mzuriCh ETH Library

The effect of 1H offset and flip-
angle on heteronuclear decoupling
efficiency in ROSPAC pulsed
sequence: A Floguet description

Journal Article

Author(s):
Simion, Andrea; Ernst, Matthias ¢2; Filip, Claudiu

Publication date:
2023-04-21

Permanent link:
https://doi.org/10.3929/ethz-b-000610194

Rights / license:
Creative Commons Attribution 4.0 International

Originally published in:
The Journal of Chemical Physics 158(15), https://doi.org/10.1063/5.0148400

Funding acknowledgement:
188988 - Method Development in Solid-State NMR and Dissolution DNP (SNF)

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.



https://orcid.org/0000-0002-9538-6086
https://doi.org/10.3929/ethz-b-000610194
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0148400
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use

The Journal
of Chemical Physics

ARTICLE scitation.org/journalljcp

The effect of 'H offset and flip-angle
on heteronuclear decoupling efficiency
in ROSPAC pulsed sequence: A Floquet

description

Cite as: 3. Chem. Phys. 158, 154113 (2023); doi: 10.1063/5.0148400 @ iy @

Submitted: 1 March 2023 - Accepted: 5 April 2023 -
Published Online: 20 April 2023

Andrea Simion,'? Matthias Ernst,”®

and Claudiu Filip'

AFFILIATIONS

T National Institute for Research and Development of Isotopic and Molecular Technologies, 400293 Cluj-Napoca, Romania

?Faculty of Physics, Babes-Bolyai University, 400084 Cluj-Napoca, Romania

*Physical Chemistry, ETH Zurich, CH-8093 Zurich, Switzerland

2 Author to whom correspondence should be addressed: maer@ethz.ch

ABSTRACT

A new heteronuclear decoupling sequence for solid-state NMR and magic angle spinning faster than 60 kHz was recently introduced [Simion
et al., J. Chem. Phys. 157, 014202 (2022)]. It was dubbed ROtor-Synchronized Phase-Alternated Cycles (ROSPAC), and it offers robustness
for a large range of chemical shifts and low radio-frequency (RF) powers and is almost independent of the radio-frequency power. Here, we
theoretically explore the robustness of the ROSPAC sequence toward 'H offset and RF field inhomogeneities, as well as the spacing effect of
the 7 pulses on the decoupling efficiency. We use a generalized theoretical framework based on the Floquet theory to assess these parameters.
The optimum decoupling conditions, where the magnitude of the second-order cross-terms and first-order resonance conditions are small,
were identified.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0148400

I. INTRODUCTION

Efficient averaging of isotropic and anisotropic interactions is
a prerequisite to achieving high spectral resolution and sensitiv-
ity in solid-state NMR. This is typically implemented by simul-
taneously spinning the sample about the magic angle (MAS) and
radio-frequency (RF) irradiation on the non-observed nuclei. The
latter allows decoupling abundant nuclei (often 'H) from the
dilute, observed nucleus (often *C or '°N) and is called het-
eronuclear spin decoupling.”” Heteronuclear decoupling works best
if either the nutation frequency of the rf field is much larger
or much smaller (typically by at least a factor of 3 in both
directions) than the MAS frequency. If the two frequencies are
in the same range, rotary-resonance recoupling conditions can
lead to a recoupling of the heteronuclear dipolar interactions,
severely reducing the performance of the heteronuclear decoupling
sequences.”

Improving the efficiency of spin decoupling is a subject of
continued interest in solid-state NMR, especially with the recent
developments in instrumentation, e.g., fast spinning frequencies
(> 100 kHz)*" and high magnetic fields (up to 35.2 T).510
As a consequence of these instrumental advances, a wide range
of new or improved applications has become possible.”'""”
Heteronuclear decoupling sequences contain a series of pulses
modulated by the amplitude, frequency, or phase.”**”"""'? To
avoid resonance conditions, the basic building block is often
short but can then be expanded using approaches such as
super cycling of the basic block,”’ incorporation of refocusing
n-pulses,”’ and non-rotor-synchronized”” or rotor-synchronized
schemes.””

