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Abstract. Radio-frequency (1f) field inhomogeneity is a common problem in NMR which leads to non-ideal
rotations of spins in parts of the sample. Often, a physical volume restriction of the sample is used to reduce
the effects of rf-field inhomogeneity, especially in solid-state NMR where spacers are inserted to reduce the
sample volume to the centre of the coil. We show that band-selective pulses in the spin-lock frame can be used
to apply Bj-field selective inversions to spins that experience selected parts of the rf-field distribution. Any
frequency band-selective pulse can be used for this purpose, but we chose the family of [-BURP pulses (Geen
and Freeman, 1991) for the measurements demonstrated here. As an example, we show that the implementation

of such pulses improves homonuclear frequency-switched Lee—Goldburg decoupling in solid-state NMR.

1 Introduction

Radio-frequency (rf) inhomogeneity is one of the experi-
mental imperfections in solid-state NMR experiments that is
almost unavoidable and often leads to deterioration of the
performance of pulse sequences. Especially in small magic-
angle spinning (MAS) probes used in high-resolution solid-
state NMR, where the solenoid coil is close to the sample
space, significant rf-field inhomogeneity is observed over
the sample volume (Tosner et al., 2017). The magnitude of
the rf-field inhomogeneity can be characterized by a simple
nutation experiment. Characterizing the full spatial distribu-
tion of the rf-field amplitude over a rotor requires single- or
triple-axis gradients for imaging (Guenneugues et al., 1999),
but simpler methods using the z shim have also been pro-
posed (Odedra and Wimperis, 2013). Alternatively, the rf-
field distribution over the rotor can be measured by a ball-
shift measurement (Paulson et al., 2004) or calculated using
numerical simulations of the coil and rf circuit (Tosner et al.,
2017, 2018). Simulations and measurements show that typi-
cal MAS solid-state NMR probes have large rf-field distribu-
tions along the rotor axis and in addition along the radial di-
mension. Such rf-field inhomogeneity often manifests itself

in the spectrum as reduced signal intensity in polarization-
transfer experiments (Nishimura et al., 2001), in broadened
lines in decoupling experiments (Vega, 2004), or in spa-
tial selectivity in cross-polarization experiments (Gupta et
al., 2015).

Experimentally reducing the rf-field inhomogeneity is of-
ten achieved through sample restriction by inserting spacers
into the upper and lower parts of the rotor and filling the sam-
ple in the central part of the rotor. However, since there is also
significant radial rf-field inhomogeneity (Tosner et al., 2017)
in MAS NMR probes, even very thin slices of samples still
show a significant distribution of rf-field amplitudes. Some-
times, even spherically restricted samples are used inside the
cylindrical rotors, especially in high-resolution MAS (Lin-
don et al., 2009). In principle, magnetic-field gradients also
allow the restriction of the sample space (Charmont et al.,
2000) along the axis of the rotor if a magic-angle gradient
is used. As there are very few probes in solid-state NMR
that have gradient capability, this approach is not suitable for
widespread application.

Alternatively, radio-frequency field selective pulses can be
used to achieve sample restriction. This was demonstrated
some years ago; however, the numerically optimized radio-

Published by Copernicus Publications on behalf of the Groupement AMPERE.



188

frequency selective pulses showed many sidebands, espe-
cially in the low rf-field region (Charmont et al., 2002). In
this publication, we propose a simpler approach to imple-
ment amplitude selective pulses in the spin-lock frame by
using a modulation of the pulses that is resonant with the
spin-lock field. In such an implementation, any frequency-
selective pulses (Emsley, 2007) that have been designed for
chemical-shift selection can be used. In our work, we have
chosen the I-BURP class of band-selective inversion pulses
(Geen and Freeman, 1991) that shows a very sharp inver-
sion profile. Similar approaches using resonant rf irradia-
tion in nested rotating frames have been reported before in
liquid-state NMR (Grzesiek and Bax, 1995), in recoupling
experiments in solid-state NMR (Khaneja and Nielsen, 2008;
Straasg et al., 2009), and in EPR (Wili et al., 2020).

