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Abstract

We compare several hetero-nuclear dipolar recoupling sequences available for HMQC or HSQC experiments applied to spin-1/2 and
quadrupolar nuclei. These sequences, which are applied to a single channel, are based either on the rotary resonance recoupling (R3)
irradiation, or on two continuous rotor-synchronized modulations (SFAM1 and SFAM2), or on four symmetry-based sequences
ðR21

1; SR42
1;R125

3;R209
5Þ, or on the REDOR scheme. We analyze systems exhibiting purely hetero-nuclear dipolar interactions as well

as systems where homo-nuclear dipolar interactions need to be canceled. A special attention is given to the behavior of these sequences
at very fast MAS. It is shown that R3 methods behave poorly due to the narrowness of their rf-matching curves, and that the best meth-
ods are SR42

1 and SFAM (SFAM1 or SFAM2 if homo-nuclear interactions are not negligible). REDOR can also recouple efficiently het-
ero-nuclear dipolar interactions, provided the sequence is sent on the non-observed channel and homo-nuclear dipolar interactions are
negligible. We anticipate that at ultra-fast spinning speed, SFAM1 and SFAM2 will be the most efficient methods.
� 2008 Elsevier Inc. All rights reserved.
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1. Introduction

In liquid-state, hetero-nuclear multiple- (J-HMQC) [1]
or single- (J-HSQC) [2] quantum coherence through-bond
J-coupling methods, which will be denoted J-H-M/S-QC
when considered together, have been designed to enhance
the signal by inverse detection.

In solids, nuclei are submitted to several anisotropic
interactions, which lead to broad resonances and thus very
poor signal to noise ratios. To enhance the resolution and
increase the signal to noise ratio, sample-rotation at the
magic-angle (MAS: magic-angle spinning) [3] is used. To
further enhance the low sensitivity of NMR in solids,
cross-polarization (CP) is also often used [4]. Nuclear
polarization is then usually transferred through the dipolar
interaction from ‘strong’ abundant spins I to ‘weak’ diluted
spins S, to increase the magnetization of S and the repeti-
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tion rate of the experiment. Nowadays, CP is often com-
bined with MAS for resolution enhancement, leading to
CP-MAS experiments [5]. Another way to enhance the sen-
sitivity is to combine the indirect detection methods with
MAS, leading to MAS J-HMQC [6] and MAS J-HSQC
[7] experiments, to obtain through-bond hetero-nuclear
correlation (MAS J-HETCOR) 2D spectra under high-res-
olution. Recently, it has been shown that with a very slight
change of the pulse sequences these methods can be
adapted to observe through-space MAS D-HETCOR 2D
spectra, leading to MAS D-H-M/S-QC experiments [8].
Usually, dipolar interactions are cancelled by the MAS
rotation. Several different methods exist for hetero-nuclear
recoupling purposes. This re-introduction has been per-
formed first with the rotary-resonance recoupling (R3)
method [9], and then several symmetry-based sequences
have been proposed: e.g R121

3;R125
3, and R209

5 [10,11].
Another symmetry-based sequence, SR42

1, has been recently
introduced in the context of measuring the OH distances in
samples with numerous protons, but its application to
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hetero-nuclear recoupling is quite general [12]. Very
recently, Cavadini et al. published the application of the
R209

5 sequence to the 14N-1H dipolar recoupling [13]. In this
article we would like to compare the advantages and limi-
tations of these dipolar recoupling methods in the context
of MAS D-H-M/S-QC experiments: the R3 continuous
irradiation, the previous three symmetry-based sequences
ðSR42

1;R125
3;R209

5Þ as well as R21
1 sequence [10,14], the stan-

dard REDOR (Rotational Echo Double Resonance) [15]
and the SFAM (Simultaneous Frequency and Amplitude
Modulation) concept [16], which has been proposed to
overcome REDOR limitations at very fast MAS. The com-
parison of these hetero-nuclear dipolar recoupling methods
will be made in the case of nuclei also submitted or not to
large homo-nuclear dipolar-interactions. A special atten-
tion will be given to the behavior of these sequences at ultra
fast MAS (mR > 40 kHz).