For decoupling at high MAS frequencies (v; 2 60 kHz),
low-power irradiation is preferred, leading to a reversal of the
averaging processes compared with high-power decoupling. Low-
power decoupling was first implemented using continuous-wave
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(CW) type sequences’ but later extended to more complex
sequences like WALTZ,”**’ two-pulse phase-modulated decoupling
(TPPM),” swept-frequency TPPM (sw-TPPM),'* small phase incre-
mental alternation (SPINAL),” and X inverse X (XiX)'”"" and its
variants. "’

Recently, a new low-power heteronuclear decoupling pulse
sequence for MAS faster than 60 kHz dubbed ROtor-Synchronized
Phase-Alternated Cycles (ROSPAC) was introduced,”* being an
improved version of the RS-HEPT sequence.”””' It is a phase-
modulated sequence, containing 16 m-pulses spaced by n rotor
periods (nt;) (see Fig. 1). It has a low-duty cycle in the pulsed decou-
pling regime, and only the pulse lengths require optimization. It was
found by numerical simulations, and experimental measurements
that the delay between the 7-pulses (n7;) should be selected based
on the spinning frequency to avoid rotary-resonance (R*) recou-
pling conditions and obtain a sequence that is almost independent
of the RF power. Moreover, it was demonstrated that the sequence is
very robust against ' H offset at fast spinning frequencies (100 kHz).
However, there is not yet a theoretical description of the sequence,
which would explain this behavior. Such a theoretical understanding
would also allow further optimization to obtain the best decoupling
efficiency and propose further improvements.

Here, we use a generalized theoretical framework based on
Floquet theory’” to investigate the robustness of the ROSPAC
sequence toward 'H offset and RF field inhomogeneities, as well as
the effect of the spacing of the pulses on the decoupling efficiency.
Numerical calculations based on analytical solutions were done for
three spinning frequencies, 100, 60, and 40 kHz, and three decou-
pling regimes, low-power, intermediate-power, and high-power
decoupling, i.e., at 'H nutation frequencies of 20, 70, and 160 kHz,
respectively. The non-resonant second-order effective Hamiltoni-
ans that characterize the residual couplings arising from cross-
terms between heteronuclear dipolar couplings and chemical shift
anisotropy (CSA) tensors and from cross-terms between heteronu-
clear and homonuclear dipolar couplings under MAS were evalu-
ated. Their scaling factors were obtained from the interaction-frame

(™),
e

2
>

¢N|l>

FIG. 1. Schematic of the ROSPAC heteronuclear decoupling sequence. The
m = 16 7 pulses are spaced by n rotor cycles and have phases ¢m = {10, 350, 15,
345, 20, 340, 15, 345, 350, 10, 345, 15, 340, 20, 345, 15}.
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trajectory. In addition, the magnitude of the first-order resonance
conditions was calculated. The optimum decoupling conditions and
further improvements are discussed.

Il. THEORY

We consider a system of N abundant I spins (e.g., 'H) that are
coupled to a rare S spin (e.g., *C). In the usual rotating frame (rotat-
ing with the Larmor frequency around the z-axis), the spin-system
Hamiltonian under MAS is given by

2 ) N 2 o
H(t) _ Z wgn)gzemw,t+2 Z wlgn)lkzemw,t

n=-2 k=1 n=-2
N 2 .
+yy wgz)ZSZIkzemw’t
k=1 n=-2
2 .. :
+ 35 &P Blh, ~ I L)e™ + Hre (), (1)
k<l n:—02,
n+l

where w§") and w,E") represent the spatial components of the
chemical-shift tensors for the S and I spins, respectively, whereas
“’g;) and 0" are the Fourier coefficients of the heteronuclear
and homonuclear dipolar couplings.”” The last term represents the
radio-frequency (RF) Hamiltonian, which, for periodic irradiation,
has the general form,

Hrr (1) = wl(t); (cos(@(£)) I + sin(¢(1)) Iy, )

where ¢(t) is the phase of the applied pulse and w, (t) is the RF
amplitude.