2 Theory

In NMR, radio-frequency pulses are implemented as reso-
nant rf irradiation orthogonal to the static magnetic field that
leads to a static magnetic field in the rotating frame (Ernst et
al., 1990). The Hamiltonian in the laboratory frame is given
by

H(t) = Hz+H:i () = wol; 42w (1) cos (wrst + ¢ (1)) I, (1)

the sum of the Zeeman interaction and the time-dependent
radio-frequency term describing a linear-polarized resonant
radio-frequency irradiation. After transformation to the usual
rotating frame (with the modulation frequency of the radio
frequency), we obtain two terms. One has a zero frequency
and is static in the rotating frame, while the second one
rotates at twice the frequency and is usually neglected. It
can, however, give rise to Bloch—Siegert effects (Bloch and
Siegert, 1940). Neglecting the counter-rotating part, we ob-
tain a first-order rotating-frame Hamiltonian of the form

H'(t) = (w0 — o) I, + w1 (1) (cos @ (1) I +sing (1) 1) . (2)

Note that the factor of 2 in front of w; (¢) in Eq. (1) is just in-
troduced for convenience to obtain an amplitude of w; (¢) in
the rotating frame. Application of circular-polarized rf is also
possible and would eliminate this factor of 2 but is rarely im-
plemented in NMR. Using an appropriate phase or amplitude
modulation will allow us to implement frequency-band selec-
tive pulses in the normal rotating frame (Emsley, 2007). Un-
der the condition that wg — w,s is small (near-resonance irra-
diation), we can now apply a strong spin-lock field along the
x axis and use an orthogonal resonant field along the y axis
to apply pulses in the spin-lock frame. Assuming wy = wy,
the Hamiltonian for such an irradiation in the usual rotating
frame would be

H'(t) = w11 + 2w (1) cos (0modt) Iy - 3)
Note the similarity of Egs. (3) and (1). Transforming into

an interaction frame with wneql, and neglecting again the
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counter-rotating part leads to a first-order interaction-frame
Hamiltonian of the form

H"(t) = (01 — ®mod) I + w2 (1) Iy, “4)

where w; might be broadly distributed due to rf-field in-
homogeneity. We can now choose wj (¢) such that it corre-
sponds to a frequency-band selective pulse and set wmod =
w1 to obtain a radio-frequency field selective pulse, i.e. a
pulse that is selective in w;. Again, we can implement any
arbitrarily shaped pulse that was designed for band selection
in the chemical-shift space (Emsley, 2007). Figure 1 illus-
trates how such a selective pulse in the spin-lock frame is
implemented for the example of an I-BURP-2 pulse (Geen
and Freeman, 1991) that has been used in our experiments.

By changing the modulation frequency, we can select dif-
ferent parts of the rf-field distribution in the probe, and by
changing the pulse length we can adjust the width of the
selected region. The bandwidth of the I-BURP-2 pulse is
roughly 4/t,, where 1, is the length of the pulse. The pulse
shown in Fig. 1 with 7, =200 us has, therefore, an excita-
tion bandwidth of approximately 20 kHz. If the amplitude of
the pulse in the spin-lock frame is not much lower than the
amplitude of the spin lock itself (very broad excitation band-
width), Bloch-Siegert-type (Bloch and Siegert, 1940) phe-
nomena might become visible. In this case, a pulse using
circular polarized irradiation in the spin-lock frame can, in
principle, be used to avoid these problems.

