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Abstract

We present several new methods that allow to obtain through-space 2D HETCOR spectra between spin-1/2 and half-integer quad-
rupolar nuclei in the solid state. These methods use the rotary-resonance concept to create hetero-nuclear coherences through the dipolar
interaction instead of scalar coupling into the HMQC and refocused INEPT experiments for spin 7/2 (n > 1). In opposite to those based
on the cross-polarization transfer to quadrupolar nuclei, the methods are very robust and easy to set-up.
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1. Introduction

Most of the experimental nuclear magnetization reso-
nance (NMR) methods for spin-1/2 nuclei in the solid-
state, utilize indirect excitation via cross-polarization
(CP). Nuclear polarization is usually transferred from
abundant spins I with large gyromagnetic ratio y; and short
longitudinal relaxation time 77 to diluted spins S with
small y5 or long T'g, in order to increase the magnetization
of S and the repetition rate of the experiment. For resolu-
tion enhancement, CP is very often combined with magic-
angle spinning (MAS) and various radio frequency (rf)
pulse sequences to overcome the dipolar interactions [1].
The CP-MAS method has played an instrumental role in
extending the analytical capabilities of solid-state NMR
to the studies of ‘rare’ nuclei such as '*C, >N and %°Si.
The widespread use of this method is not limited to signal
enhancement, but also includes spectral editing and various
2D techniques, such as hetero-nuclear correlation (HET-
COR) experiments. These experiments can provide detailed
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information about complex structures in chemistry, biol-
ogy and materials science by identifying atoms in local
‘proximity’ to one another. Two-dimensional HETCOR
methods have been well established in solution NMR
[2,3] and solid-state NMR of spin-1/2 nuclei [4,5]. In the
latter case, hetero-nuclear through-space connectivities,
which are related to the dipolar interactions, are usually
analyzed using the CP transfer [4,5]. For reasons of resolu-
tion and sensitivity, experiments are performed at increas-
ingly high magnetic fields, which often leads to very fast
MAS rates (presently up to 90 kHz) to minimize the occur-
rence of spinning sidebands due to chemical-shift anisot-
ropy (CSA). However, the homo- and hetero-nuclear
dipolar interactions are also drastically reduced at very
large spinning speeds. In such a situation, the CP matching
condition between the two rf-fields becomes very narrow
and thus very sensitive to rf-inhomogeneity, and this led
to the development of improved CP-MAS schemes involv-
ing amplitude and/or frequency rf modulations [6].

The use of CP involving half-integer quadrupolar nuclei
(S=3/2, 5/2, 7/2, 9/2) presents additional challenges due
to the convoluted spin dynamics involved in the spin-lock-
ing and polarization transfer, especially under MAS condi-
tions. In the powdered samples, these CP dynamics are


mailto:jean-paul.amoureux@univ-lille1.fr

J. Trebosc et al. | Journal of Magnetic Resonance 186 (2007) 220-227 221

strongly anisotropic with respect to crystalline orientation
and they depend on numerous experimental parameters.
As a result, methods including a CP transfer to or from
half-integer quadrupolar nuclei present many important
experimental and theoretical limitations. In this article,
we would like to describe a new hetero-nuclear dipolar
transfer, based on the rotary-resonance recoupling (R?)
concept, [7-12] that avoids most of the previous CP limita-
tions. After recalling the limitations of CP-transfers includ-
ing quadrupolar nuclei, we describe the R* concept and its
application in two different HETCOR-types of experi-
ments, based either on the HMQC [13] (hetero-nuclear
multiple-quantum coherence) or the R-INEPT [14-16]
(refocused insensitive nuclei enhanced by polarization
transfer) principles. In the third part, we give several exam-
ples of R* HETCOR experiments obtained either with
"H or 3!P spin-1/2 nuclei, and either with >*Na (S = 3/2),
or Al (S =5/2) quadrupolar nuclei. In the following,
the observed nucleus will always be denoted S and the
non-observed 1.