A. On-resonant and off-resonant irradiation

To analyze the efficiency of decoupling sequences, it is often
convenient to transform the spin-system Hamiltonian of Eq. (1)
into an interaction frame with the radio-frequency Hamiltonian.
The most general case is off-resonance irradiation of the spins
where we use the combined offset and rf-field Hamiltonian for the
interaction-frame transformation:

f(t) = U1 ()E) 0T (1), 3)

where the tilde indicates that the Hamiltonian is in the interaction
frame and U, (t) is given by

A A ¢ A N LY
Ui(t) = Texp (—ifo (HRF(tl) +AQY" Ikz)dtl)> 4)
k=1

during pulses and by U;(t) = 1 during the delays between pulses.
Here, T is the Dyson time-ordering operator.
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The spin operators in the interaction frame can be represented
as a linear combination of the three Cartesian spin operators in the
laboratory frame with time-dependent coefficients:**

iz(t) :ax(t)jx‘*'ay(t)jy"'az(t)jb (5)

where the time-dependent coefficients a, (), with y =X, y, and z rep-
resent the spin-trajectory coefficients under the interaction-frame
transformation. In general, they can be expressed as a Fourier series
with the two frequencies wm and wer as™

aX(t) _ Z Z (k, l)eikwmteilu)enct’ (6)

—oo |=—1

(k1)

where k and [ are integer numbers, and a, are the Fourier coef-

ficient characterizing the interaction-frame trajectory of the I,(t)
operator.

B. Effective Hamiltonian and second-order
cross-terms

In the general case, the time-dependent interaction-frame

Hamiltonian H(t) is, therefore, modulated by three basic frequen-
cies, namely the MAS frequency w;, the modulation frequency
wm =27/ (16nt;) (see. Fig. 1), and the effective nutation frequency
wefr, and is given by

s

I:I Z Z Z H(nkl) inw.t zka)mt Ilﬂ)e“‘t (7)

n=-2 k=—oo I=-2

where H ) are the Fourier coefficients of the time-dependent
interaction-frame Hamiltonian. To characterize decoupling, the
residual couplings under decoupling are the most important terms
that are contained in the non-resonant part of the effective Hamil-
tonian. The non-resonant part of the effective Hamiltonian is given

by

_ Ifl(o,o,o) + IfI(o,o,o) +

(2)
5 (—v—k=1) 7 (nk))
» 1 H ,H
o 1 ]

207 vor + Kom + Awegr

A0 A0,

®)

The first-order contribution would only contain the homonuclear J
couplings of the protons for on-resonance irradiation and, in addi-
tion, scaled heteronuclear J couplings and chemical shifts of the pro-
tons for off-resonance irradiation. Those terms will be neglected in
the discussion since they are typically quite small. The second-order
term determines the performance of the decoupling sequences,
being directly responsible for the main contribution to the residual
linewidth. One can decompose this non-resonant second-order term
into six contributions,*”

A (=vi—k=A) 7y (hid)
, ) [H JH ]
H® - =
207 Vwr + Kwm + Awest

=Hiser + Hiserr + Hienr + Hien + Hier + Hisers,  (9)
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where Hisgr is the cross-term between the heteronuclear dipolar

coupling and the I-spin CSA tensor and Hiseir represent the cross-
term between the heteronuclear and homonuclear dipolar couplings.
These two terms directly influence the residual coupling under

the decoupling sequence. The next two terms, Higr and Hperr,
represent the cross-term between CSA tensor and homonuclear
coupling, and the cross-term between homonuclear couplings of
I-spins, respectively, and can have an effect on the I-spins diffu-

sion, depending on the spinning frequency. The last two terms, Higr

and Hisgrs, are cross terms between CSA and heteronuclear dipolar
couplings, respectively, generating only fictitious fields that do not
influence directly the residual line broadening but could have trun-
cation effects in the Hamiltonian. The first two second-order terms
are given by*

A 2 A A
iser =% Y % Silgl” (076l +0lu ), (0)
k v==2 x=x)z

) (-v) (V)
- 3ISzIk‘uIlX[q[4)( Wrs  Pu

fsor =Y S

k#l v=—2 px=xy,z

- (4) oo ”], (11)

where the scaling factors qiv) and qﬁ;) are given by

8;(1111( x—A) (x 1)

1
v _ _

. Zk: A; YWy + KWm + )La)eff

(12)
") _ 1 ‘Exua( x=A) )((:M)

DD

T S0 vor + kwom + Aweg

Here, €y is the Levi-Civita symbol and aﬁz’)‘) are the Fourier coef-
ficients for the rank-two spin tensor defined as a convolution of

the rank-one Fourier coefﬁc1ents uXM) [Eq. (6)] obtained from
the interaction-frame trajectory.”” Note that the two expressions in
Eq. (12) are similar, except for the Fourier coefficients in the numer-