3 Numerical simulations

Numerical simulations of the performance of the I-BURP-
2 pulses in the spin-lock frame were carried out using the
GAMMA spin-simulation environment (Smith et al., 1994).
Sweeping the spin-lock field from 10 to 150kHz, using
a modulation frequency of 100kHz and a pulse length of
1 ms (Fig. 2a) and 200 us (Fig. 2b), respectively, we have
simulated the inversion efficiency of the spin-locked mag-
netization. Figure 2 shows that the bandwidth is indeed
roughly 4kHz (Fig. 2a) and 20kHz (Fig. 2b), and outside
this band there are only very small artefacts visible. The
line in black shows the profile assuming an ideal rf-field
amplitude for the - BURP-2 pulse (v; = 1/1p) correspond-
ing to a perfect inversion pulse independent of the value of
vy, while for the blue line the rf-field amplitude was scaled
(v2 = (1/7p) (V1 /Vmoa)), leading to flip-angle deviation in the
inversion pulse if the spin-lock amplitude (vy) is different
from the modulation frequency (Vimod). There are only small
differences between the two simulations, indicating a good
compensation of rf-field amplitude errors in the I-BURP-2
pulse (Geen and Freeman, 1991). This clearly shows the ex-
cellent radio-frequency amplitude selectivity of the [-BURP-
2 pulse in the spin-lock frame. Changing the pulse length will
allow us to adjust the bandwidth of the selected area. In prin-
ciple, any selective pulse used in NMR can be implemented
in this scheme.
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Figure 1. Generating the I-BURP-2 pulse in the spin-lock frame with a 100 kHz spin-lock field, 200 us pulse length, 100 kHz modulation
frequency and time resolution of 1 us. (a) Pulse shape of the I-BURP-2 pulse which is multiplied by the (b) frequency modulation and leads
to the (¢) y component (blue) of the rf field. The spin lock is the x component (red) of the 1f field. The two components are combined and
result in (d) the amplitude and (e) phase of the final pulse shape that can be used in the experiment. The time resolution for the shapes was

usually set to 1 ps.
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Figure 2. Plot of the expectation value (/) as a function of the rf-
field amplitude v; in the range of 10 to 150 kHz under an I-BURP-2
pulse in the spin-lock frame using ideal rf-field amplitudes (black)
and scaled rf-field amplitudes (blue). The modulation frequency
was set to vyod = 100kHz and the pulse had a length of (a) 1 ms
and (b) 200 ps corresponding to an inversion range of about 4 and
20kHz, respectively. One can clearly see the inversion band around
the 100 kHz modulation frequency, with virtually no artefacts out-
side the inversion band. The black line corresponds to an ideal rf-
field amplitude of the I-BURP-2 pulse of v, = 1/1p, while the blue
line uses vy = (1/1p) (V1 /Vmod), as would be the case in a real ex-
periment with rf-field inhomogeneity. Simulations using circular-
polarized radio-frequency fields that address the role of possible
Bloch-Siegert effects can be found in Fig. S05.

4 Experimental results and discussion

The experimental implementation of such pulses was tested
by combining an [-BURP-2 inversion pulse in the spin-
lock frame with a two-dimensional nutation experiment. A
schematic representation of the pulse sequence is shown in
Fig. 3. The I-BURP-2 pulse preceding the #; nutation period
leads to a band-selective inversion of the magnetization in
the spin-lock frame and will thus invert parts of the nutation
spectrum. The length of the spin lock was always set to the
length of the I-BURP-2 pulse (t,). The position of the in-
verted part is determined by the modulation frequency wmod
of the I-BURP-2 pulse, and its bandwidth can be adjusted by
changing the length of the inversion pulse. Difference spec-
tra can be obtained by combining consecutive scans with and
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Figure 3. Schematic representation of the pulse sequence used for
testing of the inversion properties of the I-BURP-2 pulse in the
spin-lock frame. After the initial 90° pulse, the magnetization is
spin locked along x and the modulated I-BURP-2 inversion pulse
applied along y. During the subsequent #; time the magnetization
nutates about the field along y. To obtain pure-phase spectra, a z
filter with a dephasing delay is used to select a single component
after the nutation. Difference spectra can be obtained by replacing
the I-BURP-2 pulse in the spin-lock frame with a simple spin lock
in alternating scans while shifting the receiver phase by 180°.

without the inversion pulse and using an appropriate phase
cycle on the receiver phase which is shifted by 180°.

