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The performance of various high-resolution 1D 1H CRAMPS pulse schemes at moderate and high static
magnetic fields (400 MHz and 800 1H Larmor frequencies) and spinning rates up to 35 kHz, using
state-of-the-art electronics is compared. The performance of the 1H windowed acquisition decoupling
schemes, wDUMBO, wPMLG3 and wSAM3 is investigated using their effective z-rotation variants on gly-
cine and other small biological molecules, tripeptide reduced glutathione and nucleoside uridine. 1H
CRAMPS spectra, recorded with windowed 1H–1H decoupling methods and fast MAS (35 kHz) and
high-field are reported for the first time. 1H spectra exhibiting outstanding resolution and completely free
from any artifact are also shown. The effect on spectra quality of the decoupling rf cycle and rotor periods
ratio (sC=sR) and the power requirements needed for each windowed 1H CRAMPS methods are discussed.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

Due to its high sensitivity and high natural abundance, 1H NMR
spectroscopy is routinely used for the characterization of structure
and dynamics in solution state NMR. This is not so for solids be-
cause of the dominant strong homonuclear 1H–1H dipolar cou-
plings, which broaden the proton resonances to typically a few
tens of kHz for rigid networks.

For rigid non-deuterated solids, fast magic-angle spinning
(MAS) and periodic multiple rf pulses [1,2], may be employed to
partially remove the dipole–dipole interactions. Simple rotation
of the sample at the magic-angle is not sufficient to fully average
out 1H dipolar couplings, even at the highest rates available today
(up to 70 kHz). Periodic multiple-pulse decoupling sequences aver-
age out the homonuclear dipolar interactions in spin-space but do
not remove the line broadening due to chemical shift anisotropy.
High-resolution 1H spectra in solid-state NMR may be attained
using Combined Rotation And Multiple-Pulse Spectroscopy
(CRAMPS) [3], which consists in combining spin-space and real-
space averaging.

Several 1H CRAMPS techniques, based on a quasi-static re-
gime, are available using windowless [4–18] and windowed
ll rights reserved.
[18–23] pulse sequences. So far, the application of these se-
quences has been limited to slow and moderate spinning rates.
For example, 1H CRAMPS methods such as Frequency Switched
Lee–Goldburg (FSLG), Phase Modulated Lee–Goldburg (PMLG)
and Decoupling Under Mind Boggling Optimisation (DUMBO)
have been increasingly used on their windowless forms, with
the later performing well up to 24 kHz [15]. The windowed
versions of these pulse sequences have only been tested up to
16 kHz and comprehensive reports are scanty on the investiga-
tion of their dependence on various experimental parameters,
particularly very-fast MAS rate. Rotor-synchronised symmetry-
based sequences [24–26] have also been used in the design of
windowless 1H CRAMPS schemes. The R105

2 symmetry-based se-
quence performs well at 30 kHz MAS while calculations indicate
that the sequence R168

5 may perform well at 60 kHz, employing
relatively low rf power requirements (m1 = 144 kHz) [26]. More-
over, similar RNm

n Smooth Amplitude-Modulated (SAM) symme-
try-adapted pulse sequences, have been recently suggested to
decouple 1H spins at MAS rates up to 65 kHz (windowless)
and 30 kHz (windowed variants) [27–29]. SAM consists of
applying a cosine-modulated shape, instead of a square, pulse.

Recently, we have assessed the performance of several Lee–
Goldburg based 1H CRAMPS techniques [30] and their depen-
dence on several experimental parameters. Following up this
work, here, we wish to compare the performance of wPMLG3,
wDUMBO and wSAM3 at fast MAS rates (up to 35 kHz), using
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two different magnetic fields (9.4 and 18.8 T) and a fast electron-
ics NMR console.

This study is carried out using glycine and the small biological
molecules, uridine and reduce tripeptide glutathione (GSH). To
the best of our knowledge no papers are available on windowed
1H CRAMPS at fast MAS rates and high magnetic fields.
2. Experimental

1H NMR spectra were recorded on 9.4 T Bruker DSX 400 WB and
18.8 T Bruker Avance-III 800 NB spectrometers using 2.5, 3.2 and
4 mm double resonance probes.