2. Dipolar recoupling pulse sequences

Our purpose is to apply these D-H-M/S-QC methods in
between spin-1/2 and quadrupolar nuclei. The spin value of
the quadrupolar nuclei is larger than 1/2, and these systems
thus present more than two Zeeman energy levels. Manip-
ulation of the quadrupolar nucleus density matrix is thus
difficult and in order to increase the efficiency of the meth-
ods, the number of pulses sent on quadrupolar nuclei must
be minimized. Therefore, in the following, the dipolar
recoupling sequences will always be applied to a single
channel, which will be that of the spin-1/2 nucleus in case
of D-HETCOR experiments involving quadrupolar nuclei.

Most hetero-nuclear dipolar recoupling sequences with
rf field applied to a single channel automatically reintro-
duce the chemical shift anisotropy (CSA) on this channel
because of identical rotation properties under the rf and
MAS of these two interactions. In D-H-M/S-QC experi-
ments, the CSA of the S observed nucleus (CSAS) is refo-
cused, but only at the very end of the sequence. To avoid
any effect of CSAS, its evolution must thus be perfectly
identical during the two recoupling periods. One can thus
anticipate that the defaults of each particular recoupling
sequence will be emphasized by the re-introduction of
CSAS, when this sequence is performed on the observed
channel, particularly in case of strong CSAS. In Fig. 1 we
have represented the pulse-sequences corresponding to
MAS D-HMQC (Fig. 1a and b) and MAS D-HSQC
(Fig. 1c and d) in case of a spin-1/2 and a half-integer
quadrupolar nucleus. In case of two spin-1/2 nuclei, the
recoupling sequences can be sent on any channel. It must
be noted that to add constructively the dipolar dephasings
related to the two recoupling sequences (for non c-encoded
sequences, see Section 2.4), the delay between these
sequences must be rotor-synchronized (kTR), and the p
pulse (HMQC) on the S channel must be in the middle of
this delay. Of course, the t1 time should be also rotor-syn-
chronized if spinning sidebands are to be avoided (e.g. for
14N indirect detection) [13,17].
2.1. REDOR

The rotational echo double resonance (REDOR)
sequence applies evenly spaced p-pulses (two per rotor
cycle) for dipolar recoupling. The p-pulses alternate the
sign of hetero-nuclear dipolar dephasings modulated under
MAS, hence preventing their complete averaging. REDOR
is a very simple and efficient method when only hetero-
nuclear interactions are taken into account. Unfortunately,
when REDOR pulses are applied to the observed channel,
the remaining value of CSAS at the beginning of acquisi-
tion depends critically on the rotor position with respect
to the multiple p-pulse sequence. Small MAS frequency
drifts and fluctuations accumulate timing errors over the
long transfer periods and consequently result in incomplete
and unstable CSAS refocusing. The phases of these p pulses
can be calculated to compensate partly for the flip angle
error, the off-resonance effect, and the fluctuation of rf-
field, leading to sequences REDORXYk (k = 4, 8, 16) [18].
However, it has been shown in case of weak dipolar recou-
pling, that even with these compensated sequences, a very
tiny 0.1 Hz change of MAS frequency can attenuate signal
intensities if all REDOR pulses are sent on the observed
channel [19]. In any case, it has been shown that the het-
ero-nuclear dipolar recoupling decreases at very fast spin-
ning speed when the fraction of the rotor period occupied
by the two p pulses increases, especially in homo-nuclear
systems [20]. REDOR presents the advantage of a longitu-
dinal two-spin-order (IzSz) recoupling of the hetero-nuclear
dipolar interactions between I and S spins in first order,
which means that this interaction commutes for different
spin pairs. Non-commuting dipolar interactions on the
other hand lead to ‘dipolar truncation’, i.e. the measure-
ment of a weak dipolar coupling between two spins is pre-
vented if one or both spins are also strongly dipolar
coupled to other spins [21]. When REDOR pulses are
applied to the non-observed I channel, REDOR recouples
simultaneously the CSAI, but this commutes with the het-
ero-nuclear dipolar interaction, and thus, in practice the
hetero-nuclear recoupling is not influenced by CSAI.
REDOR also recouples the I-spin homo-nuclear dipolar
couplings, and the size of the recoupled terms depends on
the ratio of the duration of the p pulses with respect to
the period of the sample rotation. Hence, only in the limit
of short pulses with respect to the rotation period, homo-
nuclear I-spin decoupling is achieved, while under very fast
MAS substantial recoupling of the I-spin homo-nuclear
dipolar interactions occurs [22]. It must be noted that
REDORXYk (k = 4, 8, 16) sequences can also be viewed
as RN m

n sequences (see Section 2.4) [10].

