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Searching  for  optimal  conditions  during  one-  and multi-dimensional  solid-state  NMR  experiments  in
high  static  fields  may  require  spinning  the  sample  at frequencies  above  40 kHz.  This  implies  challenging
requirements  for heteronuclear  spin  decoupling.  We  have  compared  the performance  of  the  latest  het-

eronuclear  decoupling  schemes  at high  magic-angle  spinning  frequencies.  The  results  demonstrate  that
at commonly  used  rf amplitudes  between  80 and  120  kHz,  PISSARRO  decoupling  provides  substantial
sensitivity  improvement.  The  performance  of  low-amplitude  decoupling  at different  spinning  speeds  is
also compared  and its  dependence  on  the  inherent  inhomogeneity  of  the rf  field  is probed  by numerical
simulations.

©  2014  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND
. Introduction

Efficient heteronuclear decoupling is vital for obtaining high-
esolution solid-state NMR  spectra of low-gamma nuclei such as
arbon-13. In polycrystalline and amorphous organic solids studied
t magic-angle-spinning (MAS) frequencies above 5 kHz, flip-flop
pin exchange between protons slows down and the efficiency
f continuous-wave (CW) decoupling is not sufficient [1]. This
isadvantage can be overcome by substituting CW irradiation by
hase-alternated irradiation [1]. This was followed by the popular
wo-pulse phase-modulated (TPPM) technique [2] and its numer-
us variants [3–8] that have been successfully used for common
pinning frequency ranges between 10 and 30 kHz. At high static
elds, higher spinning frequencies may  be preferred to attenuate
esidual spinning sidebands and unwanted rotational resonance
ffects that occur when an integer multiple of the spinning fre-
uency �rot is roughly matched with the difference ��iso between
wo isotropic chemical shifts (n�rot = ��iso) [9]. This may lead to

armful line broadening or to undesirable magnetization exchange
etween specific sites. High spinning frequencies may  also be use-
ul at high static fields to create optimal conditions for broadband
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magnetization exchange in two-dimensional homonuclear corre-
lation experiments [10]. Other indirect benefits of high spinning
frequencies are related to the use of small-diameter rotors that
allow one to run experiments with less than 1 mg  powder sam-
ple. However, spinning frequencies around and above 30 kHz may
also lead to a dramatic breakdown of the decoupling efficiency over
a large range of rf amplitudes due to the phenomenon of rotary
resonance recoupling (R3) (�1 = n�rot) [11]. To overcome this com-
plication, a phase-inverted supercycled sequence for attenuation of
rotary resonance (PISSARRO) was developed and shown to be effec-
tive in quenching rotary resonance recoupling in the vicinity of n = 2
[12]. The method turned out also to achieve a very good decoupling
efficiency at high rf amplitudes, far from any R3 condition, as well
as in the low-amplitude decoupling regime when �rot = 60 kHz [13].
This is partially related to its capacity to make use of the modulation
sidebands, which arise from the interference between the decou-
pling irradiation and the modulation of dipolar couplings by MAS
[12]. A thorough analysis of the mechanism of quenching of rotary
resonance recoupling effects by the PISSARRO scheme has revealed
the crucial role of its mirror symmetry segments combined with
phase-shifted irradiation [14]. The immunity of PISSARRO decou-
pling against the offsets of remote protons, their chemical shift

anisotropies and second-order cross-terms between dipolar cou-
pling and chemical-shift anisotropy has also been demonstrated
[14,15]. Since the introduction of PISSARRO decoupling, a new class
of pulse sequences, so-called refocused continuous-wave (rCW),
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Figure 1. Comparison of the efficiency of heteronuclear decoupling for different carbons in l-histidine with PISSARRO (left), SWf -TPPM (middle) and rCWc (right) at B0 = 9.4 T
(400  MHz  for protons) and �rot = 40 kHz as a function of the decoupling rf amplitude 190 > �1 > 80 kHz with the 1H carrier frequency placed on-resonance for C�H. All spectra
were  recorded with 3.0 ms CP contact time, 8 scans and a 5 s recovery delay between experiments.