Figure 4 shows nutation spectra of adamantane spinning
at 20kHz MAS frequency recorded at a proton resonance
frequency of 500 MHz using a Bruker 1.9 mm MAS probe
which has a relatively narrow rf-field inhomogeneity profile.
The rf-field amplitude corresponds to the zero crossing of a
5us  pulse (indicative of a 100 kHz rf-field amplitude) and
reaches its maximum around 109 kHz (blue line). Preceding
the nutation by an I-BURP-2 pulse in the spin-lock frame
inverts part of the nutation spectrum, as can be seen from
the green and red lines in Fig. 4. The pulses were generated
assuming a 100kHz rf-field amplitude based on the pulse-
length determination, illustrating the good compensation of
the [-BURP-2 pulses for amplitude mis-setting. The inverted
region narrows with increasing pulse length (7, = 400 s in
Fig. 4a, 7, = 800 ps in Fig. 4b, 7, = 1600 ps in Fig. 4c) and
is shifted with a change in the modulation frequency from
90 to 100kHz (red and green lines in Fig. 4). Virtually no
artefacts outside the desired inversion range are visible. At
slower spinning frequencies, MAS sidebands of the inver-
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Figure 4. Proton nutation spectra of adamantane spinning at 20 kHz
at 500 MHz proton resonance frequency using a Bruker 1.9 mm
MAS probe. In blue, a standard nutation experiment is shown with a
nominal rf-field amplitude of 100 kHz determined by the zero cross-
ing of a Sps 7 pulse. The nutation spectra in green and red were
preceded by an I-BURP-2 pulse of length (a) 400 s, (b) 800 ps
and (c¢) 1600 us using a modulation frequency of 90kHz (green)
and 100kHz (red), respectively. The fact that the inversion ranges
are slightly shifted compared to the theoretical ones (indicated by
dashed and dotted lines) is most likely due to fluctuations in the
amplifier gain, as can be seen from Fig. S03.

sion profile become visible (see Figs. SO1 of the Supple-
ment). In comparison to the width and position of the the-
oretical inversion profiles indicated by dashed (borders) and
dotted (centre) lines, the experimental inversion profiles are
shifted to slightly higher rf amplitudes. A similar experi-
ment on a 600 MHz spectrometer showed no such deviations
(Fig. SO1). This shift is most likely due to fluctuations in the
amplifier gain which is shown in detail in Fig. S03. Adding a
2 ms spin-lock pulse before the selection pulse (see Fig. S02
for the pulse scheme) leads to a shift of the maximum of the
nutation frequency by about 1-2 kHz. This temporal instabil-
ity of the gain of the radio-frequency amplifiers depends on
the exact setting of the radio frequency, the output power of
the amplifier, and the pulse history. The amplification factor
can slowly drift up or down over time, leading to differences
in the selected rf-field amplitudes and the measured ones in
the nutation experiment.
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Figure 5. (a) 'H nutation spectra of natural-abundance glycine
measured at a proton-resonance frequency of 500 MHz spinning at
30kHz in a Bruker 1.9 mm outer-diameter rotor which was com-
pletely filled. The nutation spectrum without selective inversion
(black) shows MAS modulation bands at 30 and 60 kHz due to the
MAS-induced time dependence of amplitude and phase of the rf
irradiation. (b) Expanded region of (a) overlaid in colour with var-
ious difference spectra using a 2ms I-BURP-2 pulse in the spin-
lock frame where the modulation frequency was moved through the
width of the nutation spectrum. Contributions that lie outside the
nutation spectrum are due to the drift of the radio-frequency ampli-
fier gain over the course of different experiments. To allow a more
detailed view of the various sub-spectra in (b), they are also shown
in a separated plot in Fig. S04.

We can now combine a nutation spectrum with a preced-
ing band-selective inversion pulse with a nutation spectrum
where the [-BURP-2 pulse in the spin-lock frame is replaced
with a simple spin lock and the receiver phase is shifted by
180° in alternating scans to obtain Bj-field selective nuta-
tion spectra. Thus, difference spectra are obtained where only
certain regions of the rf-field amplitude are selected by the
pulse in the spin-lock frame. This allows the reduction of the
rf-field inhomogeneity over the sample at the cost of lower-
ing the signal intensity. In essence, this is a restriction of the
sample not in terms of physical location, but in terms of the
rf field experienced by certain crystallites in the rotor.