. . )
ator, i.e., the former has a rank-one spin tensor (ul.(K )), whereas

the later has a rank-two spin tensor (a)(;’l)). The two terms from
the second-order non-resonant effective Hamiltonian [Egs. (10) and
(11)] lead to a direct residual line broadening of the S-spin. Their
effect will be further analyzed for on-resonant and off-resonant irra-
diation. For this purpose, two scaling factors based on Eq. (12)

will be calculated for v = 1 and v = 2 (qI(S%I =\, (q)((v))2 and

qI(S%H V Z (q(v) ) taking into account that for the ROSPAC

sequence wegr = 0 for on-resonant irradiation (and wes # 0 other-
wise). Note that for off-resonance irradiation the offset added to
the RF Hamiltonian changes only the effective nutation frequency
werf(AQ) and the Fourier coefficients a)((k’l) as a function of offset,
but the general equations obtained for the effective Hamiltonians
[Egs. (10) and (11)], and the scaling factors [Eq. (12)] are unchanged.
The modulation frequency wr, of the sequence is unchanged because
the timing is unchanged.
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C. First-order resonance conditions

We also analyze possible resonance conditions, since they could
recouple different interactions that possibly lead to a line broaden-
ing. A first type of resonance condition is given by now; + kowm = 0
since the sequence is always rotor synchronized. The modulation
frequency wm = 27/7m is given by the number of rotor periods that
the sequence spans as wy = w;/(16n) or Ty = 16n7; (see Fig. 1). The
strength of the resonance condition is directly given by the Fourier

coefficients u)((mn’o). As a measure for the strength of the resonance

condition, we use the a?) = |/ Xy (a)((k‘)’o) )? parameter. Two other

types of possible resonance conditions are kowm + lowes = 0 and
nowr + kowm + lower = 0, but these are not of interest here because
the former one can only be fulfilled for terms that are not modu-
lated by MAS (i.e., ng = 0), meaning that only isotropic interactions
could contribute to such a resonance condition, whereas the latter is
never fulfilled because wef is always smaller than %wm and w; is an
integer multiple of wn. In the case of very small values of wes, near-
resonance conditions could become important, but they are difficult

to describe by Floquet theory.

v, =100 kHz v, =60 kHz v, =40 kHz

150 } | ¢ T3
- | N
L) | Ny 22
) 100 | | | | =
= K d " §

e - .
0 5 0 5 10 -0 -5 0 S5 10 -10 5 0 5 10
AQ[kHz] AQ[kHz] AQ[kHz]

150 ¢
) } HN B
= 100 W =
= 7 2

0 5 0 5 10 -0 75- o 5 10 10 5 0 5 10 %
AQ[kHz] AQ[kHz] AQ[kHz]
| BT -
__ 150 { * _3
) N 22
=2 100 | | =
= ? e
= 50 | | . L I N &
| — il - ¥ °
10 5 o 5 10 10 -5 o 5 10 -0 -5 0 5 10 '
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150 !9 ’“:
o) . 25
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= * 8
= - . 3
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FIG. 2. Magnitude of the second-order cross-terms [Iogm(qf;é,) and

Iogm(ql(sg,,)] as a function of the nutation frequency and 'H offset for a rotation
frequency of 100, 60, and 40 kHz, respectively.
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I1l. MATERIALS AND METHODS

The calculation of the interaction-frame trajectory, the Fourier
coefficients, the cross-terms between the heteronuclear dipolar cou-
pling and the I-spin CSA tensor and between the heteronuclear
and homonuclear dipolar couplings, as well as the first-order reso-
nance conditions, was done using the software package Matlab (The
MathWorks Inc., Natick, MA, U.S.A.).

First, the interaction-frame trajectory under the ROSPAC

sequence was obtained for the I, operator at a given MAS frequency
and different RF powers (supplementary material, Fig. S1). The spac-
ing of the 7 pulses was set to 67; for v, = 100 kHz, 47; for v; = 60 kHz,
and 7, for v, = 40 kHz, unless mentioned otherwise. Only the z-
component of the I spin was considered because the Hamiltonian
contains just z-components.