Figure 2. Same as in Figure 1 except that �rot = 60 kHz.
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Figure 3. Echo decay curves for the C�H carbon of L-histidine obtained using a single
rotor-synchronized refocusing pulse at B0 = 9.4 T and �rot = 60 kHz. The SWf -TPPM
pulse sequence was  used with rf decoupling amplitude of 160 (fx2), 120 (fx3) and
80  kHz (fx4). The T2

′ relaxation times are respectively 66.7, 26.3 and 8.7 ms. The
decays for PISSARRO at the same rf amplitudes are represented by red symbols
(fx5,  fx6 and fx7) and the corresponding T2

′ values are 43.5, 41.7 and 37.0 ms.  (For
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as been introduced [16]. Although rCW pulse sequences were so
ar only used for spinning frequencies up to 20 kHz, it has been
uggested that they would also be efficient at high spinning speeds
17]. Independently, an amplitude-modulated XiX irradiation was
roposed for the low-amplitude decoupling regime and tested at
pinning frequencies of 60 and 90 kHz [18].

In this work, we show that at high spinning speeds, PISSARRO
rradiation has a unique capacity to secure efficient decoupling at
ommonly used rf amplitudes between 80 and 120 kHz and pro-
ides significant sensitivity improvements. We  also compare the
fficiency of low-amplitude decoupling for lower spinning frequen-
ies and point out the dependence of decoupling on the rf field
nhomogeneity of the solenoid coil. For the sake of comparison, we
lso refer to the decoupling performance of SWf-TPPM [6], which
ccording to recent reports [19], offers improved efficiency over a
arger range of rf amplitudes and spinning frequencies compared
o its precursors.

. Experimental

Polycrystalline powders of uniformly 13C, 15N-labeled l-
istidine hydrochloride monohydrate were used without further
urification. All experiments were performed on a 400 MHz  Bruker
vance II spectrometer and on a 850 MHz  Bruker Avance III spec-
rometer, both equipped with double resonance CP/MAS probes
sing rotors with 1.3 mm diameter. For PISSARRO decoupling, only
he pulse duration �p needs to be optimized in the vicinity of the
ecommended values, i.e. �p = 0.2�rot for decoupling near the n = 2

igure 4. Comparison of the efficiency of heteronuclear decoupling for different carbons in
850  MHz  for protons) and �rot = 60 kHz as a function of the decoupling rf amplitude. All
elay,  1.3 ms  CP contact time, 8 scans and 5 s delays between experiments.
interpretation of the references to color in this figure legend, the reader is referred

to  the web version of this article.)

 l-histidine with PISSARRO (left), SWf -TPPM (middle) and rCWc (right) at B0 = 19.9 T
 spectra were recorded after a pre-saturation of 1H during 15.0 ms,  5 s relaxation
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Figure 5. Comparison of the efficiency of heteronuclear decoupling for different
carbons in l-histidine with PISSARRO (left), SWf -TPPM (middle) and rCWc (right)
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TPPM and rCWc in high static magnetic field (B = 19.9 T, or
t  B0 = 19.9 T and �rot = 60 kHz in the high- and low-amplitude decoupling regime.
ther parameters as in Figure 4.

