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Abstract

Major advances have recently been made in the field of heteronuclear dipolar de-

coupling in solid-state NMR. These developments have improved the resolution and

sensitivity of the NMR spectrum of spins coupled to protons . One such new scheme,

denoted as rCWApA, has proven to be robust with practically no need for parame-

ter optimization (Chemical Physics Letters, 583, 2013, 1 ). Most of the experiments

with rCWApA have been carried out in the regimes of slow to moderate magic-angle

spinning while simultaneously applying high decoupling radio-frequency amplitudes.

Here, we explore the performance of the rCWApA sequence and its predecessor rCWA

in the regime of low-power radio-frequency irradiation and fast magic-angle spinning.

The robustness of the refocused continuous-wave (rCW) schemes to experimental

parameters such as pulse lengths and offset irradiation is demonstrated. Numerical

simulations and analytical theory have been used to understand the effects of various

nuclear spin interactions on the decoupling performance of the low-power rCW de-

coupling scheme relative to other decoupling methods . This has lead to the design

of an ‘optimum low-power decoupling sequence’ that can be used without parameter

optimization. This result is particularly important in the context of samples with

low signal to noise.

a)ncn@.au.dk
b)maer@ethz.ch
c)vipina@tifrh.res.in
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I. INTRODUCTION

Efficient heteronuclear decoupling in rotating solids is vital for obtaining high-resolution

NMR spectra of low-γ nuclear spins such as 13C and 15N. Heteronuclear decoupling in the

solid state is challenging primarily due to the large magnitude of the couplings and multi-spin

effects that manifest in the form of higher-order cross terms between different anisotropic

nuclear spin interactions.1–26 A further important consideration for spin decoupling in magic-

angle-spinning (MAS) experiments is to minimize the interference between the spatial (due

to MAS) and spin (due to RF pulse) rotations.22,25,27–29 This is typically achieved by setting

the RF field amplitude (ν1) several times higher than the MAS frequency, νr, (i.e., ν1>4νr)

or lower (i.e., νr>4ν1).
1,17

For slow to intermediate MAS frequencies, νr < 35 kHz, RF-field amplitudes in the range

of 80-120 kHz often provide reasonable decoupling performance. For higher MAS frequencies,

it becomes increasingly impractical to irradiate, especially sensitive biological samples, with

high-amplitude RF pulses as they may cause deleterious sample heating. In addition, such

high RF-field amplitudes set strong demands on the hardware. For fast spinning( νr >45

kHz), low-power decoupling approach is preferred with ν1 < νr/4.
1,17 This approach is

particularly attractive for spectroscopy, as the combination of fast MAS and low-power RF

irradiation typically allows faster repetition of experiments and is less demanding on the

electronics of the probe and the sample.

In terms of the number of experimental parameters to be optimized, heteronuclear decou-

pling methods can be broadly classified into three groups (assuming ν1 is known): a) Two

or more parameters optimization: Sequences such as two-pulse phase modulation (TPPM),7

SPINAL10 and their variants11,14–16 typically require optimization of at least two parame-

ters (pulse lengths and one or two phases). At slow to intermediate spinning frequencies,

these schemes are currently the most commonly used ones, especially in case of biological

molecules, despite the fact that optimization is often impossible on such samples. b) One

parameter optimization: The X-inverse-X (XiX)12 family of schemes has an advantage over

the TPPM family of schemes as XiX scheme requires only one parameter (pulse length) opti-

mization. In the low-power fast-MAS regime, two new schemes have been proposed, namely,

AM-XiX and Sc-AM-XiX (Fig. 1).19 They show improved decoupling efficiency compared

to the original XiX sequence. The new schemes are basically only amplitude-modulated
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(AM-XiX ) and combined amplitude- and phase-modulated (Sc-AM-XiX) version of XiX.

The amplitude modulation and super-cycling modifications help to improve decoupling ef-

ficiency of the original XiX sequence. c) No optimization: Symmetry-based sequences4 and

continuous-wave (CW)5 irradiations are the only decoupling sequences where in principle no

optimization is required. However, the latter methods are typically avoided either due to

lower decoupling efficiency in case of CW or very high RF amplitude requirement in case of

symmetry-based schemes.