1H CRAMPS Experiments were performed on glycine (Aldrich),
uridine (Aldrich) and GSH (Merck) samples and spinning at the
magic-angle in ZrO2 rotors (samples not restricted to the center
of the rotor). The experimental scaling factors (kexp) of 1H CRAMPS
spectra were determined by comparison with a 1H glycine spectra
recorded using a single-pulse experiment (SPE) and MAS at 20 kHz.
kexp is calculated from Ddscaled between the NH3

+ and CH3 peaks of a
scaled 1H CRAMPS spectrum, and DdSPE of a 1H SPE spectrum
½kexp ¼ Ddscaled

DdSPE �. Chemical shifts are quoted in parts per million
(ppm) from tetramethylsilane (TMS). The sample temperature dur-
ing the various 1H CRAMPS spectra recorded at the different spin-
ning rates was kept constant at 298 K using a temperature
controlling unit.

All the different windowed 1H acquisition schemes were re-
corded using:

� A detection window (tW) of 7 ls (Bruker DSX) and 5.6 ls (Bruker
Avance III);

� A transmitter blanking of 0.7 ls;
� A fast digital receiver unit able to sample one complex data

point by averaging 32 points sampled at 20 MHz over 1.6 ls
(Bruker Avance III only).

� A dwell time calibrated according to the rf cycle period plus tW

of each CRAMPS sequence.

Further experimental details used to obtain the different 1H
spectra may be found in the figure captions.
Fig. 1. Windowed 1H CRAMPS pulse sequence employing the (
3. Results and discussion

3.1. Investigating windowed 1H CRAMPS methods on glycine

3.1.1. General considerations
The three windowed CRAMPS techniques, wPMLG3, wDUMBO

and wSAM3 (Fig. 1) were all used employing exactly the same
pulse sequence. In practice, using the same pulse sequence it is just
necessary to change the respective decoupling shape. Thus, exclud-
ing the shape calibration, i.e., the parameters pertinent to each
decoupling method, all the other parameters (mostly depending
on the hardware such as the dead time, tW, transmitter blanking,
etc.) were the same. We have applied the recently developed
improvement made on wPMLGn decoupling, the z-rotation variant
[20,31], which consists of a supercycle of two consecutive PMLGn
shape pulses having a 180� phase switch between each other.
The same principle was also applied to wDUMBO. The use of an
effective z-rotation has been shown to be less sensitive to rf imper-
fections over a broad range of 1H offsets and also to remove/reduce
image peaks as well as the zero line frequency. The z-rotation ver-
sions of wPMLG3 or wDUMBO may also be noted wPMLG3X�X and
wDUMBOX�X (Fig. 1), respectively. However, for the sake of simplic-
ity, we drop this notation for both sequences and from now on,
wPMLG3 and wDUMBO refer to their z-rotation variants. The
wSAM3 method is a symmetry-adapted sequence (R63

1). We now
examine the three different techniques, studying their sensitivity
to several experimental parameters (shape pulse length, rf field
strength, spinning frequency, and B0 field).

3.1.2. Calibrating the rf cycle lengths and field strengths of windowed
1H CRAMPS

The wPMLG3 scheme consists of 6 sequential pulses with
phases /i with i = 1–6 (Fig. 1a). The phase increment, D/i is
207.8/3 beginning with D/i/2. The rf phase of the second half of
the wPMLG3 sequence [i = 4–6] is reversed by 180� with respect
the first half [i = 1–3]. The PMLG3 shape was preferred to the more
used PMLG5, because of its enhanced 1H resolution (Fig. S1). In
addition, at faster spinning rates, a shorter CRAMPS cycle period
(sC) is needed, thus making PMLG3 more adequate than PMLG5
for a given rf field strength. The optimization of wPMLG3 is quite
a) PMLG3, (b) DUMBO and (c) SAM3 decoupling schemes.
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straightforward: aside the 1H rf offset frequency, one just needs to
find the rf field strength necessary to obtain the correct PMLG3
pulse length which is previously estimated according to the Lee–
Goldburg condition [30], or vice-versa. However, the choice of
the optimum CRAMPS cycle period (sC with sC = tDec + tW) should
be carefully checked in order to avoid certain unwanted conditions
[13]. This will be discussed later on the wDUMBO technique. Main-
taining constant the rf pulse length while changing the rf field
strength of the decoupling sequence (data not shown), we observe
that wPMLG3 is not excessively sensitive to the variation of the lat-
ter (for a given spinning rate), affording good 1H resolution over a
wide range of Decibel, making wPMLG3 a rather robust decoupling
technique.