Second, the Fourier coefficients a)((k’l) characterizing the inter-
action frame trajectories from Fig. S1 were obtained by a Fourier
transform of the interaction-frame trajectory (supplementary
material, Fig. S2). For low-power decoupling, ie., 20 kHz, the
number of the Fourier coefficients that have a contribution to
the effective Hamiltonian correspond to low k-orders, i.e., for
k > 50, they are small and were neglected. For intermediate-power
or high-power decoupling, i.e., 70 and 160 kHz, respectively, the

ny = 1,ko = 96 ng = 2,kg =192
£
&
%0
2
AQ[kHz] AQ[kHz]
ng = 1,ky = 64 ng =2,ky =128
b) 2
§
~ °
z £
= )
= &
B0
2
AQ[kHz]
ny=1ky =16
C) 180 o
» 9
= 140 z
i 100 ¥ 2
>_ 60 H \3
g
20 — A . p— © go
-10 5 0 5 10 -10 -5 0 5 0
AQ[kHz] AQ[kHz]

FIG. 3. Magnitude of the Fourier coefficients (log;,(a(™'6"9))) at the nmywr
+ kowm = 0 resonance conditions for ng = 1 and ny = 2, as a function of the
nutation frequency and H offset, for a rotation frequency of 100 kHz (a), 60 kHz
(b), and 40 kHz (c), respectively.
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magnitude of high k-orders increased and was considered, up
to k = 200.

Experimental measurements were performed on a sample of
labeled *C,~'*N-glycine ethyl ester, using a Bruker 0.7 mm triple-
resonance MAS probe on a Bruker Avance-IIT 850 MHz spectrome-
ter. A spinning frequency of 100 kHz was used in all experiments
with a stability of about £10 Hz. *C MAS NMR spectra were
acquired using cross-polarization from protons with a linear ramp.
The contact time was 1 ms with rf-field amplitudes of 70 and 30 kHz
on 'H and *C, respectively. For each spectrum, 16 scans with
2048 complex data points were acquired with a spectral width of
50 kHz and a recycle delay of 3 s. For decoupling using the ROSPAC
sequence, a pulse with a flip angle  was applied every six rotor cycles
without any active synchronization of the MAS frequency. The rf-
field amplitude of the decoupling pulse was set to 20, 40, 80, and
160 kHz, respectively, using a simple 180° pulse to determine the
power levels.

ARTICLE scitation.org/journalljcp

IV. RESULTS AND DISCUSSION

The theoretical results are divided into two main parts: (i)
robustness toward 'H offset and (ii) dependence of the decoupling
performance on the flip angle. The former determines the quality
of the decoupling under realistic conditions (e.g., a distribution of
chemical-shift values of the protons), whereas the latter is related to
the stability of the sequence and ease of setup (e.g., inhomogeneous
RF fields and missetting of the rf-field amplitude).

A. Robustness toward 'H offset

1. 'H offset dependence on the spinning frequency
and RF amplitude

The dependence of the decoupling efficiency on the chemi-
cal shift offset is one of the most important criteria for decoupling
sequences. In liquid-state NMR, very good offset compensation at

d =21, d = 4, d =61, d =8, d =107,
150 | 3
o) | =g
o =
22100 =
* ) | | — | | &
| = | ™ Fal - | | -
0 5 0 5 10 10 5 0 5 10 0 5 0 5 10 0 5 0 5 10
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ol | I >
- . 28
E 100: i o \?\
= ) 's ) - A l :
L _ - % S ] K B 1 x % o -
10 5 0 5 10 10 5 0 5 10 0 5 0 5 10 0 5 0 5 10 10 -5 0 5 10
AQ[kHz] AQ[kHz] AQ[kHz] AQ[kHz] AQ[kHz]
E J ' ' ' ' lm _
' | | | { @ =
E 150 - Sé
=4, 100 | | ™ ~
>_ Io C’E
50 | . — . . | R ke
10 5 0 5 10 0 5 0 5 10 0 5 0 5 10 0 5 0 5 10 0 5 0o 5 10
AQ[kHz] AQ[kHz] AQ[kHz] AQ[kHz] AQ[kHz]
_ N [E
N ~ >
an) ‘ ‘ ‘ TS
=] | ‘ > =
] - N KA PRI
J i a ! | W —
0 5 0 5 10 10 -5 5 10 0 5 0 5 10 0 5 0 5 10
AQ[kHz] AQ[kHz] AQ[kHz] AQ[kHz] AQ[kHz]
(v) )

FIG. 4. Magnitude of the second-order cross terms 1094 (4;gg,) @nd 10914 (g5, )] @s @ function of the nutation frequency and 'H offset for 100 kHz rotation frequency and

different delays between the 7-pulses.
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the lowest possible field is one of the design features of the most
commonly used decoupling sequences. In solid-state NMR, high-
power decoupling sequences (i.e., w; > 3w,) are usually inherently
broadband enough since nutation frequency of the rf-field is about
an order of magnitude larger than the chemical-shift range for
protons. For low-power decoupling (i.e., w; < %wr), however, the
nutation frequency of the decoupling field is significantly smaller
than the MAS frequency and is often in the same order of magnitude
as the chemical-shift range of protons. Therefore, the chemical-
shift offset dependence becomes an important parameter for these
sequences.