The recently introduced alternative decoupling approach, denoted as refocused continuous-

wave (rCW) decoupling, invokes a novel concept of interleaving CW irradiation with short

refocusing π pulses.23,24 Like XiX, this scheme also has only one optimizable parameter. An

extensive experimental and theoretical comparison of the XiX and rCWA schemes showed

that both these schemes are quite similar in their decoupling conditions and mechanism

in the high-power regime.30 Both these sequences are impeded primarily by higher-order

cross terms between heteronuclear and homonuclear dipolar couplings.30 The basic rCWA

decoupling scheme has been improved with the recently proposed phase-alternated variant,

rCWApA.25 This scheme has shown higher decoupling efficiency while simultaneously of-

fering robustness towards mismatch in experimental parameters like pulse lengths and RF

amplitudes at different MAS frequencies, practically making it optimization independent

and in turn ensuring a much simpler set-up of near optimum decoupling condition in the

high RF-power regime i.e., the ν1>4νr case.

So far rCW schemes have mainly been used in the regime of high RF-amplitude decou-

pling where the refocusing π pulse is treated in the limit of delta pulses.23 This condition can-

not be met in the low RF-amplitude regime where a π pulse can typically be few times longer

than the rotor period. In this study, we demonstrate that the rCW decoupling schemes can

also be used for low-power decoupling, by tweaking the scheme with respect to the refocus-

ing pulse and hence circumventing the necessity for a high-power π pulse. Here, two rCW

schemes are considered, the basic one, rCWA (Fig. 1a), and its phase-alternated version,

rCWApA (Fig. 1b). The objective of this article is to introduce a low-power heteronuclear

decoupling method which is very efficient, robust and most importantly eleminates the need

for any parameter optimization. This is a prerequisite for decoupling sequences to be useful

in biomolecular solid-state NMR spectroscopy where extensive parameter optimization is

impractical.
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FIG. 1: Schematics of heteronuclear dipolar decoupling pulse sequences: (a) rCWA, (b)

rCWApA, (c) XiX, (d) AM-XiX, and (e) Sc-AM-XiX.

II. NUMERICAL SIMULATIONS

Using numerical simulations, we first analyze the decoupling performance of the two rCW

schemes with respect to the two experimental parameters: βx = ω1τx and βy = ω1τy, with τx

and τy denoting the duration of the βx and βy pulses, respectively. The decoupling efficiency

is monitored using the normalized peak height obtained after Fourier transformation of the

free-induction-decay (FID).

Fig. 2 shows the normalized peak height as a function of the βx and βy flip angles for the

13C resonance of a 13CH2 spin system simulated for rCWA (Fig. 2a) and rCWApA (Fig. 2b)

decoupling at a MAS frequency νr = 58.8235 kHz and an RF-field amplitude ν1 = 10 kHz.

For numerical convenience, νr is set to this number. In the case of rCWA, significant loss

in intensity is observed when the flip angle βx is close to odd multiples of 90◦ or when βy is

close to odd multiples of 180◦. A number of additional weak resonance conditions are also

observed (marked with black dotted lines) which will be referred to as ”slanting resonance

conditions”. These resonance conditions depend on the modulation frequency (ωm = 1
τc

where τc = 2 ∗ τx + τy for rCWA and τc = 4 ∗ τx + 2 ∗ τy for rCWApA) of the sequence

and the spinning frequency of the sample and are more pronounced at shorter cycle times

(τc). In the case of rCWApA, where βy is around an integer multiple of 360◦, a significant

loss in intensity is observed except when βx is an integer multiple of 180◦. These conditions

correspond to the low-power XiX decoupling conditions where the flip angle has to be an

integer multiple of 360◦. The slanting resonance conditions observed for rCWA are also

observed for the rCWApA scheme.

In general, 1H CSA and 1H-1H dipolar-coupling interactions manifest themselves indi-

rectly via cross terms with the heteronuclear dipolar interaction and induce residual terms

which may have detrimental effects on the decoupling performance of any sequence. The
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effect of these anisotropic interactions can be independently evaluated through numerical

simulations. To this end, we alternatively remove the 1H CSA and 1H-1H dipolar coupling

interactions in a 13CH2 spin system and observe the decoupling performance as a function

of the parameters βx and βy ( Figs. 2c-f).