2.2. Rotary resonance recoupling (R3)

Rotary resonance recoupling (R3) has been shown to
recover various anisotropic spin interactions under MAS
with resonance conditions described by a number q = m1/
mR (where m1 is the rf-strength) [9]. For CSA and hetero-



Fig. 1. HMQC pulse-sequence with recoupling on I (a) (non-observed) or S (b) (observed) spin-1/2 nuclei. HSQC pulse-sequence with recoupling on I (c)
or S (d) spin-1/2 nuclei. Pulses with large rectangle are CT (central transition) selective pulses used for spins M/2. Phases of p and p/2 pulses follow the
regular J-HMQC ones. The phase for R3 is zero and the phases for other recoupling sequences are calculated according to their corresponding definitions.
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nuclear dipolar coupling, the re-introduction occurs with-
out ‘dipolar truncation’ at q = 1 and 2. For homo-nuclear
dipolar coupling it occurs at q = 1/2 and 1 due to the bilin-
ear nature of the spin operator in the dipolar Hamiltonian.
The q = 1/2 resonance affects only the homo-nuclear dipo-
lar interaction and is known as the HORROR condition
[23]. It is well-known that the q = 2 condition reintroduces
the hetero-nuclear dipolar coupling under MAS, but not
the homo-nuclear interaction [17]. This condition should
thus be used in case of nuclei submitted to strong homo-
nuclear dipolar interaction. In other cases, the q = 1 condi-
tion should be preferred, because of its better experimental
efficiency. R3 can also be seen as symmetry based sequences
R20

1ðq ¼ 1Þ or R40
1ðq ¼ 2Þ (see Section 2.4).
2.3. SFAM

At very fast spinning speeds (up to mR � 100 kHz, pres-
ently), which are necessary to suppress CSA in high static
magnetic fields (up to Bo = 23.5 T), REDOR suffers from
artifacts because of the finite p pulse lengths, which repre-
sent a non negligible fraction of the rotational period. To
overcome this limitation a method with ‘simultaneous fre-
quency and amplitude modulation’ (SFAM) has been pro-
posed [16]. The carrier frequency (m0 + Dm0(t)) of the rf field
is modulated cosinusoidally, while its amplitude (m1(t)) is
modulated sinusoidally. It has been shown that the best
efficiency for the hetero-nuclear dipolar recoupling is
observed when the modulation frequency of this rf field is
equal to the spinning speed leading to the SFAM1 method:

Dm0ðtÞ ¼ Dmmax
0 cosð2pmRtÞ

m1ðtÞ ¼ mmax
1 sinð2pmRtÞ ð1Þ

It has also been shown that, with respect to hetero-
nuclear dipolar interaction, continuous SFAM1 behaves
exactly the same as REDOR with ideal p pulses [16]. How-
ever, SFAM1 also recouples the homo-nuclear dipolar
interactions, and thus should not be used when these are
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not negligible. In this case, in a similar way as with R3 to
eliminate homo-nuclear dipolar interactions, the modula-
tion frequency should be twice the spinning speed, leading
to the SFAM2 method:

Dm0ðtÞ ¼ Dmmax
0 cosð4pmRtÞ

m1ðtÞ ¼ mmax
1 sinð4pmRtÞ ð2Þ

In both cases, the best efficiency is observed when the
depth of the frequency modulation ðDmmax

0 Þ and the maxi-
mum amplitude of the rf field ðmmax

1 Þ are of sufficient ampli-
tude. It has been shown that SFAM methods do not suffer
from ‘dipolar truncation’ [16].
2.4. Symmetry-based sequences

The nuclear spin interactions may be classified in terms
of their properties under rotations by the quantum num-
bers {l, m, k, l}, where {l, m} and {k, l} denote the rank
and component with respect to sample spatial rotation
and spin-rotation, respectively. Selection rules have been
established, which predict if a certain interaction with the
quantum numbers {l, m, k, l} is present (symmetry-
allowed) in the first-order average Hamiltonian derived
under a sequence RN m

n (N even) or CN m
n with the set of num-

bers: N, n, m [10,14]. The basic bloc of these sequences
extends over n rotor periods and is composed of N rotor-
synchronized p (2p for CN m