2. Fast MAS CP transfer involving one half-integer
quadrupolar nucleus

In the case of fast MAS, CP transfers between two
(I and S) spin-1/2 nuclei, are only observable under the
modified Hartmann-Hann condition [17,18]:

vis +evip = jyr (e ==£1; j=*1, £2), (1)

where vi; and vg are the rf-fields, and vr is the spinning
speed. With respect to the signal that should be observed
after a n/2 pulse, the cross-polarized signal of S nuclei is en-
hanced proportionally to the ratio of the v, Larmor
frequencies:

Signal,,/Signal, , = 0.725vo1/vos (2)

Cross-polarization between one spin-1/2 nucleus (I) and
one half-integer (S =n/2, n> 1) nucleus submitted to the
quadrupole interaction (defined by the quadrupole fre-
quency vq = 3¢°qQ/2S(2S—1)), presents a considerable
challenge due to the very complex spin dynamics involved
in both the spin-locking of S nucleus and the I - S CP
transfer itself. These dynamics are strongly anisotropic
with respect to crystallite orientation and they depend on
the relative size of several parameters: vy, vis, VR, the irra-
diation offsets, and the dipolar and quadrupolar interac-
tions. The effect of MAS is of particular consequence, as
it makes these two interactions time dependent. The effi-
ciency of such CP experiments is much lower than the value
given by Eq. (2), and the sensitivity is rarely enhanced with
respect to the direct excitation method. However, CP
remains useful to record through-space HETCOR spectra.
The effect of MAS on spin-locking of S magnetization can
be categorized based on the magnitude of the adiabaticity
parameter:

Xad = V%S/VQVR (3)

that is related to the speed at which the quadrupole inter-
action crosses zero as the sample rotates [19,20]. The effi-
ciency of spin-locking increases when o,q < 1 or when
o,q > 1, whereas the intermediate case a,q ~ 1 results in
a loss of spin-locked states. In case of strong quadrupole
interaction and fast spinning speed, only the first case,
called sudden passage, is most of the time accessible. Under
typical conditions, the sudden passage condition requires
that vig < 100 kHz, and in practice, v;5 of a few kHz is of-
ten used. In the case of weak v, the nutation frequency
acting on the central-transition (CT) is multiplied by
(S+1/2), and the fast MAS previous Hartmann-Hahn
matching condition [Eq. (1)] translates to:

(S+1/2)V15+&V1[:_]VR (6::|:1, _]:ﬂ:l, :|:2) (4)

This small rf-value may result in vastly different spin-lock-
ing and polarization transfer efficiencies for different S res-
onances. As an example, the efficiency of S spin-locking
degrades largely when the rotary-resonance condition:

vis = dvr /(S +1/2), (d:integer) (5)

is met, and when the second-order quadrupole interaction
(= vg/vos) increases [21]. In addition, the I — S CP transfer
by itself introduces additional dips of efficiency with respect
to those only due to the spin-locking process of the quad-
rupolar nucleus [Eq. (5)] [21]. As a conclusion, the CP
method applied to quadrupolar nuclei is not an easy and
robust experiment. In most cases, the CP transfer becomes
much less sensitive than with spin-1/2 nuclei only. To be
efficient, the rf-fields must be weak, which leads to a large
sensitivity to off-resonance irradiation and rf-mismatch.
This is the reason why MAS HETCOR spectra are often
recorded with several complementary experiments per-
formed with different irradiation offsets, especially at high
magnetic field. rf matching curves [Eq. (4)] present numer-
ous dips, which means that setting up the CP transfer is not
easy, especially with samples of low sensitivity, and more-
over, the efficiency of the CP transfer being Cq dependent,
sites with very different Cq may not be observable
simultaneously.

3. The rotary-resonance recoupling phenomenon
3.1. R? concept

The rotary-resonance recoupling (R?) phenomenon
occurs when the irradiation of one nucleus with an rf-field
amplitude vq is related to the spinning speed vg by a ratio
g = vi/vg, that is equal to an integer or a fraction. This
effect allows to re-introduce anisotropic interactions under
MAS.