Fig. 2c-d show the normalized intensity of the 13C resonance as a function of βx and

βy for rCWA and rCWApA when the 1H-1H dipolar interactions are set to zero. All other

parameters are the same as those in Figs. 2a-b. In the case of rCWA, without the 1H-

1H dipolar-coupling interactions (Fig. 2c), all the prominent resonance conditions at βx

close to odd integer multiples of 90◦ and at βy close to odd integer multiples of 180◦ (Fig.

2a) vanish indicating that the cross term between the homonuclear-heteronuclear dipolar-

coupling interaction is the cause for the loss in intensity at these conditions. For rCWApA

(Fig. 2d), the same terms are responsible for the loss in intensity observed at βy = n360◦ in

Fig. 2b. In the absence of 1H-1H dipolar-coupling interactions, only the slanting resonances

are observed, which appear to become weaker as the cycle time of the pulse scheme increases.

Fig. 2e-f show plots where the 1H CSA interaction are set to zero while all the other

interactions are present. Comparing Figs. 2a, c, and e, the deleterious resonance conditions

appearing at βy equal to integer multiples of 360◦ (when βx > 180◦ ) appear on account of

cross terms between CSA and heteronuclear dipolar interaction. Such resonance conditions

are stronger in Fig. 2c where the homonuclear dipolar interactions are absent. For rCWApA

(Fig. 2f), removal of CSA leads to increase in the decoupling efficiency for higher values of

βy compared to the case in Fig. 2d. It may be inferred that for a fixed βx, the effect of 1H

CSA increases as βy increases.

Simulations of the two low-power rCW decoupling sequences show that the region where

both the homonuclear and the CSA cross terms become small is very narrow in the case of

rCWA while in the case of rCWApA the two cross terms are simultaneously minimized over

a broader span of pulse parameters, for βy <180◦ and βx ≈ 360◦.

III. THEORY

In this section we validate the numerical findings theoretically. In order to decipher

the role of different interactions for the low-power rCW decoupling schemes, we follow the

gerenalized theoretical approach to understand heteronuclear decoupling by Tan et al.21

6
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FIG. 2: Numerically simulated peak height observed for the 13C resonance of a 13CH2 spin

system using rCWA (a, c, e) and rCWApA(b, d, f) decoupling sequences as a function of

their parameters βx and βy. The simulations were done with all interactions present (a, b),

with 1H-1H dipolar-coupling interaction turned off (c,d) and the 1H CSA interaction

turned off (e,f). The simulations closely mimicked experimental conditions at a 700 MHz

NMR instrument with νr = 58.8235 kHz and ν1 = 10 kHz. Dotted lines mark the

resonance conditions. The flip angles were varied in steps of 3.6◦.

The rotating-frame Hilbert-space spin Hamiltonian for a spin S (observable, e.g. 13C or 15N)

coupled to N I spins (e.g. 1H) during decoupling is,

H(t) =
2∑

n=−2

[
N∑
j=1

ω
(n)
j Ijz + ω

(n)
Sj IjzSz +

∑
i<j

ω
(n)
ij (3IizIjz − Ii · Ij)

]
einωrt

+ ω1(t)
N∑
j=1

(Ijxcos(ϕ(t)) + Ijysin(ϕ(t)) (1)

where ω
(n)
j , ω

(n)
Sj , and ω

(n)
ij are the nth order Fourier coefficients of the Ij spin CSA, IjS

heteronuclear dipolar coupling, and IiIj homonuclear dipolar-coupling tensors, respectively.

The internal Hamiltonian is transformed into the interaction frame of the decoupling pulse

sequence using the unitary operator, Urf(t) = Te−i
∫ t
0 Hrf(t

′)dt′ (T being the Dyson time order-

ing operator31) as

H̃(t) = U−1
rf (t)H(t)Urf(t) (2)

Here, basically the Iz operator gets modulated in the interaction frame as,

Ĩz(t) =
∑

χ=x,y,z

aχ(t)Iχ (3)