The wDUMBO shape also consists of a phase-modulated func-
tion. We have employed a shape composed by one cycle of 64 steps
(Fig. 1b) built from the combination of six complex Fourier coeffi-
cients [15]. Like wPMLG3, we just need to calibrate the rf pulse
length and the rf field strength, accordingly. For a given pulse
length, the 1H resolution is maximal over a narrower Decibel re-
gion, in comparison to wPMLG3 (data not shown). The pulse length
for the DUMBO shape is usually set to 32 ls [15,17] for a 100 kHz
decoupling strength using a spinning rate of 12.5 kHz. We now
show the influence of several experimental parameters on the res-
olution of 1H spectra.

Fig. 2 illustrates the optimization curves, using wDUMBO,
showing the decoupling rf pulse length (tDec) variation for differ-
ent spinning rates and rf field strengths. tDec is a key parameter
Fig. 2. Signal intensity/resolution variation as a function of the wDUMBO rf pulse
length (tDec) at different spinning rates and rf field strengths. Minima positions
corresponding to different Floquet crossing levels are depicted by letters ‘a–e’
(Table 1). Asterisks depict unassigned minima.
to achieve good 1H resolution. We observe maxima and minima
intensities, when employing different tDec values, which do not
depend on the rf field strength [compare Fig. 2(II and III) or
Fig. 2(V and VI)] albeit depending on the rotor and CRAMPS cy-
cle periods i.e., the ratio sR/sC. Lesage et al. reported a similar
behavior although keeping tDec and the nutation frequency at a
constant value, respectively, while varying the spinning rate
[15]. It is known that these minima are attributed to destructive
interferences between the rotor period and the homonuclear
decoupling cycle modulations, which occur for certain values of
sR/sC [13,32,33]. Vinogradov et al. have used a bimodal Floquet
analysis to calculate the exact position of these minima occur-
ring for certain Floquet crossing levels, i.e., when jsR + msC = 0
and when |v| < 5 or sR/sC < 5, with j and m being integer num-
bers [13].

Having set the 1H rf offset frequency approximately in the
center of the 1H resonances and selected an appropriate spectral
width, Fig. 2 illustrates what has to be done to fully optimize a
given windowed 1H decoupling sequence. This figure shows, for
wDUMBO, how the 1H resolution is affected by varying the sC

(or tDec), sR and m1. Most observed minima may be assigned
using the Floquet analysis. It may be seen that the deepest
minimum conditions occur when sC/sR = 0.25 and 0.5, which
correspond to {m, j} values of {4, �1} (‘a’ conditions in Fig. 2, Ta-
ble 1) and {2, �1} and/or {4, �2} (‘c’ conditions in Fig. 2, Table
1), respectively. A few of these minima could not be assigned
using this rationale, however they may be attributed to other
types of crossing levels, which may occur, for example, when
the scaled chemical shift values of the protons are taken into ac-
count [13].

By keeping a constant spinning rate, the maximum region de-
pends on the rf field strength (Fig. 2V and VI). A shorter pulse
length gives a better resolution with a larger rf field strength.
Fig. 2 further shows that as the spinning rate increases the minima
corresponding to each different crossing level change their posi-
tions and become closer to each other. Above a certain spinning
rate, for instance 20 kHz (Fig. 2V and VI), two maxima are observed
near the Floquet crossing levels ‘b’ and ‘d’ (Fig. 2V and VI, Table 1)
when varying sC, 5 ls < sC < 40 ls. Employing mR = 20 kHz, the best
1H resolution using m1 = 150 kHz (Fig. 2V) is obtained with
tDec = 12.5 ls or sC ffi 18.5 (corresponding to sR/sC ffi 2.7), while at
m1 = 100 kHz, a longer pulse length of tDec = 27 ls (corresponding
to sR/sC ffi 1.5) is needed for wDUMBO, which is equivalent to a
sC = tDec + tW ffi 33 ls. In contrast, at MAS rates of 35 kHz best res-
olution/intensity is reached at sR/sC ffi 1.45 employing a rf field
strength of 150 kHz. For DUMBO decoupling, a very thorough opti-
mization of tDec and rf field strength are mandatory in order to ob-
tain the best 1H resolution. The same should be valid for the
remaining 1H CRAMPS techniques. This is even more important
at high spinning rates because sR is shorter and the crossing levels
Table 1
List of sC (ls) values calculated for the different Floquet crossing levels at different
spinning frequencies (see Fig. 2 for the visualization of the conditions ‘a–e’).