Under such conditions, dephasings due to homo-nuclear
dipolar interactions occur for ¢=1/2 (also known as
HORROR condition [10]) and ¢ = 1, while CSA and the
hetero-nuclear dipolar interactions are re-introduced for
g=1 and ¢ =2 [22]. Rotary-resonance has the specific
property that a delay introduced during the R? irradiation
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may change the average Hamiltonians acting on the spins
[22]. As an example, a gap in R® irradiation of half
(g =1) or a quarter (¢ = 2) rotor period changes the sign
of the CSA and hetero-nuclear dipolar averaged Hamilto-
nians as would do a 7 pulse in a Hahn echo experiment. In
the interaction frame defined by the R® irradiation, the
operator defining this irradiation is constantly rotating at
frequency v; = gvr about the rf field. As a consequence,
inverting the phase of R® pulses also reverse the sign of
the average Hamiltonians. A combination of R irradiation
periods and phases, delays, and m pulses, thus allows
manipulating interactions effects such as refocusing CSA
while using dipolar coupling to correlate hetero-nuclei.
To get HETCOR spectra, R® with ¢ =2 is used to avoid
homo-nuclear re-introduction, especially when dealing
with '"H. However when the spin to which R? is applied
doesn’t experience large homo-nuclear coupling the condi-
tion ¢ =1 is preferred because it is more efficient and
robust than ¢ =2. This has been used with the HMQC
pulse sequence, to analyze the through-space connectivity
of "N with either '*C [12,23,24], or 'H [22].

3.2. R® HMQC and R’ R-INEPT experiments

The R* HMQC and R* R-INEPT pulse sequences, are
described in Fig. 1. The R* HMQC (Fig. 1a and b) and
R?* R-INEPT (Fig. lc and e) pulse sequences are similar
to the classical ones used in liquids [13-16], except that
an rf-field with an amplitude v; = gvg (¢ =1 or 2) is sent
on the spin-1/2 nucleus during the dipolar transfer, and
that the timing of these sequences must be fully rotor-syn-
chronized. The R? irradiation must be performed on the
spin-1/2 nucleus. Indeed, sending this long CW rf-field
onto the quadrupolar nucleus does not reintroduce cor-
rectly the dipolar interaction, due to the changes of the
nutation frequency according to the quadrupole interac-
tion, and to the energy anti-level crossings related to the
sample rotation [25-27].

On the observed nucleus, the HMQC experiment is com-
posed of an echo (Fig. 1a and b). The two periods of this
echo must be rotor synchronized (ptg each) to avoid any
modulation, especially when the quadrupolar nucleus is
observed (Fig. la). We always use an integer number of
rotor periods: ktg for R* gaps, which allows us to use
the same sequence for ¢ = 1 or 2. This leads to R® periods
that last (p — 0.5k)tg each. The two periods, #; and ktg,
are increased simultaneously, always keeping #; slightly
smaller than ktgr. The two echo delays ptg must be
increased simultaneously with ktg, in order to always keep
the R® periods constant. It may be interesting to also rotor-
synchronize the ¢#; evolution period. This synchronization
avoids the spinning sidebands along F; (e.g. due to large
CSA), but limits the indirect spectral-width to vg. Het-
ero-nuclear dipolar dephasings onto the observed nucleus,
related to other not manipulated active nuclei, are can-
celled due to the m pulse in the middle of the pulse
sequence.

In the R-INEPT sequences, an additional w/2 pulse,
shifted by 90° with respect to the phase of the first pulse,
can be added in the I channel, at the end of the evolution
period, to select a pure sine or cosine signal for the
hyper-complex data treatment. CSA dephasing of spin-
1/2 is canceled either by using two R irradiations with
opposite phases (Fig. 1d and f) or by a hard = pulse in
the middle of a one-rotor period delay (Fig. lc and e);
whereas hetero-nuclear dipolar refocusing is prevented by
a CT selective © pulse on the quadrupolar nucleus. More-
over, we can note that the spin-1/2 isotropic chemical shifts
and Jig couplings, which are not modulated by MAS, have
their dephasings canceled by the continuous wave (CW)
R3-irradiation. To prevent any quadrupolar modulation,
the delays in between the three CT-selective pulses must
be rotor synchronized: ptr and p'tg (Fig. lc—f). By also
taking into account the gap delays (tg), each R® period
must therefore last (p — 1)tg and (p’ — 1)1g in Fig. Ic
and e or (p — 0.5)tg and (p’ — 0.5)tr in Fig. 1d and f. Het-
ero-nuclear dipolar dephasings onto the spin-1/2 nucleus,
related to other not manipulated active nuclei, are can-
celled either due to the m pulse in the middle of each echo
period, or due to the change of sign of the R*-irradiation.