Figure 5a shows a normal proton nutation spectrum of
glycine at a spinning speed of 30kHz. The spectra were
recorded at a proton resonance frequency of 500 MHz using
a Bruker 1.9 mm MAS probe. The nominal rf-field ampli-
tude was calibrated by the zero crossing of a 5us m pulse.
In Fig. 5b amplitude-selected difference spectra are overlaid
over an expanded region of the nutation spectrum where the
modulation frequency of the inversion pulse in the spin-lock
frame was shifted through the width of the nutation spectrum.
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Figure 6. Schematic representation of the pulse sequence used to
acquire two-dimensional proton—proton chemical-shift correlation
spectra with high resolution through FSLG decoupling achieved in
t1. The final 90° pulse is phase cycled together with the receiver
through all four quadrature phases. States-type phase-sensitive de-
tection in the indirect dimension is implemented by shifting the
phase of the first 90° pulse and the spin lock by 90°. To select parts
of the sample by the [-BURP-2 pulse in the spin-lock frame, two
scans with and without the inversion pulse were subtracted by shift-
ing the receiver phase by 180°.

(5-o)(3),

t2

The nutation spectrum without selective inversion (black
line) has a maximum at 108 kHz and shows MAS modulation
bands at 30 and 60 kHz that appear due to the MAS-induced
time dependence of the rf amplitude and phase. Nutation ex-
periments with preceding I-BURP-2 pulses with a length of
2ms and modulation frequencies spanning the width of the
nutation spectrum are shown in colour in Fig. 5b for an ex-
panded region of the nutation spectrum. It can be seen that
the experiment allows the selection of different parts of the
rf-field distribution depending on the modulation frequency
that is chosen. Interestingly, none of the sub-spectra shows
the MAS modulation bands at 30 and 60 kHz. As these mod-
ulation bands stem from areas within the sample volume ex-
periencing large rf amplitude and phase modulations, de-
phasing of the magnetization in those regions during spin
lock could be responsible for their disappearance. However,
this is not yet fully understood and requires a more careful
investigation.

To showcase the potential of using rf-field amplitude se-
lective pulses to reduce the effects of rf inhomogeneity in
experiments, homonuclear-decoupled proton spectra under
MAS using frequency-switched Lee—Goldburg (FSLG) irra-
diation (Bielecki et al., 1989, 1990; Mote et al., 2016) were
recorded. FSLG decoupled spectra were acquired in the indi-
rect dimension of a two-dimensional correlation experiment
with direct proton detection under MAS. The pulse sequence
used for these experiments is shown in Fig. 6. All spectra
were acquired with the basic FSLG sequence without any
super cycling.

Spectra with and without a Bj-field selection were ac-
quired at 14kHz MAS and are shown in Fig. 7 for glycine
(Fig. 7a), the dipeptide B-Asp-Ala (Fig. 7b), and L-histidine
(Fig. 7c) at a proton resonance frequency of 500 MHz using
a Bruker 1.9 mm MAS probe. The nominal rf-field ampli-
tude for hard pulses and during spin lock was set to 100 kHz
using a nutation experiment for the calibration. The car-
rier was placed outside the spectral region of interest, but
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Figure 7. Frequency-switched Lee—Goldburg decoupled proton
spectra of (a) natural-abundance glycine, (b) natural-abundance
B-Asp-Ala and (c) natural-abundance L-histidine with (red) and
without (blue) a 800us I-BURP-2 pulse used to select the part
of the rotor experiencing rf-field amplitudes close to the nominal
value of 100kHz. Spectra were recorded at a proton resonance
frequency of 500 MHz using a 1.9 mm Bruker MAS probe (com-
pletely filled) spinning the sample at 14kHz. FSLG decoupling
was achieved using a continuous phase ramp with a time reso-
lution of 50ns and an effective field of 125kHz. The frequency
axes are scaled by the experimentally determined scaling factors of
(a) 0.562, (b) 0.557, and (¢) 0.572, which are very close to the the-
oretical one of cos (fm) = +/1/3 ~ 0.577. Arrows indicate the posi-
tion of the carrier frequency. Narrower lines and a strongly reduced
zero-frequency artefact are observed for spectra with a B;-field se-
lection.