{m, j} mR (kHz)

10.0 12.5 15.0 20.0 35.0

{1,�1} 100 80.0 66.7 50.0 28.6
{2,�1}a 50.0 40.0 33.3 25.0 14.3
{3,�1}b 33.3 26.7 22.2 16.7 9.52
{4,�1}c 25.0 20.0 16.7 12.5 7.14
{1,�2} 200 160. 133.3 100. 57.3
{2,�2} 100 80.0 66.7 50.0 28.6
{3,�2}d 66.7 53.3 44.4 33.3 19.0
{4,�2}a 50.0 40.0 33.3 25.0 14.3
{3,�3} 100 80.0 66.7 50.0 28.6
{4,�3}e 75.0 60.0 50.0 37.5 21.5
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corresponding to precise values of sR/sC will be more sensitive to
any pulse variation, due to their close proximity (Fig. 2VII). For in-
stance, at MAS rates of 35 kHz.

The SAM3 shape (Fig. 1c) consists of three periods of a cosine
function spanning one rotor period. Although symmetry-based se-
quences are rotor synchronized, windowed SAM3 should not be ro-
tor synchronized due to the addition of tW for data point sampling
(i.e., sC = tDec + tW – sR) [27]. It has been shown that since homonu-
clear dipolar interaction is active during tW, it is important that the
windows are placed at different periods of the rotor modulation so
that related dephasings occurring at successive windows compen-
sate each other [34]. In this way the selection rules may still be va-
lid for wSAM3. In general, SAM3 only requires the optimization of
the rf field strength.
Fig. 3. 1H glycine spectra recorded employing: (a–d) 1H SPE; wDUMBO decoupling using
(g) m1 = 112 kHz, (h) m1 = 146 kHz and (i) m1 = 70 kHz; wSAM3 decoupling using (j) m1 = 1
3.1.3. Comparing the different windowed 1H CRAMPS techniques on
glycine

These three different techniques (Fig. 3) are now compared. As
expected, for simple 1H SPE spectra, faster spinning rates and a
higher B0 field improves the spectral resolution. Nevertheless, the
spectral resolution is still modest and, thus, CRAMPS decoupling
methods should be used [18]. No considerable resolution improve-
ment was observed in the 1H wPMLG3 spectra of glycine recorded
at high B0 fields (Fig. 3g and i) and fast spinning rates (Fig. 3e and f
or Fig. 3g and h). At mR = 15 kHz, the wDUMBO 1H spectrum is
slightly better resolved than the spectrum of wPMLG3 (Fig. 3e
and g). Although wPMLG3 and wDUMBO are quasi-static derived
methods, they are still performing well at fast spinning rates (at
least up to 35 kHz, Fig. 3f and h). There is no resolution loss at fas-
(e) m1 = 112 kHz, (f1) m1 = 195 kHz and (f2) m1 = 146 kHz; wPMLG3 decoupling using
10 kHz. Recycle delay: 3 s.
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ter MAS rates. In fact, the 1H spectra are slightly better resolved at
35 than 15 kHz on GSH (Fig. 5e and f). Comparing the techniques,
clearly wDUMBO performs slightly better than wPMLG3 and
wSAM3. The latter two yield spectra of similar resolution (Fig. 3h
and j). It is worth noting that the implementation of an effective
z-rotation method, affords wPMLG3 and wDUMBO 1H spectra de-
void of the central axial artifact, which is, however, observed in
the wSAM3 spectrum (the same rf offset was used in all se-
quences). Moreover, the wSAM3 spectrum is noisier with some
baseline distortions. Nevertheless, wSAM3 is less stringent on rf
field power. For example, using mR = 35 kHz, wSAM3 requires 25%
less rf field strength (m1 = 110 kHz) than wDUMBO and wPMLG3
(m1 = 146 kHz). We recorded wDUMBO 1H spectra using rf field
strengths of 146 (Fig. 3f2) and 195 kHz (Fig. 3f1) but no additional
line narrowing was observed. Presumably, faster spinning would
Fig. 4. 1H uridine spectra recorded employing (a–d) 1H SPE; wDUMBO decoupling usin
m1 = 146 kHz and (i) m1 = 70 kHz. Recycle delay: 25 s. The experimental scaling factors w
be required in order to improve the 1H spectra resolution at the
stronger rf field employed in this work (m1 = 195 kHz). The sym-
metric (i.e., symmetric with respect to the carrier frequency) rf-ro-
tor frequency lines [20] appearing on some wDUMBO and wPMLG3
1H spectra (not shown in the figures) were always located outside
the region of 1H signals over all range of spinning rates tested (up
to 35 kHz). Thus, setting the carrier 1H frequency at the center of
the 1H signals no problems were obtained due to the superposition
of rf-rotor frequency lines and 1H signals.