The Hamiltonian in the RF interaction frame has multiple time dependencies. A general

treatment of a multiple time-dependent Hamiltonian is achieved by Floquet theory32,33 which

requires that the Hamiltonian is periodic in time. In general, the interaction-frame Hamil-

tonian is not necessarily cyclic with respect to the modulation frequency (ωm = 2π/τc) of a
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sequence. However, using an additional, effective field (ωeff=βeff/τc), it becomes possible to

write any RF interaction-frame Hamiltonian as a periodic function.34 The effective frequency,

ωeff, in this work has been calculated using Quaternions.35,36 Quaternion is a mathematical

formalism typically applied to study mechanics in 3D space. They can also be used to define

rotations in 3D space. In case of rCWA scheme:

βeff = 2cos−1[(cos(βx/2)cos(βy/2)− sin(βx/2)sin(βy/2))cos(βy/2)] (4)

In case of rCWApA, βeff is simply equal to 2βy. Notably, in the rCWApA case, ωeff is zero

when βy equals an integer multiple of π. In the interaction frame, we can write

Ĩz(t) =
∑

χ=x,y,z

∑
k,ℓ

ak,ℓχ eikωmteiℓωefftIχ (5)

Therefore, the general form of the interaction-frame Hamiltonian can be written as

H̃(t) =
2∑

n=−2

∞∑
k=−∞

2∑
ℓ=−2

H̃(n,k,ℓ)einωrteikωmteiℓωefft (6)

All the ak,ℓχ coefficients obey the conjugation relation (ak,ℓχ )∗ = a−k,−ℓ
χ , which is necessary

to ensure that the total interaction-frame Hamiltonian remains Hermitian. To the first

order, the interaction-frame Hamiltonian H̃(t) is averaged to zero (neglecting the isotropic

J couplings) provided none of the following resonance conditions are satisfied:

n0ωr + k0ωm + ℓ0ωeff = 0 (7)

At the resonance conditions, the heteronuclear dipolar-coupling Hamiltonian can get recou-

pled and cause broadening of the S-spin signal. For these first-order resonance conditions,

n0 can only be ±1 or ±2 whereas k0 can be any integer and ℓ0 can only take values of ±1 or

0. The width of resonance condition depends on the magnitude of the ak,ℓχ coefficients cor-

responding to the IχSz operators in the HIS component of the Hamiltonian (χ=x, y, z). For

zero effective field ωeff, the resonance condition will simplify to nωr+kωm=0 or ωr/ωm = k/n,

i.e. ωr/ωm equalling an integer or half-integer number. For non-zero values of ωeff, additional

resonances are observed which are shifted from the bimodal conditions, to an extent depend-

ing on the magnitude of ωeff. The resonant dipolar Hamiltonian has contributions from the

higher orders of the effective Hamiltonian also and should be avoided in order to obtain

efficient spin decoupling. We will highlight the dominant deleterious second-order reso-

nance conditions, after discussing the second-order Hamiltonian, calculated with van Vleck

perturbation theory29,34,37–42, which in general is of the form
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FIG. 3: The magnitude of the second-order residual dipolar-coupling scaling factors,

log10(
∑

χ q
IS⊗I
χ ) (a b, c, d) and log10(

∑
µ,χ q

IS⊗II
γχ ) (e, f, g, h) for the |ν| = 1 (a,c,e,g) and

|ν| = 2 (b, d, f, h) Fourier indices calculated using van-Vleck perturbation theory for

rCWA (a, b, e, f) and rCWApA (c, d, g, h) decoupling schemes. log10(
∑

χ q
IS⊗I
χ ) is the

scaling factor for chemical-shift induced residual coupling and log10(
∑

µ,χ q
IS⊗II
γχ ) is the

scaling factor for homonuclear induced dipolar coupling. The white spaces in g) and h)

denotes log10(
∑

µ,χ q
IS⊗II
γχ ) to be smaller than < −12 for rCWApA.

H̃
(n0,k0,ℓ0)
(2) = −1

2

∑
ν,κ,λ

[H̃(n0−ν,k0−κ,ℓ0−λ), H̃(ν,κ,λ)]

νωr + κωm + λωeff

(8)

Here H̃
(n0,k0,ℓ0)
(2) terms with all n0, k0, and ℓ0 equalling zero constitute the non-resonant

part of the Hamiltonian. These are always present and determine the residual line width

under decoupling. H
(n0,k0,ℓ0)
(2) with non-zero n0, k0, and ℓ0 are called resonant terms as their

contribution becomes important only at specific (resonance) conditions. Since the non-

resonant parts determine the residual line width, we will discuss their behaviour for the two

sequences.