Although it has not been used in the presented experi-
ments, in R-INEPT, the resolution along the quadrupolar
nucleus can be enhanced by introducing on spin-1/2 nuclei
during the evolution or acquisition period, either a CW
decoupling or a more efficient broadband decoupling
sequence [28]. The resolution along the spin-1/2 nucleus
can be enhanced by introducing on spin-n/2 nucleus a
decoupling pulse sequence optimized for quadrupolar
nuclei [29]. The resolution is thus only broadened by the
homo-nuclear scalar couplings along the dimension of the
spin-1/2 nucleus, whereas it is also broadened by the CT
second-order quadrupole interaction along the other
dimension.

In HMQC, no decoupling can be applied during ¢;.
When using the pulse sequence in Fig. 1a, this may intro-
duce an additional broadening along the spin-1/2 nucleus,
with respect to that observed with R-INEPT [30]. Indeed,
only CT’s are manipulated by the selective m pulse, and
thus Jg; dephasings associated with ST’s affect the F; reso-
lution. This broadening may be important in case of quad-
rupolar nucleus with large spin value.

The choice among these HETCOR sequences is related
to at least two criteria: the sensitivity and the resolution
of the methods. An important criterion is the sensitivity,
which is influenced by the longitudinal relaxation times
(T1), the Larmor frequencies, and the number of #; steps.
The experiment can start either from the quadrupolar or
from the spin-1/2 nucleus. The first case (Fig. la, c, and
d) should be preferred when the 7' value of the quadrupo-
lar nucleus is much shorter than that of the spin-1/2
nucleus. When the two Larmor frequencies are very differ-
ent, starting from the highest one is an advantage, espe-
cially with the HMQC method, which uses an inverse
detection. In case of a well crystallized sample, observing
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Fig. 1. R* HMQC pulse sequence starting either from the quadrupolar (a) or spin-1/2 (b) nucleus. (c, d) R* R-INEPT pulse sequences starting from the
quadrupolar nucleus and using on spin-1/2 nucleus either (c) two R* periods separated by a gap (tg) with a & pulse in the middle, or (d) two R? periods
with opposite phases. (e, f) R> R-INEPT pulse sequences starting from the spin-1/2 nucleus.

the quadrupolar nucleus in the indirect dimension is an  second-order quadrupole interactions. Globally, there is
advantage (Figs. 1b-d), as it decreases the number of ¢, thus no general rule to get the best sensitivity, and the
increments to be performed, especially in case of strong choice of the method must thus be done case by case.
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For well-crystallized samples, the resolution along the spin-
1/2 axis may be the criterion of choice, and then the pulse
sequence described in Fig. 1a should be avoided.

4. Experimental

The experiments were performed at 9.4 and 18.8 T on
two Bruker Avance-1I spectrometers equipped with triple
resonance 4 and 3.2 mm MAS probes, respectively. We
have recorded many 2D R* HETCOR spectra of different
samples. However, in the following, we will present only
six spectra corresponding to the six pulse-sequences
described in Fig. 1, and experiments that use: (i) either
9.4 or 18.8 T magnetic field and (ii) either the g =1 or 2
R? condition, as indicated in the figure captions.

We have run these experiments on four different sam-
ples: AIPO4-VPIS, AIPO4-14 as synthesized hydrated or
dried, and Na7(A1P207)4PO4.