Glycine is a good initial test sample to optimize the various
experimental parameters. However, more complex compounds,
having 1H nuclei in distinct functional groups, may provide a better
assessment of the robustness of each decoupling method. In the
following section, we will restrict our study to wPMLG3 and
wDUMBO, which seem to outperform wSAM3.
g (e) m1 = 112 kHz, (f) m1 = 146 kHz; wPMLG3 decoupling using (g) m1 = 112 kHz, (h)
ere (e) kexp = 0.61; (f) kexp = 0.61; (g) kexp = 0.65; (h) kexp = 0.73 and (i) kexp = 0.69.
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3.2. Investigating windowed 1H CRAMPS on uridine and GSH tripeptide

In this second part, the robustness of 1H CRAMPS decoupling
techniques, applied to the more complex systems uridine (Fig. 4),
a nucleoside, and the GSH (Fig. 5) tripeptide, is evaluated. Here,
we are not particularly concerned with the detailed attribution of
the different 1H resonances, which will be reported in a forthcom-
ing paper. Rather, we wish to compare and discuss the different
decoupling schemes, and illustrate the high-quality 1H CRAMPS
spectra recorded using cutting edge NMR equipment on these
more challenging solids. To better judge the performance of the
different windowed 1H CRAMPS schemes, experiments were per-
formed at different spinning rates and B0 magnetic fields.

Fast MAS is often required to remove 2nd rank interactions,
such as chemical shift anisotropy, which increases at higher B0

fields. Thus, it is important to have at our disposal 1H homonuclear
decoupling sequences that perform well at high-spinning rates. A
series of 1H spectra recorded at 15–20 (Fig. 4) and 35 kHz (Fig. 5)
Fig. 5. 1H GSH spectra recorded employing (a–d) 1H SPE; wDUMBO decoupling using
m1 = 146 kHz and (i) m1 = 70 kHz. Recycle delay: 5 s. The experimental scaling factors we
MAS rates were acquired on uridine and GSH. The 1H CRAMPS
spectrum of the former (Fig. 4) exhibits a maximum of nine 1H res-
onances in the range d = 4–12 ppm. For GSH (Fig. 5), 10 1H reso-
nances are resolved ranging from 2 to 14 ppm. The resonance at
dH ffi 13.3 ppm and the two overlapped resonances at dH ffi 8.5 ppm
are attributed, respectively to –COOH and –NH/–NH3 groups. Seven
peaks are observed in the 1.8–4.4 ppm region. Six are tentatively
attributed to the different –CH and –CH2 groups and one shoulder
at dH ffi 1.8 ppm, assigned to the �SH group (Fig. S2). A dedicated
assignment study will be addressed elsewhere for uridine and
GSH compounds.