A. Effective Hamiltonian

In the second-order effective Hamiltonian, the residual coupling Hamiltonian is predom-

inantly influenced by the presence of two types of cross terms, H̃
(0,0,0)
(IS⊗I) and H̃

(0,0,0)
(IS⊗II), given

by:

H̃IS
eff = H̃

(0,0,0)
(IS⊗I) + H̃

(0,0,0)
(IS⊗II) (9)

These two terms are represented as21:
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H̃
(0,0,0)
(IS⊗I) =

∑
j

2∑
ν=−2

∑
χ=x,y,z

iqνχ(ω
(ν)
j ω

(−ν)
Sj + ω

(−ν)
j ω

(ν)
Sj )SzIjχ (10)

H̃
(0,0,0)
(IS⊗II) =

∑
j ̸=l

2∑
ν=−2

∑
γ,χ=x,y,z

−i3(qνγχω
(ν)
jl ω

(−ν)
Sj + (qνγχ)

∗ω
(−ν)
jl ω

(ν)
Sj )SzIjγIlχ (11)

and will be referred to as CSA cross term and dipolar-coupling cross term, respectively.

The CSA and dipolar-coupling cross terms are proportional to the scaling factors, qIS⊗I
χ =∑

κ

∑
λ

ϵδµχa
−κ,−λ
δ aκ,λµ

νωr+κωm+λωeff
and qIS⊗II

γχ =
∑

κ

∑
λ

ϵδµχa
−κ,−λ
δ aκ,λµγ

νωr+κωm+λωeff
, where ϵδµχ is the Levi-Civita sym-

bol. Fig. 3 maps the magnitude of both the scaling factors,
∑

χ q
IS⊗I
χ and

∑
γ,χ q

IS⊗II
γχ in

log scale for the spatial components |ν|=1 (Figs. 3a, c, e, g ) and |ν|=2 (Figs. 3b, d, f, h)

as a function of pulse flip angles for rCWA (Figs. 3a, b, e, f) and rCWApA (Figs. 3c, d, g,

h) decoupling schemes. The larger the values of log10(q) the less efficient decoupling. The

Fourier coefficients of the two spin operators, aκ,λµγ , are calculated as described previously21.

For rCWA (Figs. 3 a, b) the magnitude of qIS⊗I is maximum when either βx or βy is close

to zero. This condition would basically mimic CW decoupling which is strongly affected by

the CSA cross term. The CSA cross term would be minimal for the region mapped in blue

color. In the case of rCWApA (Figs. 3 c, d), the magnitude of qIS⊗I tends to increase with

increasing βy. The cross terms are minimal for βy close to zero. This represents the XiX

decoupling sequence where it is known that the CSA cross terms are eliminated. For a

fixed τy, q
IS⊗I decreases in strength as the βx flip angle increases thereby leading to better

decoupling as seen in the simulations also. The homonuclear dipolar-coupling induced terms

for the rCWA scheme depend on the parameters βx and βy unlike in the case of the rCWApA

scheme where it is negligible for all the conditions except for βy equaling integer multiples of

360◦, which are the XiX conditions. The qIS⊗II scaling factors are minimal in case of rCWA

only when either βx is multiples of 180◦, or βy is multiples of 360◦. It is worth noting that

the pulse parameters where the CSA cross terms are minimal are not the same as where

the dipolar cross terms are minimal, implying that the CSA and the homonuclear dipolar

effects cannot be simultaneously minimized in the rCWA scheme. Here we consider the

contribution of only the second-order cross terms for the relevant interactions. In order to

understand the poor performance of the decoupling sequence in certain regions, it is also

necessary to explicilty consider the different orders of intereactions especially close to the

resonance conditions.
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FIG. 4: A map of ∆=(ωm − 2ωeff) resonance conditions for (a) rCWA and (b) rCWApA

schemes. The resonance condition gets satisfied when ∆ is close to zero.