no experimental optimization of its exact position was per-
formed. Figure 7 clearly shows that spectra recorded with
a rf-field selective 800 us I-BURP-2 pulse in the spin-lock
frame with a modulation frequency of 100kHz (red lines)
have clearly narrower lines (see Table 1) than FSLG spectra
acquired without the selective inversion (blue lines). More-
over, the zero-frequency artefact at the position of the carrier
frequency is eliminated, and the foot on the left-hand side of
the peaks due to a distribution of the isotropic chemical-shift
scaling factors (Hellwagner et al., 2020) is reduced. Since
the band-selective inversion pulse only selects regions within
the sample space experiencing rf-field amplitudes close to
100 kHz, the selection also leads to a decrease in signal inten-
sity roughly by a factor of 2 in the integrated peak intensity
of Fig. 7. For some of the peaks, the peak height is reduced
significantly less due to the elimination of the broad compo-
nents on the left-hand side of the peaks. The experimentally
determined chemical shift scaling factors (see figure caption)
are very close to the theoretical value for FSLG decoupling
given by cos (0m) = /1/3 ~ 0.577.

The significant reduction of the carrier-frequency artefact
permits the recording of spectra where the carrier is posi-
tioned in the centre of the spectral region of interest. This
allows a substantial reduction of the spectral width and faster
data acquisition in the two-dimensional schemes used here.

Magn. Reson., 1, 187—195, 2020
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Table 1. Full width at half maximum (FWHM) for homonuclear decoupled proton spectra at 500 MHz shown in Fig. 7.

s(lH) FWHM* FWHM*
Sample Figure (ppm) (standard FSLG) (800 ps I-BURP-2)
262 180Hz 0.64ppm | 160Hz 0.58 ppm
Glycine Ta 3.68 190Hz 0.68ppm | 160Hz 0.59 ppm
8.00 240Hz 0.86ppm | 200Hz 0.73 ppm
0.86 110Hz 0.41ppm 90Hz 0.33ppm
395 110Hz 041ppm | 100Hz 0.34ppm
B—Asp-Ala 7b 488 100Hz 037ppm | 90Hz 0.32ppm
745 260Hz 093ppm | 220Hz 0.78 ppm
12.84 130Hz 0.48ppm | 100Hz 0.37 ppm
255 210Hz 0.73ppm | 190Hz 0.67 ppm
o 491 240Hz 0.85ppm | 210Hz 0.73ppm
L-Histidine 7 4221 210Hz 0.72ppm | 170Hz  0.60ppm
16.79 230Hz 0.80ppm | 170Hz  0.60 ppm

* Values given in Hz are taken from the processed and unscaled spectra. Values in ppm include the
isotropic chemical-shift scaling and correspond to the values in the plotted spectra.

Resulting FSLG decoupled spectra of L-histidine with differ-
ent pulse lengths for the [-BURP-2 selection pulse acquired
at a proton resonance frequency of 600 MHz using a 2.5 mm
Bruker MAS probe spinning the sample at 14 kHz are shown
in Fig. 8. Increasing the length of the I-BURP-2 pulse and
thus improving the rf-field selectivity (narrower bandwidth)
leads to a decrease in linewidth and a reduction of the foot
of the lines pointing away from the carrier frequency which
is due to the distribution of isotropic chemical-shift scal-
ing factors (Hellwagner et al., 2020). However, the achieved
line narrowing using more selective pulses again coincides
with lower signal intensity (see Table 2 for numerical values
of the linewidth). The intensity of the signals drops signifi-
cantly by a factor of 2 to 3 when going from 200 or 400 us
pulse length to a much more selective 800 us or 2ms pulse
length. Figure 8 also illustrates that the use of Bj-field se-
lective pulses allows the placement of the carrier frequency
inside the region of interest, as only a small but clearly visi-
ble carrier-frequency artefact is observed which can be com-
pletely eliminated by placing the carrier outside the region of
interest (Fig. 8, blue spectrum). The magnitude of the carrier-
frequency peak increases with increasing proximity to a real
spectral peak. Again, the chemical-shift scaling factors (see
figure caption for numerical values) are very close to the the-
oretical value.