3.2.1. Comparing and testing windowed 1H CRAMPS methods
Again, faster spinning rates leads to better resolved 1H SPE spec-

tra. Increasing B0 only, from 9.4 to 18.8 T, in 1H SPE do not lead to a
drastic 1H spectral resolution improvement for uridine (Fig. 4ac
and bd) and GSH (Fig. 5ac and bd). The same behavior is noticed
when comparing the 1H SPE with mR = 20 and 35 kHz spectra of uri-
(e) m1 = 112 kHz, (f) m1 = 146 kHz; wPMLG3 decoupling using (g) m1 = 112 kHz, (h)
re (e) kexp = 0.57; (f) kexp = 0.61; (g) kexp = 0.57 and (h) kexp = 0.72.
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dine (Fig. 4ab and cd) and GSH (Fig. 5ab and cd). On the other hand,
the 1H CRAMPS spectra (Fig. 4e–h and 5e–h for uridine and GSH,
respectively) present comparable resolution at 15 (or even lower)
and 35 kHz, which is much better than the resolution of the 1H
SPE at mR = 35 kHz. For example, the 1H wPMLG3 (Fig. 4e) or
wDUMBO (Fig. 4g) spectra of uridine recorded at 15 kHz exhibit
a resolution similar relative to those recorded at 35 kHz (Fig. 4f
and h). Note that although four times more scans have been used
to record the 1H CRAMPS uridine spectra at mR = 35 kHz than the
spectrum at mR = 15 kHz, the former still shows a weaker signal-
to-ratio due to the need of a smaller sample volume to rotate the
sample at mR = 35 kHz. Consider now the performance of wDUMBO
and wPMLG3 techniques. For uridine, the spectra of the former
show slightly better resolution at different spinning rates (compare
Fig. 4e with Fig. 4g and Fig. 4f with Fig. 4h). In particular, the uri-
dine peaks at dH = 5.5 and 7.5 ppm clearly show this. For GSH at
moderate spinning rates both decoupling strategies afford similar
spectral resolution (Fig. 5e and g). However, differences in the res-
olution afforded by the two methods are observed in the 1.8–
4.4 ppm region at mR = 35 kHz (Fig. 5f and h). Such differences
are, mainly, due to the wDUMBO 1H decoupling improvement at
high spinning rates (Fig. 5f).

It is clear from Figs 4 and 5 that changing the spinning rate
alone does not yield a very considerable resolution enhancement.
In addition, 1H CRAMPS decoupling at B0 = 9.4 T performs the same
or worse than 1H SPE (mR = 35 kHz) alone at 18.8 T. We must
emphasize that employing high-field and 1H CRAMPS decoupling
simultaneously is the best solution to obtain highly resolved 1H
NMR spectra (Fig. 4e–h and Fig. 5e–h).

4. Conclusion

The influence of the spinning rate, rf decoupling cycle, nutation
frequency and B0 field on the resolution of 1H NMR spectra has
been assessed using three different 1H CRAMPS schemes. Although
wPMLG3, wDUMBO and wSAM3 have been studied, special atten-
tion was given to the former two. It has been shown that win-
dowed 1H CRAMPS techniques, (wPMLG3 and wDUMBO)
designed for relatively slow spinning rates, perform very well up
to 35 kHz (affording slightly better resolution than that of the
10–15 kHz spectra). The spectral resolution obtained with,
wPMLG3 and wDUMBO is better than the resolution yielded by
wSAM3 technique, for spinning rates up to 35 kHz. Although the
wPMLG3 and wDUMBO 1H spectral resolutions are very similar,
sometimes the latter outperforms the former. Such quasi-static de-
rived techniques should perform well at the presently available
very-fast spinning speeds (ca. 70 kHz) provided the adequate sR/
sC is chosen. Such MAS rates will need larger rf field strengths,
which are not a limitation since the smaller size of the high MAS
rate spinners offer the possibility of delivering considerably stron-
ger rf fields. At the maximum spinning rate available to us
(mR = 35 kHz) best 1H decoupling is reached at sR/sC ffi 1.5 using
an rf field strength of 150 kHz.

Windowed 1H acquisition schemes have the advantage of
affording highly resolved 1H spectra in a single dimension, thus
opening the possibility to be used during t2 evolution in 2D pulse
schemes where high-resolution 1H detection may help performing,
otherwise, insensitive experiments. Work along this line is in
progress.
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