Figure 2 shows the logarithm of the magnitude of the scaling

factors [ loglo(qIS®I) and 10810(%5@11
terms as a function of the RF amplitude (v1) and 'H offset frequency
(AQ), for three MAS frequencies: 100, 60, and 40 kHz. One can
observe that the v = 1 cross term has a slightly higher contribution
to the effective Hamiltonian than the v = 2 cross terms, due to their
scaling with w; and 2w, respectively. Moreover, the dipole-dipole
cross terms are as expected, zero for on-resonance irradiation, but
are increasing in the off-resonant case. One can clearly see that the
offset dependence of the second-order cross terms improves with
increasing spinning frequency and also increasing rf-field amplitude.
However, all of the second-order cross-terms have a relatively small
magnitude, independent of the radio frequency power or the 'H off-
set, and therefore, we expect reasonable decoupling for the whole
parameter range.

] for the second-order cross

The magnitude of the Fourier coefficients a;k"’o) at the res-

onance conditions now; + kowm = 0 determine the scaling of the
resonant part of the Hamiltonian that directly reintroduces part
of the heteronuclear dipolar coupling. Their magnitude for a cer-
tain ko value changes with the 'H offset and RF field amplitude
because of the changes in the interaction-frame trajectory. Figure 3

ARTICLE scitation.org/journalljcp

shows the logarithm of the magnitude of the resonant Fourier coef-
ficients logw(a(”"m”’o)) for np = 1 and ny = 2 as a function of the RF
field amplitude (v;) and offset frequency (AQ) for the three MAS
frequencies 100, 60, and 40 kHz, respectively. In all cases, the res-
onant contributions are minimal on-resonance and increase with
increasing resonance offset. With increasing rf-field amplitude, off-
set effects become smaller. For lower MAS frequency, the value of
ko = nol6n at the resonance condition is smaller due to the choice
of the spacing of the pulses (smaller value of n) and the values of
log,, (a%0)) get larger.

For 100 kHz MAS, the magnitude of the Fourier component
at the resonance conditions increases for higher values of the RF
field, the enhancement in magnitude being faster for np = 1 than for
no = 2. For on-resonant irradiation, i.e., AQ = 0, the line broadening
by the resonance conditions is negligible, whereas for off-resonance
irradiation, there is a significant influence on the decoupling effi-
ciency, especially in the high-power irradiation regime. One can
see that in the low-power decoupling regime, the magnitude of
the resonant contribution to the linewidth is quite small even for
off-resonance irradiation, suggesting a better robustness toward 'H
offset under low-power irradiation than in the case of high-power
irradiation. If the spinning frequency is decreased, lower values
of ko determine the Fourier coefficients at the resonance condi-
tions. The magnitude of the resonance conditions becomes quite
large (except on resonance), and therefore, the decoupling will be
worse at lower MAS frequencies. In conclusion, the main contri-
bution to the line broadening as a function of 'H offset is from
the first-order resonance conditions and not the second-order cross
terms. The amplitude of the resonance conditions is especially high
in the high-power irradiation regime or for low spinning frequen-
cies. Therefore, robustness regarding 'H offset is expected in the
low-power irradiation regime under fast MAS.
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Although the numerical values of the second-order scaling

factors [logm(qfs‘%l) and loglo(qgéH) in Fig. 2] and the Fourier

coefficients at the resonance conditions [loglo(a(”"lﬁ"’o)) in Fig.

3]

might seem small, they give rise to a significant residual coupling.
Especially the resonant terms generate directly a dipolar coupling
scaled by the Fourier coefficient. Even Fourier coefficients as small
as 107> and below will lead to a significant broadening of the line
due to the large values of the one-bond couplings. The same is true
for the second-order cross terms between homonuclear and het-
eronuclear couplings that can both have anisotropies in the order

of 45-50 kHz.