5 Materials and methods

Numerical simulations were implemented using the
GAMMA spin-simulation environment (Smith et al., 1994).
All simulations were performed using a single-spin system
and time slicing of the time-dependent Hamiltonian to
calculate the time evolution of the density operator in the
standard rotating frame.

Magn. Reson., 1, 187—195, 2020

All powdered samples used in the measurements
(adamantane, natural-abundance glycine, natural-abundance
L-histidinesHCI+H,O, natural-abundance S-Asp-Ala) were
purchased from commercial sources and used without fur-
ther purification. Rotors were filled completely and the sam-
ple space was not spatially restricted.

Experiments were carried out on Bruker Avance III
HD NMR spectrometers, operating at a proton reso-
nance frequency of 500 MHz (600 MHz), equipped with a
Bruker 1.9 mm (2.5 mm) triple-resonance probe (in double-
resonance configuration) at a temperature of 285 K. The
shaped pulses for the FSLG homonuclear decoupling and the
[-BURP-2 pulses were programmed in Matlab (The Math-
works, Natick, MA) and exported to Bruker TopSpin shape
file format using home-written routines.

Two-dimensional nutation spectra were acquired with a
simple cosine modulation in #; at a spinning speed of 30 kHz
(20 kHz) for adamantane (glycine) at a proton resonance fre-
quency of 500 MHz. The spin-lock rf-field amplitude used
for the I-BURP-2 pulses was set to 100kHz as determined
by the zero crossing of a Sus 7 pulse. Typically, 256-512
t; increments with eight scans each and a time increment of
3.5 ps, corresponding to a spectral width of 286 kHz, were
recorded. The spectral width in #, was set to 100kHz and
1024 complex data points were acquired. Spectra were pro-
cessed in Matlab using a cosine-squared apodization func-
tion. Example processing scripts are given in the Supple-
ment.

Homonuclear decoupled proton spectra were acquired as
two-dimensional 'H-'H correlation spectra with FSLG de-
coupling (Bielecki et al., 1989, 1990; Mote et al., 2016) in the
indirect dimension using States-type data acquisition (States
et al., 1982) for sign discrimination and phase-sensitive de-
tection in the indirect dimension. Measurements were per-

https://doi.org/10.5194/mr-1-187-2020
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Table 2. Full width at half maximum (FWHM) for homonuclear decoupled proton spectra of L-histidine at 600 MHz shown in Fig.

FWHM* FWHM*
s("H) FWHM* FWHM* FWHM* Tp = 2000 ps 7p = 2000 ps
(ppm) 7p =200 ps 7 =400 ps 7p =800 s (centre) (edge)
2.55 300Hz 0.86ppm | 240Hz 0.75ppm | 230Hz 0.66ppm | 200Hz 0.58ppm | 200Hz 0.59 ppm
491 250Hz 0.72ppm | 220Hz 0.64ppm | 200Hz 0.58ppm | 180Hz 0.53ppm | 210Hz 0.61 ppm
1221  190Hz 0.55ppm | 180Hz 0.52ppm | 180Hz 0.52ppm | 170Hz 0.50ppm | 200Hz 0.59 ppm
16.79 240Hz 0.70ppm | 220Hz 0.63ppm | 190Hz 0.56ppm | 180Hz 0.52ppm | 230Hz 0.68 ppm
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* Values given in Hz are taken from the processed and unscaled spectra. Values in ppm include the isotropic chemical-shift scaling and correspond to the values

in the plotted spectra.
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Figure 8. Homonuclear-decoupled proton spectra of L-histidine
using FSLG decoupling and different selectivity of the I-BURP-2
pulse in the spin-lock frame at 14 kHz MAS. The spectra were ac-
quired at a proton resonance frequency of 600 MHz using a Bruker
2.5mm probe which has a much stronger rf-field inhomogeneity
than the 1.9 mm MAS probe used in Fig. 7. The carrier was placed
in the centre of the region of interest (arrow indicating the exact po-
sition) for all spectra except the blue one. One can clearly see that
longer (more selective) pulses reduce the intensity of the signal but
lead to narrower lines, especially on the side of the peak pointing
away from the carrier frequency. There is a small carrier-frequency
artefact for the spectra with the carrier frequency inside the spec-
tral region of interest. Experimental scaling factors were 0.572 for
the 2ms [-BURP-2 pulses, 0.575 for the 800 us pulse, and 0.579
for the 400 and 200 ps pulses. The modulation frequency was set to
100kHz for the 2 ms and 800 ps, 95 kHz for the 400 us, and 90 kHz
for the 200 us I-BURP-2 pulses. The modulation frequencies were
selected such that the bandwidths of the different pulses cover the
region of maximum intensity in the nutation spectrum.