otary resonance condition, and �p = 0.9 or 1.1�rot for high rf ampli-
udes �1

H � 2�rot [12]. For low-amplitude decoupling, the pulse
engths were optimized so that the nutation angles  ̌ = 2��1� were
n the vicinity of 6� [13]. For routine purposes, the pulse dura-
ion �p need not be optimized and may  be safely fixed to the
bove-mentioned durations, depending on the spinning frequency
nd rf amplitude. This gives a major advantage of PISSARRO over
urrent decoupling schemes. For SWf-TPPM decoupling [6], opti-
um nutation angles were found in the range 120◦ <  ̌ < 170◦. The

hase angle � was optimized between 5◦ and 20◦ in steps of 2◦.
he number of pulse pairs was fixed to 11 and a linear sweep
rofile was applied. For rCW decoupling, we chose the rCWc ver-
ion [16] for best performance under our experimental conditions
nd lower demands on rf field strengths. For the refocusing �

ulses, an rf field amplitude of 220 kHz was used. The optimum
ontinuous wave pulse length, i.e. the delay � between the refocus-
ng pulses, was around 50 �s (� = n�rot, n ∼= 3). For low-amplitude
ics Letters 614 (2014) 220–225 223

experiments recorded with the basic AM-XiX scheme [18], the XiX
component was optimized empirically for various MAS  frequencies
(�1

H = 11.9, 10.1, 8.6 kHz for �rot = 60, 50 and 40 kHz MAS, respec-
tively). The rf amplitude of the continuous wave component, as
defined in [18], ranged between 2 and 3 kHz. The pulse length
was optimized around �p ∼= 5/2�r. Numerical simulations were car-
ried out with SPINEVOLUTION [20], considering the 5-spin system
C�H�H�1H�2HN of l-histidine hydrochloride monohydrate with
internuclear distances derived from the crystallographic structure.
In each case the pulse durations were optimized numerically in the
vicinity of the recommended values.

3. Results and discussion

The performance of PISSARRO, SWf-TPPM and rCWc at �rot = 40
and 60 kHz in a medium static magnetic field (B0 = 9.4 T) is com-
pared in Figures 1 and 2 for all carbon-13 resonances of l-histidine.

A wide range of rf decoupling amplitudes 190 > �1
H > 80 kHz was

tested. For 40 kHz MAS  and high rf amplitudes between 190 and
120 kHz, PISSARRO and SWf-TPPM offer similar performance, while
lower peak heights are observed for rCWc. In contrast to PISSARRO,
the other two methods show a significant drop of performance for
�1

H < 120 kHz. This drop is greatly amplified at �rot = 60 kHz due to
the destructive interference near the n = 1 and 2 rotary resonance
conditions.

Although somewhat better decoupling for �1
H < 120 kHz can

be achieved with high-phase TPPM [21] than with SWf-TPPM at
�rot = 60 kHz, the peak heights are only about 60–80% of those
obtained with PISSARRO [15].

In 13C spectra of organic solids recorded at high spinning fre-
quencies and very high rf decoupling amplitudes, the observed
line-widths are often not only determined by the performance of
decoupling, but may  be governed by the inhomogeneous distribu-
tion of isotropic chemical shifts and, to a lesser extent, by magnetic
susceptibility, dynamic effects and minor instrumental misadjust-
ments. By combining heteronuclear decoupling with spin echoes,
one can determine the residual homogeneous line-width (also
known as ‘refocused line-width’ characterized by the time constant
T2

′
) that is relevant for many multipulse and multidimensional

experiments [22,23]. To check to what extent T2
′
is affected by the

rf amplitude, we measured the echo decays of 13C�H, which is not
involved in homonuclear JCC couplings and has a total line-width
ıH*

1/2 = 52.6 Hz at �1
H = 160 kHz. The longest 13C T2

′
is observed

with SWf-TPPM at �1
H = 160 kHz. However, this does not translate

into the highest peak of the 13C�H resonance which is merely 86%
of the peak height obtained with PISSARRO at the same decoupling
amplitude. This corroborates earlier observations that the peak-
heights and the line-widths are not simply inversely proportional
to each other [14,22]. As shown in Figure 3, a significant drop of
T2

′
is observed with SWf-TPPM when decreasing the rf amplitude.