Microporous hydrated aluminophosphate AIPO4-VPIS
contains three equally populated sites for Al and P, which
are coordinated with each other through one bridging oxy-
gen [31]. Under MAS, the *'P resonances are well resolved,
but only two *’Al peaks are observable (Fig. 2). The
resonance labeled Al; represents a site between the fused
four-membered rings. Two water molecules complete an
octahedral coordination sphere for Al; and render inequiv-
alent the tetrahedrally coordinated Al, and Alj sites, as
well as the phosphorus sites P, and P5 in the six-membered
rings. The specific connectivities between various nuclei are
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Fig. 2. AIPO4VPI5. ?’Al - 3'P R® R-INEPT spectrum recorded at 9.4 T
with pulse sequence of Fig. lc. vip = vg = 10 kHz (¢ = 1), R? irradiation:
7 =1" =700 us, 320 scans per row and recycling delay of 2 s. F; spectral-
width = 10 kHz. Total experimental time = 18 h.

as follows: Al] (2P],P2,P3),A12 (P],2P2,P3) and Al'; (P],
P»,2P;). The quadrupolar coupling constants Cq for the
aluminum sites are 3.95 MHz (Al,), 1.3 MHz (Al,), and
2.8 MHz (Als) [32,33]. The R® R-INEPT Al—P MAS
HETCOR spectrum of AIPO4-VPIS, recorded at 9.4 T, is
displayed in Fig. 2. Due to much more favorable relaxation
times, we started the experiments from the quadrupolar
nuclei, and used the pulse sequence described in Fig. 1c
with ¢=1. It can be observed that, according to the
structure, all aluminum atoms are spatially close to all
phosphorous atoms.

We have also tested our sequences on a powder sample
of AIPOy-14. Our initial sample was templated using iso-
propylamine. Its structure is made of 4-, 6-, and 8-rings
pores. Its space group is P1 with an inversion center [34].
The unit cell composition corresponds to AlgPsO3,(OH),
for the framework, plus two protonated isopropylamine
(C5H,oN)" ions and two water molecules [34] that perform
motions on the microsecond timescale in the 8-ring chan-
nels [35]. This AFN-type material forms a 3D channel sys-
tem, made of alternating AlO, (x=4, 5, 6) and POy,
polyhedrons, with 8-ring pores containing four different P
and four different Al sites [34-37]. Each phosphorus is
connected to four aluminum atoms via an oxygen atom
as follows: Pl (1A11,2A12, 1A13), P2 (1A11,1A12,2Al4), P3
(1A11,2A13, 1A14) and P4 (lAll, 1A12, 1A13, 1A14) Each alu-
minum is connected to four phosphorous atoms via an oxy-
gen atom. However, Al; and Al; are also additionally
connected to either one or two OH™ groups, respectively.
The quadrupolar coupling constants Cq and asymmetry
parameters 7o of Al;»34 are equal to 5.58, 4.08, 1.74
and 2.57 MHz and 0.97, 0.82, 0.63 and 0.7, respectively
[37]. Spectrum shown in Fig. 3 (H — Al - H R* HMQC)
has been recorded at 18.8 T using the ¢ =2 R* condition
because it involves the protons, with the pulse sequence
described in Fig. 1b. That shown in Fig. 4 (H - Al R?
R-INEPT) has been recorded at 9.4 T with the pulse
sequence described in Fig. le, ¢ = 2, on another as-synthe-
sized AIPOy4-14 sample, but after heating it to 100 °C dur-
ing 24 h. Indeed this sample seemed initially more hydrated
than the sample used is Fig. 3 and water mobility prevented
"H/?’Al HETCOR spectra to be acquired. Removal of
water molecules changes mainly the proton spectrum, but
does not affect Al/P connectivities. Due to its larger Cq
value, and the moderate field, cross peaks with Al; species
are hardly visible. Due to lack of knowledge about the
structure we will not discuss the observed correlations.
The spectrum shown in Fig. 5 (P — Al R? R-INEPT) has
been recorded at 18.8 T on hydrated initial AIPO,4-14 with
the pulse sequence described in Fig. 1f, and ¢ = 1. The cor-
relations observed are the same as those described in
Fig. 5d of Ref. [30]. For this experiment we had to decouple
protons during the INEPT transfer. This is related to
S'p_'H dipolar couplings which are not averaged by
MAS during the R® irradiation. Indeed, the mixed
27A1/*'P/"H coherences may be prevented to refocus prop-
erly at the end of R? pulse if, in the meantime, flip—flops
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Fig. 3. AIPO414: initial sample. '"H — >’Al - 'H R®* HMQC spectrum
recorded at 18.8 T, with pulse sequence of Fig. 1b. vig =2vg =40 kHz
(g = 2), recycling delay: 1s. Total experimental time: 10 h.
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Fig. 4. AIPO,-14: dried sample. 'H —?*’Al R* R-INEPT spectrum
recorded at 9.4 T, with pulse sequence of Fig. le. viy =2vg =20 kHz
(¢ =2), R?® irradiation: 7 =1’ = 700 ps, 200 scans per row and recycling
delay of 1 sec. F; spectral-width = 20 kHz. Total experimental time =9 h.