Apart from the non-resonant part of the effective Hamiltonian, the resonant terms can

also introduce residual dipolar interactions which are of the form H̃(n0,k0,ℓ0) or H̃
(n0,k0,ℓ0)
(2)

with n0ωr + k0ωm + ℓ0ωeff=0, as discussed earlier. The second-order resonance conditions

are similar to the first-order resonance conditions except that n0 can also take values of

0, ±3, and ±4 and ℓ0 can additionally take values of ±2. In particular, the resonances

corresponding to n=0 would be the strongest as the associated scaling factors for such

conditions will be the largest in magnitude. The n0=0 condition will lead to the resonance:

k0ωm + ℓ0ωeff = 0. A map of ∆=(ωm − 2ωeff) resonance condition is shown in Fig. 4 for

the rCWA and rCWApA schemes. The resonance condition gets satisfied when ∆ becomes

zero (Fig. 4). Such resonances are important mainly in the rCWA scheme (Fig. 4a) . It

can be clearly seen that qIS⊗I is larger when the βy flip angle corresponds to 360◦. Similar

kinds of resonance conditions also recouple IS ⊗ II cross terms. The magnitude of qIS⊗II

becomes dominant when the βy flip angle is an odd multiple of 180◦ and the βx flip angle is

an odd multiple of 90◦. For the rCWApA scheme, the dipolar recoupling corresponding to

the n0 = 0 conditions are negligibly small in the second-order Hamiltonian (Fig. 4b). The

only relevant resonance conditions for the rCWApA decoupling are when τc/τr equals an odd

integer. Such decoupling conditions must be avoided for optimum decoupling performance.

The theoretical findings here match well with the numerical simulations in the previous

section.

IV. RESULTS AND DISCUSSIONS

The findings from the numerical simulations and the Floquet analysis are substantiated

by experimental analysis shown in Fig. 5. The features of only the rCWApA scheme are

analysed here as it is more robust and efficient than rCWA with respect to the experimental

parameters. Fig. 5a maps normalized peak height of the 13Cα resonance of 1,2-13C,15N-
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glycine ethyl ester obtained with rCWApA decoupling as a function of βx and βy under the

conditions, νr= 60 kHz and ν1= 10 kHz, on a 700 MHz spectrometer. The experimentally

observed resonance conditions are similar to those observed in the analytical and numerical

simulation (Figs. 2b, 3e and 3f). For βy= 0◦ and 360◦, good decoupling conditions are

obtained only when βx= 180◦ and 360◦. At these conditions, rCWApA reduces to the low-

power XiX decoupling condition where the best decoupling corresponds to a flip angle of

360◦.39 The slanting resonances are also observed experimentally at the conditions similar

to those observed in the simulations, i.e. when the condition n0ωr + k0ωm + ℓ0ωeff = 0 is

satisfied. However, in the simulations, these resonance conditions are narrow and sharp

while in experiments they are smeared out, which might be due to multi-spin effects or RF

inhomogeneity. For a fixed τy, the effective cycle frequency of the decoupling block decreases

as τx increases. At small values of ωeff, the resonance conditions can be approximated to

the bimodal conditions: n0ωr + k0ωm = 0. i.e. τc/τr = n/k. Plotting the parameter map

as a function of τc/τr and βy shows these resonance conditions more clearly (Fig. 5b). The

resonance conditions are observed when τc becomes an odd integer multiple of τr. At the same

time, the good decoupling conditions are observed at τc = Nτr where N is an even integer.

N should be chosen such that τc should be approximately 4∗360◦ or in other words N should

be an even integer close to the ratio 4νr/ν1. This condition implies that the length of each

of the CW block and half the τy pulse should correspond to a 360◦ rotation. For example,

when νr = 60 kHz and ν1 = 10 kHz, the 4νr/ν1 ratio is 24, ensuring that good decoupling can

be obtained by fixing τc/τr to 22, 24, or 26. Emperically, we observe that good decoupling

is observed when 2τy is between 0.1τc to 0.3τc while independently ensuring that τy does

not correspond to a 360◦ flip angle pulse (Fig. 5c). A simple arithmetic calculation shows

that τy= 0.075Nτr and τx= 0.2125Nτr for optimum decoupling. The dependence of the

decoupling efficiency on the τy pulse is illustrated in Fig. 5c, where the decoupling efficiency

is monitored by varying τy for fixed τc =20, 22, or 24 τr. This implies that in the ν1 < νr/4

decoupling regime, decoupling parameters τy and τx are related to νr and are therefore free

of any optimization. Beside νr, the only other parameter required for efficient decoupling is

the approximate knowledge of ν1. The rotor-linked optimum decoupling parameter observed

in Fig. 5 has been confirmed for different experimental conditions. This is illustrated further

in the supplementary material. The τy paramter behaves differently in the low-power and

high-power decoupling regimes. In the high-power decoupling regime, the length of the y-
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FIG. 5: Normalized, experimental peak heights observed for the 13Cα resonance of