For �1
H = 160, 120 and 80 kHz, we  measured T2

′
= 66.7, 26.3 and

8.7 ms,  respectively. This translates into homogeneous line-widths
at half-height ıH′

1/2 = 4.8, 12.1 and 36.6 Hz. The corresponding
total line-widths with SWf-TPPM were 53.5, 55.7 and 318.6 Hz. In
contrast, the lifetimes measured with PISSARRO are largely inde-
pendent of �1

H (T2′ = 43.5, 41.7 and 37.0 ms for �1
H = 160, 120 and

80 kHz, respectively). These lifetimes provide satisfactory sensi-
tivity without resorting to high rf amplitude. The corresponding
homogeneous line-widths are 7.3, 7.6 and 8.6 Hz while the total
line-widths are 52.6, 54.1 and 56.1 Hz.

Figure 4 shows the decoupling efficiency of PISSARRO, SWf-

0

850 MHz  for protons) and �rot = 60 kHz. Similar changes in decou-
pling performance as a function of �1

H as observed at low
field (Figure 2) occur, except that the efficiency of SWf-TPPM is
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Figure 6. Comparison of the efficiency of low-amplitude heteronuclear decoupling for different carbons in l-histidine with PISSARRO (left), SWf -TPPM (middle) and AM-XiX
(right)  at B0 = 9.4 T and three spinning frequencies �rot. The optimized decoupling rf amplitudes ranged between 10 and 11 kHz to get the best efficiency in each case. All
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mized for a given rf power. However, there is an unavoidable
distribution of rf field amplitudes, mostly along the axis of the
solenoid coil. To assess the consequences of this distribution on
the performance of heteronuclear decoupling, the 13C�H resonance

Figure 7. Numerically calculated 13C�H lines, considering a spin cluster
C�H�H�1H�2HN1 in l-histidine with a high- and low-amplitude PISSARRO decou-
pling at B0 = 9.4 T (left) and 19.9 T (right) and �rot = 60 kHz. The lines were calculated
assuming either a single rf amplitude (i.e., a perfectly homogeneous rf field, shown by
solid lines) or a realistic distribution of rf fields calculated for a solenoid coil with an
inner diameter of 1.5 mm and a length of 2.5 mm (dashed lines). The optimized high-
pectra were recorded with a single pulse experiment preceded by pre-saturation o
he  observed increase of the intensity of a quaternary aromatic C� carbon at the low

omewhat improved near the n = 2 rotary resonance condi-
ion. The data corroborate a substantial sensitivity improvement
ith PISSARRO decoupling for commonly used rf amplitudes

0 < �1
H < 120 kHz over a wide range of static fields. This will help

n high MAS  experiments specifically designed to enhance the sen-
itivity, e.g., by promoting uniform Overhauser enhancements in
3C NMR  spectra of microcrystalline proteins [24].

Heteronuclear spin decoupling can also be efficient in a low
f amplitude regime with �1

H < 30 kHz provided that �rot > 40 kHz
7,13,18,25–27]. This allows a substantial reduction of the rf power
issipation, which may  be vital for heat-sensitive samples. It has
een demonstrated earlier that at �rot = 60 kHz in a very high
agnetic field B0 = 21 T (900 MHz  for protons), PISSARRO decou-

ling with �1
H = 15 kHz has nearly the same efficiency as with

1
H = 150 kHz for both CH3 and CH resonances in alanine, while

he peak height of CH2 in glycine was 20% lower [13]. The com-
arison of peak heights shown in Figure 5 for l-histidine recorded
t B0 = 19.9 T and �rot = 60 kHz in the high- and low-amplitude
ecoupling regimes reveals similar losses for various decoupling
chemes.