formed at proton resonance frequencies of 500 and 600 MHz
at a spinning speed of 14 kHz. The rf-field amplitudes used
for hard pulses and during spin lock were set to 100 kHz as
determined using a nutation experiment. Shaped pulses us-
ing a phase ramp with 50 ns time resolution were used for
the implementation of FSLG decoupling. Each shape con-
sists of 320 points leading to a total length of 16 us which

https://doi.org/10.5194/mr-1-187-2020

corresponds to a nutation frequency about the effective field
of 125kHz. Spectra were recorded with 350-768 #; incre-
ments with 8 to 16 scans each and a time increment between
48 and 96 ps (spectral width 20.8 to 10.4 kHz). The spectral
width in 7, was set to 200 kHz and 1024 complex data points
were acquired. For most experiments, the carrier was set to
the edge of the spectral region of interest, but no experimen-
tal optimization of the carrier position was performed. In all
spectra, the carrier position is indicated by an arrow. A more
detailed summary of the acquisition parameters used for the
homonuclear-decoupled proton spectra can be found in Ta-
ble 1 in the Supplement. For processing in Matlab, zero fill-
ing to 4096 x 4096 data points was used and a cosine-squared
window function applied. The one-dimensional spectra were
obtained by summing over the relevant spectral region in ws.
Experimental chemical shift scaling factors were determined
by comparing the observed peak positions to those found
in the literature. The reference peaks used for the compar-
ison were the NHj3 resonance and the centre of the methy-
lene resonance (8 and 3.16 ppm) for glycine (Mote et al.,
2016), the OH and CHj3 resonances (12.85 and 0.86 ppm) for
B-Asp-Ala (Paruzzo et al., 2019), and the o and 82 proton
resonances (16.75 and 2.55 ppm) for L-histidine-HCI-H,O
(Mithu et al., 2013).

6 Conclusions and outlook

We have shown that band-selective pulses in a spin-lock
frame can be used to implement nutation-frequency selec-
tive pulses with very good excitation profiles. Implement-
ing nutation-frequency selective pulses in this way offers a
large range of possible pulse shapes and leads to more sta-
ble results than direct numerical optimization of these pulses
described in the literature thus far (Charmont et al., 2002).
Such Bj-field selective pulses can be used to reduce detri-
mental effects in pulse sequences that are sensitive to rf-field
inhomogeneity and present a much simpler and more effec-
tive alternative to spatial sample restriction along the rotor
axis. As an example, we show significant improvements in
homonuclear-decoupled spectra under MAS using FSLG de-
coupling. On the one hand, the zero-frequency artefact is al-
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most eliminated and the lines are narrower due to the reduc-
tion of the rf-field inhomogeneity. At the same time, the in-
tensity of the signal intensity is reduced, and a compromise
between resolution and sensitivity has to be found. We be-
lieve that pulse lengths around 500 us and 1 ms (bandwidth
of 4 to 8 kHz) provide a good compromise. The implementa-
tion of the pulses is straightforward, and any inversion pulse
shape can be used. In principle selective 90° pulses or more
complex composite pulses could also be used to implement a
selection of B fields or other manipulations of the magneti-
zation in the spin-lock frame. Moreover, nutation-frequency
selective pulses could also be used for probe background
suppression (Feng and Reimer, 2011) in a simple differ-
ence experiment since the probe background typically expe-
riences much lower rf-field amplitudes than the sample inside
the coil.

Data availability. The experimental NMR data, the simulation
data, and the processing and plot scripts for all figures are avail-
able at https://doi.org/10.3929/ethz-b-000432681 (Aebischer et al.,
2020).

Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/mr-1-187-2020-supplement.
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