furthermore, we probed the efficiency of homonuclear pro-
ton decoupling for different block lengths N. Somewhat surpris-
ingly, the block length N = 5 turned out to be the least efficient of
all four trial values, while N = 3 yielded the best homonuclear
decoupling. This confirms that for the investigated range of spin-
ning frequencies, the efficient suppression of heteronuclear dipolar
interactions by mirror symmetry blocks with N = 5 is a prerequisite
for quenching R3 effects around n = 2.

4. Conclusions

PISSARRO decoupling has the effect of quenching rotary reso-
nance effects. This has been thoroughly analyzed over a wide range
of rf amplitudes. The benefits of very high spinning frequencies and
static fields have also been documented. Different constituents of
the PISSARRO sequence help to prevent recoupling of heteronu-
clear dipolar couplings, and to weaken homonuclear proton-proton
dipolar couplings, as revealed by numerical simulations. Since the
latter interactions are to a large degree averaged out by fast sample
spinning, the ability of PISSARRO to quench rotary resonance ef-
fects improves with increasing spinning frequency. Since PISSAR-
RO’s quenching mechanism is virtually immune against the
proton CSA, the method is especially suited for very high magnetic
fields.

Figure 6. Simulations of the peak height of the Ca signal in a CaHaYb1Yb2YN fragment of L-serine with phase-alternated pairs (orange) and full PISSARRO (blue) at mrot = 60 kHz
and B0 = 21.2 T using 110 < mH

1 < 150 kHz in increments of 5 kHz assuming Dr = 8 ppm for each proton (continuous lines). In (b), one additional remote proton was included
(dashed lines). The heteronuclear coupling dCH between the observed Ca and the additional proton was neglected (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.).

Figure 7. Comparison of the signals of aliphatic CH and CH2 carbons in L-histidine
obtained with full PISSARRO decoupling with mH

1 ¼ 150 kHz and mrot = 40 or 60 kHz
without cross-polarization, i.e., using direct excitation of 13C magnetization.
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