n) rotation elements: single-,
composite-, or smoothly-modulated rf-pulses. The
sequences are called ‘c-encoded’ when only the phase of
the average Hamiltonian depends on the Euler angle
cMR, which is one of the three angles defining the molecular
orientation with respect to the rotor-frame. ‘c-encoding’
generally leads to a low sensitivity to synchronization of
delays, high efficiency in a powder and good discrimination
of the recoupled interactions [24]. On the other-hand, non-
c-encoded sequences are generally more robust as regard to
rf missettings and inhomogeneity, and superior for long-
range distance estimations [25]. In their simplest forms,RN m

n

sequences are composed of p pulses with alternate phases
±pm/N. In this case, when N = 2m, the pulse phases are
±90� and hence the phase shift in between two consecutive
pulses is equal to 180�. The RNN=2

n sequences are then called
‘amplitude modulated’ and are compensated for rf-inho-
mogeneity [26]. Another advantage of these sequences is
that ±90� phases are easy to obtain accurately and with a
fast commutation time in between them, even on old con-
soles. But they are not ‘c-encoded’.

In this article, we are interested by hetero-nuclear dipo-
lar recoupling RN m

n sequences.
This recoupling can be accomplished either with single-

quantum coherences or with longitudinal two-spin-order.
This leads to dipolar ‘truncated’ or ‘not truncated’
sequences, respectively. When the recoupling sequence is
sent on the non-observed channel, CSAI and hetero-
nuclear dipolar interactions are always recoupled simulta-
neously, because they have the same ranks l = 2, k = 1. If
these two interactions commute, hetero-nuclear dipolar
recouplings are then insensitive to CSAI.

We have chosen to only use RN m
n sequences which have

been designed: (i) to use only p pulses, (ii) to prevent ‘dipo-
lar truncation’, to provide: (iii) hetero-nuclear, but (iv) not
homo-nuclear dipolar recoupling, and (v) to be uncorre-
lated to the irradiated-spin CSA. As we wish these
sequences working at very fast MAS, we have added a last
criterion: to only select RN m

n sequences requiring a limited
rf-field amplitude: m1/mR = N/2n 6 2.

We have chosen to investigate the R125
3 and R209

5

sequences that have been proposed for this purpose
[10,13,14]. These sequences correspond to p pulses with
±75� and ±81� phases, for R125

3 and R209
5, respectively.

However, the duration of the whole RN m
n bloc is given by

nTR, and it may be useful to use a shorter one in case of
large hetero-nuclear dipolar interactions and/or slow spin-
ning speed. The eight p-pulse ðpxp�xpxp�xp�xpxp�xpxÞSR42

1

sequence, only lasts two rotor-periods. It has been recently
proposed to measure 17O–1H distances in protonated sam-
ples, but with a better discrimination of simultaneous long
and short O–H distances than R125

3 [12]. Another advan-
tage of SR42

1 is that it is an ‘amplitude-modulated’ sequence
which means compensated for rf-inhomogeneity, as R125

3

and R209
5 sequences [10]. In the Levitt symmetry-based ana-

lytical calculations, these three non ‘c-encoded’ recoupling
sequences (SR42

1;R125
3 and R209

5) require the rf-field
strength to be only twice the spinning frequency:
m1 = 2mR. It can be noticed that the plain R42

1 sequence
can be considered as a simplified version of SFAM2.
Indeed, R42

1 is composed of four pulses with alternating
phases (±90�) per rotor period, which can be developed
as a Fourier-series expansion (±2mR, ±6mR, ±10mR,. . .),
with the first term (±2mR) being the largest. For each crys-
tallite, the resonance frequency is always sweeping in a
rotor-synchronized way due to the MAS rotation and
anisotropic interactions. However, SFAM2 also introduces
an additional frequency sweep of the irradiation through
the resonance frequency. This analogy is similar to that
in between FAM [27] and DFS [28] for signal enhancement
of quadrupolar nuclei. In the same way, the analogous of
SFAM1 is the R21

1 sequence, which also recouples the
homo- and hetero-nuclear dipolar interactions and is com-
posed of two p pulses of opposite phases per rotor period
with m1 = mR with the Levitt’s calculations [10,14].