1,2-13C,15N-glycine ethyl ester using rCWApA decoupling. The experiments were recorded

with νr= 60 kHz and ν1= 10 kHz. (a) peak heights plotted as a function of βx and βy. The

flip angles were varied in steps of 5.4◦. (b) The peak heights replotted as a function of

τc/τr and βy. (c) Normalized peak height as a function of parameter τy/τc for different

ratios of τc/τr

FIG. 6: (a) shows the 13Cα peak of 1,2-13C,15N-glycine ethyl ester obtained with various

decoupling schemes at a) νr= 60 kHz and ν1=10 kHz recorded on a 700 MHz NMR

instrument and (b) similar to (a) with νr= 50 kHz.

pulse should strictly correspond to a 180◦ pulse25 while in the low-power regime the y-pulse

can take a wide range of values. This happens because the cycle time, τc, is the more critical

parameter in case of low-power decoupling.

We now compare the decoupling efficiency of the rCW schemes with the low-power XiX

family of decoupling schemes. Fig. 6a compares the performance of different decoupling

sequences under conditions of fast spinning (νr = 60 kHz) and low RF amplitude (ν1=10

kHz) for 13Cα peak of 1,2-13C,15N-glycine ethyl ester. The comparison shows that rCWApA

performs slightly better than the other schemes. The performance of rCWA, AM-XiX, and

Sc-AM-XiX is comparable, within a range of 5-10% while XiX performance is substantially

worse. At νr = 50 kHz, similar trend in decoupling efficiency is observed (Fig. 6b). Local

parameter optimization was required to obtain efficient decoupling conditions for all the

schemes except, rCWApA. These spectra were obtained at on-resonance proton irradiation

conditions. The optimum decoupling conditions for each decoupling scheme is summarized

in Table 1.

In the low-power RF irradiation regime, the decoupling efficiency is strongly dependent
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TABLE I: Optimum decoupling conditions at low-RF amplitude and fast MAS frequency

General conditions νr=60 kHz,ν1=10 kHz

rCWA τc/τr ≈ 2νr/ν1
∗, βy ≈ 270◦ τc/τr = 12, βy = 259◦

rCWApA τc/τr ≈ 4νr/ν1
†, 2τy/τc ≈ 0.15 τc/τr = 24, 2τy/τc = 0.15

XiX τp ≈ 360◦ or 720◦ τp = 350◦

AM-XiX τp/τr ≈ νr/ν1
‡, νcw ≈ 0.5νm τp/τr = 6, νcw = 2.5 kHz

Sc-AM-XiX τp/τr ≈ νr/ν1
‡, νcw ≈ 1− 3 kHz τp/τr = 6, νcw = 2.25 kHz

Note: ∗ An integer; † An even integer; ‡ A half integer or multiples.

FIG. 7: Normalized experimental peak heights observed for the 13Cα resonance of

1,2-13C,15N-glycine ethyl ester showing (a) offset dependence and (b) transverse dephasing

profile for various decoupling schemes, recorded with νr= 60 kHz and ν1= 10 kHz.

on the carrier-frequency offset. Previous reports indicate a drop in peak intensity of 40-60

% at small offsets of about 4-5 ppm.20,21 Here we analyze the offset dependence of rCWApA

scheme for different values of τc. In Fig. 7a, we compare the offset dependence of the

various decoupling sequences by varying the offset (ppm) in carrier frequency and fixing the

pulse parameters at the optimum condition for each of the sequences. Clearly, rCWApA and

Sc-AM-XiX seem to be be more robust to offset effects than other sequences.