(v) (v)
l()gm (‘/IS:-:I) l()gm (‘/IS:-:I)
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2. 'H offset dependence as a function of the n-pulse
spacing

Depending on the spacing of the m-pulses (i.e., nt;, where 7,
is the rotor period), the modulation frequency has different values
and, therefore, will modify the magnitude of the second-order cross-
terms and first-order resonance conditions. In our previous work,”
it was demonstrated experimentally that n should have different
values, depending on the MAS frequency, to obtain a decoupling
sequence that is almost independent of the RF power. It was found
that good choices are n = 6 for v, = 100 kHz, n = 4 for v; = 60 kHz,
and n = 2 for v; = 40 kHz, respectively. Here, the effect of the delay

(v) (v)
10210 (2;5011) log o (95511)

-10 -9 -8 -7 -6 -5 109 -8 -7 6 5 -10 -9 -8 -7 6 -5 -0 -9 -8 -7 -6 -5
vi[kHz] vi[kHz] vi[kHz] vi|kHz]

Tp[Hs]

¥ 1900

~
-

2000 S 2000

160° 170° 1800 160° 170° 1800 160° 1800 160° 180
vi[kHz] vi[kHz] vi[kHz] vi[kHz]
65 70 75 65 70 75
NN
N O
2N D XN
TSR S R
=) S N N
=~ BNy \\ \\ | o N
= S5 R 2000 200 2000 o
8 79\, W | 200
\‘\. B Y 1900 190°
160° 170° 180° 160° 170° 180° 160° 1800 1600 1800
vi[kHz] vi[kHz] vi[kHz] vi[kHz]
150 160 170 150 160 170 150 160 170 150 160 170

<

N

160°

’ 3 <
\ \
N 4 \
348 N .
X \ 3 \
\ N
N \
\ .
\ N
\ N
N
% \ 3
N s

Tp[1Ls]

170°

~

N
ey

1800

s 3 190°

> N

170° 1800

160°

200°

1800 160° 1800

160°

FIG. 6. Magnitude of the second-order cross-terms Iogm(ql(sgl) and Iogm(q,(sgl,) as a function of the RF pulse flip angle (dashed lines), for 100 kHz rotation frequency
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between the 7z-pulses on the robustness toward 'H offset is analyzed
for the following three spinning frequencies: 100, 60, and 40 kHz,
respectively.

Figure 4 shows the magnitude of the second-order cross-terms
as a function of the RF power and 'H offset for a rotation frequency
of 100 kHz and different delays between the m-pulses. The results
obtained for 60 and 40 kHz MAS are presented in the supplementary
material (Fig. S3). It was found that the larger the delay between the
n-pulses, the smaller the magnitude of the second-order cross-terms,
whatever the rotation frequency. This case of large delays corre-
sponds to a pulsed decoupling regime, where the spacing between
the pulses is at least twice the pulse length. This is not surprising
since second-order cross-terms between the CSA and the heteronu-
clear dipolar coupling would be zero without RF irradiation and only
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cross-terms between the homonuclear and heteronuclear dipolar
coupling would exist.

The magnitude of the first-order resonance conditions as a
function of the RF power and 'H offset for 100 kHz MAS and dif-
ferent delays between the m-pulses are shown in Fig. 5, whereas
the results for 60 kHz MAS and 40 kHz MAS can be found in
the supplementary material (Fig. S4). Increasing the delay between
the 7-pulses, the magnitude of the first-order resonance conditions
becomes smaller, especially for low RF fields. This is not surprising
since higher Fourier coefficients are important at the resonance con-
ditions that are typically decreasing in magnitude. One can see that
for 100 kHz MAS and a radio-frequency field of 20 kHz, the reso-
nance conditions for both #ny = 1 and np = 2 are small, enabling to
obtain robustness toward 'H offset, whatever is the delay between
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FIG. 7. Magnitude of the Fourier coefficients Iog10(a("°15”'°>) at the resonance condition now; + kywm = 0 for ng = 1 and ny = 2, as a function of the RF pulse flip angle
and 7-pulse duration, for a rotation frequency of 100 kHz. Dashed lines are represented the 160°, 180°, and 200° flip angles of the pulses.
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the m-pulses. For lower spinning frequency, it is not possible to
avoid simultaneously the two resonance conditions (1o = 1 and
ng = 2), whatever the RF power. Therefore, it is difficult to achieve
robustness toward 1H offset.