For the sake of completeness, Figure 6 shows the peak heights
f l-histidine recorded with PISSARRO, SWf-TPPM and AM-XiX in
he low amplitude regime (10 < �1

H < 11 kHz) at B0 = 9.4 T and at
hree spinning frequencies. The performance is nearly the same for
ll three pulse sequences, though slightly better for PISSARRO at

rot = 40 kHz. More importantly, the observed loss of peak heights at
ower spinning frequencies compels one to resort to rf amplitudes
n the range of 80 < �1

H < 100 kHz where PISSARRO offers the best
fficiency among current decoupling schemes.
uring 15.0 ms  and 5 s relaxation delay, 8 scans and 3 s delay between experiments.
pinning frequency results from its faster longitudinal relaxation.

All decoupling sequences use pulse durations that must be opti-
and  low-amplitude pulse durations were 18.48 �s (1.109 * �rot) at both fields and
264.0 �s (corresponding to a nutation angle ∼3.14 × 2�) at 400 MHz  and 218.16 �s
(or nutation angle ∼4.1 × 2�) at 850 MHz. The resulting full-width at half-height
(FWHH) ranged between 2.2 and 2.8 Hz for high- and low-amplitude decoupling,
respectively.
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ine was calculated numerically, again considering a spin cluster
�H�H�1H�2HN1 in l-histidine with high- and low-amplitude PIS-
ARRO decoupling at 9.4 and 19.9 T and �rot = 60 kHz (Figure 7).

The resonance lines were simulated assuming either a single
f amplitude (i.e., a perfectly homogeneous rf field) or a realistic
istribution of rf field amplitudes, calculated using the Biot-Savart

aw for a solenoid coil with internal diameter of 1.5 mm and 2.5 mm
ength. The relative rf intensity ranges from 100% in the center of
he coil to 56% at the edges. Interestingly, much better agreement
ith the experimental 16% drop of the 13C�H peak height (Figure 5,

eft) is noted when assuming the relevant inhomogeneity of the rf
eld which leads to a 20% drop (0.55 → 0.44), while with a homo-
eneous rf field it leads to a 27% drop (1.0 → 0.73). More strikingly,
hen taking into account the inhomogeneity of the rf field, the
rop of the peak heights is close to 45% for both high- and low-
mplitude decoupling regimes and for both static fields. A similar
ecrease of intensity due to the rf field inhomogeneity is expected
or other decoupling schemes. This reveals further potential for
mproving the sensitivity by designing new heteronuclear decou-
ling methods, especially in the low-amplitude regime, provided
ne can conceive a compensation for the rf field inhomogeneity.
his little-explored aspect will be thoroughly examined elsewhere.

. Conclusions

We  have compared the performance of a few recent heteronu-
lear decoupling schemes at high magic-angle spinning frequencies
here the choice of a particular scheme is not merely of academic

nterest but important for routine applications. The results show
hat at commonly used rf amplitudes 80 < �1

H < 120 kHz, the decou-
ling performance of PISSARRO compares favorably with other
ecoupling schemes and provides substantial sensitivity improve-
ents. This is due to its unique capacity to quench efficiently rotary

esonance recoupling near the n = 2 condition. Although a loss of
ntensity of about 15–25% is observed with current pulse sequences
or low-amplitude decoupling at a spinning frequency �rot = 60 kHz,
ompared to the high-amplitude regime, the losses are more pro-
ounced at lower spinning frequencies. This compels one to resort
o rf amplitudes 80 < �1

H < 100 kHz where PISSARRO decoupling
eveals the best performance, compared with other currently used

ecoupling schemes, all of which need much higher rf amplitudes
nder such conditions to reach the same decoupling efficiency. We
ave also demonstrated by numerical simulations that for sam-
le having an axial length equal to that of the solenoid coil, the

[
[
[
[
[

ics Letters 614 (2014) 220–225 225

inherent inhomogeneity of the rf field may  lead to a decrease
of the peak intensities by more than 40%, both in the high-
and low-amplitude decoupling regimes. This suggests that further
improvements could be achieved when dealing with fully packed
rotors, by designed new schemes for heteronuclear decoupling
with suitable compensation for the rf field inhomogeneity.
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