We also measured the T ′
2 value for various decoupling using a spin-echo pulse scheme at

ν1=10 kHz and νr=60 kHz. The intensity/magnetisation decay curve for various sequences is

shown in Fig. 7b. rCWApA, rCWA, and AM-XiX scheme have similar and longer T ′
2 value as

compared to Sc-AM-XiX, XiX and CW decoupling. Under off-resonance conditions, schemes

like rCWApA and Sc-AM-XiX would be superior as they are in general more tolerant towards

RF offset.
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V. METHODS: EXPERIMENTS AND SIMULATIONS

The experiments were carried out on a Bruker Avance III wide-bore 700 MHz NMR

spectrometer (Bruker Biospin, Rheinstetten, Germany) using a commercial Bruker 1.3 mm

1H-2H-13C-15N four-channel MAS and a 1.3 mm 1H-X two-channel MAS probe. U-13C, 15N-

glycine (Sigma-Aldrich) and U-13C, 15N-glycine ethyl ester (produced as a derivative from

U-13C, 15N-glycine) were used for the experiments. Ramped-amplitude cross polarization

(CP)43 was used to achieve 1H to 13C polarization transfer. Heteronuclear decoupling pulses

were applied during the detection of the 13C FID. Peak heights obtained after Fourier trans-

formation of the FID were used for quantitative comparisons. In all the experiments, the

recycle delays were set to 2 s and 4 scans were accumulated.

Numerical and analytical simulations were performed using the open-source simulation

software package, SIMPSON44,45 and GAMMA46, respectievly. Simulations were performed

for a typical aliphatic CH2 spin system using the following parameters47 (assuming operation

on a 700 MHz NMR spectrometer): 1H CSA and asymmetry, δCSA
H = -2450 Hz and ηCSA

H = 0 ,

13C CSA and asymmetry δCSA
C = 0 Hz, ηCSA

C = 0 with isotropic shifts of δisoH1 = 0 Hz, δisoH2 = 200

Hz, δisoC = 0 Hz, J-couplings ωJ
HC/2π = 130 Hz (for both C-H pairs), heteronuclear dipolar

couplings of ωD
HC/2π = -23.3 kHz (for both protons) and homonuclear dipolar coupling of

ωD
HH/2π = -21.3 kHz. Powder averaging was achieved using REPULSION48 with 20 {αCR,

βCR} crystallite orientations and 10 γCR angles. The decoupling efficiency of the two rCW

sequences was compared by calculating the evolution of the 13C resonance (on-resonance)

while applying the decoupling pulses on the 1H spins and monitoring peak height obtained

after Fourier transformation of the FID.

VI. CONCLUSIONS

In this paper, we have analyzed the performance of different variants of the rCW decou-

pling in the low-power and fast MAS regime. The results demonstrate that for rCWApA,

the knowledge of MAS frequency and RF field is sufficient to accurately predict efficient

decoupling conditions. No further optimization of experimental parameters τx and τy is

required. The following guidelines must be observed for setting up good decoupling: a) for

a given νr and ν1, calculate the ratio 4 ∗ νr/ν1 and round it off to the nearest even integer,
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N, b) set τc(4 ∗ τx + 2 ∗ τy)=N*τr and c) ensure, τy = 0.075τc and τx = 0.2125τc . For

example, if νr= 60 kHz and ν1= 13 kHz then 4νr/ν1 = 18.46. For this case τc= (16 or 18 or

20)*τr would provide the optimum decoupling. A simple calculation gives τy= 0.075Nτr=

22.5 µs and τx= 0.2125Nτr= 63.7 µs for N=18. In addition, rCWApA provides longer T ′
2

values and is tolerant towards RF-offset. The low-power rCWApA conditions discussed here

should be valid for MAS frequencies above 45 kHz. Initial results in our laboratory indicate

a superior decoupling performance of low-power rCWApA even at 111 kHz MAS frequency.

These aspects make rCWApA particularly attractive for use on samples with low-signal to

noise under fast MAS.

SUPPLEMENTARY MATERIAL

See supplementary material for numerically simulated and experimental plots of intensity

as a function of experimental parameter βx and βy for different combinations of proton

decoupling field and MAS frequencies. A Bruker cpd program has also been included for

implementation on a Bruker spectrometer.
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