These results demonstrate that robustness toward 'H offset
can be obtained for fast spinning frequencies (e.g., 100 kHz) and
low radio-frequency irradiation. Increasing the delay between the
n-pulses has no significant effect on the 'H offset since magnitude
of the second-order cross-terms and first-order resonance condi-
tions exhibit a small modification in their magnitude. Therefore,
one can use the ROSPAC decoupling sequence in the intermediate
decoupling regime, where the delay between the 7-pulses is closer
to the m-pulse lengths (e.g., 67 for 100 kHz MAS). In that case,
one achieves good robustness toward 'H offset and one obtains a
decoupling that is almost independent of the RF power.

B. Flip-angle dependence

The RF field over the full volume of a rotor that is generated
in a solenoid coil is inhomogeneous over the sample volume, and
in addition, MAS modulates the rf-field amplitude. A spin system
travels through areas of different RF amplitudes, and the modu-
lation becomes particularly severe at the end regions of the coil
where the relative RF amplitude varies up to 25%.’* Static and MAS-
modulated RF-field inhomogeneities affect the signal intensity in the
NMR spectra. Thus, the design of heteronuclear decoupling pulse
sequences that are robust toward RF-field inhomogeneities is of
great interest. In this subsection, we demonstrated the influence of

ARTICLE scitation.org/journalljcp

the flip angle on the decoupling performance to illustrate robustness
toward RF field inhomogeneities.
Figure 6 shows the logarithm of the magnitude of the scal-

ing factors [loglo(qg%l) and logw(qgggn)] as a function of the RF
pulse flip angle, for a rotation frequency of 100 kHz, in three decou-
pling regimes: low-power, intermediate-power, and high-power.
The second-order cross terms between heteronuclear dipolar cou-
pling and chemical shift anisotropy are slightly affected by radio-
frequency field inhomogeneities, especially in the low-power decou-
pling regime, where the CSA and RF terms have the same order of
magnitude. However, one can see that choosing a flip angle in the
range of 160°-170° or 190°-200° enables us to minimize variations
due to the RF field inhomogeneities. The second-order cross-terms
between heteronuclear and homonuclear dipolar couplings present
resonance conditions outside the previously mentioned intervals
(e.g., for a flip angle of 180°), but their magnitude remains small
whatever the variation of the magnetic field. The scaling factors
were also calculated for 60 and 40 kHz spinning frequencies, and
are reported in the supplementary material (Fig. S5). Decreasing
the spinning frequency, the magnitude of the second-order cross-
terms between heteronuclear dipolar coupling and chemical shift
anisotropy becomes slightly higher, but the decoupling is still robust
toward RF field inhomogeneities for the same ranges of the flip angle
as in the case of 100 kHz MAS.

The first-order resonance conditions as a function of the RF
pulse flip angle were also evaluated, for three rotation frequen-
cies: 100 kHz (Fig. 7), 60, and 40 kHz, respectively (supplementary
material, Fig. $6). They have the same behavior as the second-order

line height (CH2)
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cross-terms between heteronuclear and homonuclear dipolar cou-
plings and, therefore, have no influence on the robustness toward
RF field inhomogeneities.

These calculations demonstrate that for a flip angle in the
range of 160°-200°, the influence of the RF field inhomogeneity
(or missettings of the flip angle) can be minimized. This result is
in agreement with the experimental results (Fig. 8) that show also
a plateau of good decoupling in the range of roughly 160°-200°.
Moreover, it was observed experimentally that changing the delay
between the 7—pulses does not have a strong influence on the robust-
ness toward RF field amplitude changes. These results confirm the
ease of setup of the ROSPAC heteronuclear decoupling sequence.

V. CONCLUSIONS

In this paper, we have analyzed the performance of ROSPAC
heteronuclear decoupling sequence in different regimes from low-
power to high-power RF irradiation and under intermediate to fast
MAS. The optimum decoupling conditions were found for low-
power irradiation and fast spinning frequency. In this case, the
second-order cross-terms and first-order resonance conditions are
small, and therefore, one obtains robustness toward 'H offset and
radio-frequency field inhomogeneities. Further improvements of the
sequence (e.g., use of different functions for the phases or incor-
porating pulses between the m—pulses) are under work and will be
presented in a future manuscript.

SUPPLEMENTARY MATERIAL

See supplementary material for theoretical results obtained for
vy = 40 kHz and v, = 60 kHz rotation frequencies, discussed in the
manuscript.
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