occur on the proton side. Decoupling prevents the creation
of 3'P/"H coherences. We did not observe any difference
between CW, TPPM or SPINAL decoupling in this case.
By comparing the aluminum projections displayed in Figs.
3 and 5, one can observe a worst resolution for Al, and Al;
species in Fig. 3. This is related to the '"H-"H homogeneous
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Fig. 5. AIPO4-14: initial sample. *'P — 2’Al R* R-INEPT spectrum
recorded at 18.8 T, with pulse sequence of Fig. If. vip =vg =20 kHz
(q = 1), R? irradiation: (p — 0.5tg) = (p' — 0.5tg) = 725 us, 64 scans per
row and recycling delay of 1s. F; spectral-width = 20 kHz. Proton CW
decoupling at 80 kHz was needed during the INEPT transfer. Total
experimental time = 210 min.

dephasings that are not cancelled by the « pulse in the mid-
dle of the t; evolution period [21].

To show the robustness of this method we have also
done experiments on the **Na nucleus, which has a

Na,
Na
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-35 .
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1
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Fig. 6. Naj(AIP,0;),PO,. **Na —3'P - ?*Na R® HMQC spectrum
recorded at 18.8 T, with pulse sequence of Fig. la. v;p =vg =20 kHz
(g=1), R?* irradiation: (p — 0.5k)tg =725us, 32 scans per row and
recycling delay of 3s. F; spectral-width =20 kHz. Total experimental
time = 180 min.
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Fig. 7. Na;(AIP,0,),PO,. **Na — *'P R? R-INEPT spectrum recorded at
18.8 T, with pulse sequence of Fig. 1d. vip=vg =20 kHz (¢=1), R?
irradiation: (p — 0.5tg) = (p’ — 0.5tr) = 725 us, 32 scans per row and
recycling delay of 3s. F; spectral-width =20 kHz. Total experimental
time = 120 min.

spin-3/2. The spectra shown in Figs. 6 and 7 were run
directly after spectrum Fig. 5, without any re-optimization,
except for the »Na CT-selective 90° pulse. Even the R?
pulse duration was kept identical assuming similar dipolar
couplings as for *'P—*’Al. The sample used is a sodium—
aluminum ortho-diphosphate: Na;(AIP,07)4POy,. Its struc-
ture is tetragonal, with space group P42,c, and there are
three different sodium species and three different phospho-
rous species [38,39]. Due to much shorter relaxation time,
we started the experiments from >*Na, and used the pulse
sequence described in Fig. 1a and d, with ¢ =1 at 18.8 T
field. Spectra shown in Fig. 6 (Na — P — Na R® HMQC)
and Fig. 7 (Na — P R® R-INEPT) both display the same
results.

5. Conclusion

We have shown that through-space 2D HETCOR
spectra including quadrupolar nuclei can be obtained
with the rotary-resonance recoupling (R?) concept, which
substitutes the dipolar interaction for the scalar coupling
into the classical HMQC and R-INEPT experiments.
These two new methods are very easy to optimize, as
there is only one experimental sample-dependent param-
eter: the length of the dipolar re-introduction. Moreover,
these R* methods are less sensitive to rf-offsets than pre-
vious CP-based HETCOR experiments [21]. Concerning
the rf-mismatch, which is a limitation for fast MAS CP
transfers [21], the CSA helps to broaden the R® matching
condition, which is important to overcome the rf
inhomogeneity.
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