3. Simulations

3.1. Hetero-nuclear recoupling

We have chosen to calculate with SIMPSON [29] the
efficiency of a MAS D-HMQC experiment in between
two spin-1/2 nuclei, with DIS = 1000 Hz. Pulses other than
those in recoupling sequences are ideal pulses (pulseid
statement in SIMPSON). We have chosen to do the calcu-
lations for two very different spinning speeds that are both
presently accessible with commercially available probes:
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mR = 20 and 70 kHz. For each recoupling sequence and
each rf-field strength, the recoupling times (s = NTR) have
always been optimized. The efficiency has been normalized
with respect to that obtained with a classical echo experi-
ment (p/2 � s � p � s � Acq). For the RN m

n sequences,
we have fixed the lengths and phases of the pulses to their
theoretical values (e.g. TR/4, and ±75� for R125

3) [10,14]. In
SFAM sequences, we have fixed the depth of the frequency
modulation Dxmax

0 to 60 kHz in SFAM1 and 15 kHz in
SFAM2, but its optimal value span over a very broad
range.

In Figs. 2 and 3, we simulated the sequence of Fig. 1a,
plotting efficiencies, without any CSA (except Figs. 2b
and 3b) or homo-nuclear dipolar interactions, versus the
rf-field strength for mR = 20 and 70 kHz, respectively. The
maximum of efficiency is always of c.a. 70%, and only
the optimum rf-field and broadness of the best matching
condition is changing from method to method. One
observes first that the two main R3 resonances are observed
at the q = 1 and 2 conditions (Figs. 2a and 3a), as described
previously. The q = 2 resonance is slightly narrower than
that observed for q = 1, which leads experimentally to a
smaller efficiency when taking into account the rf-field
inhomogeneity of the coil. This is one of the reason why
experimentally the q = 1 condition should be preferred in
case of weak homo-nuclear interactions. We observed that
CSA of the irradiated nuclei broadens these R3 resonances,
as shown in Figs. 2b and 3b. However, this broadening is
small, especially when R3 irradiation is sent on 1H nuclei
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Fig. 2. Calculated optimum 13C–15N–13C MAS D-HMQC efficiency with DIS

(other than recoupling sequence), versus the rf-field amplitude (mmax
1 for SFAM)

(f), SFAM1 ðDmmax
0 ¼ 60 kHzÞ (g), SFAM2 ðmmax

0 ¼ 15 kHzÞ (h). Efficiencies are n
obtained for the simulation of 27Al–31P–27Al MAS D-HMQC using the seque
whose CSA is limited to c.a. 10–12 ppm. All other match-
ing curves are much broader and should thus lead experi-
mentally to a larger signal. R125

3 and R209
5 sequences

present similar theoretical behaviors and hence should give
similar experimental results (Figs. 2d and e and 3d and e).
As predicted by Levitt’s calculations [10,14], the main
broad resonance of R21

1 (Figs. 2c and 3c) and that of
R125

3 and R209
5 sequences is observed for an rf-field equal

to mR and 2mR, respectively. This is not the case with the
SR42

1 sequence for which only a large plateau is observed
in between 1.5mR and 3mR, whereas the ‘analytical’ opti-
mum value corresponds to 2mR. Similar very good results
are obtained with the SFAM sequences, whose efficiencies
are constant over a large range (Figs. 2g and h and 3g and
h). However, SFAM1 requires less rf-field (m1 > mR) than
SFAM2 (m1 > 2mR), which thus should be mainly used in
case of large homo-nuclear dipolar interactions. In the case
of these very broad rf-matching curves (Figs. 2c–h and 3c-
h), we have found that CSA of the recoupled nucleus has
little effect on the efficiency if this CSA is smaller than
the spinning speed. Up to now, we have calculated the the-
oretical efficiency of the RN m

n sequences that may be
obtained with an ‘ideal’ probe, which means without any
rise or fall time and without any phase glitches. These
effects, which increase with the spinning speed, do not exist
with the constant R3 rf-field, and they are weak with the
continuous SFAM irradiation where they mainly appear
as a delay of the rf-field with respect to the amplifier volt-
age. To mimic these experimental limitations, we have
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1

ormalized with respect to that observed with an echo. The same results are
nce in Fig. 1a.
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Fig. 3. Calculated optimum 13C–15N–13C MAS D-HMQC efficiency with DIS = 1 kHz at mR = 70 kHz, using sequence shown Fig. 1a with ideal pulses
(other than recoupling sequence), versus the rf-field amplitude (mmax

1 for SFAM). R3 without (a) and with (b) CSA (10 kHz), R21
1 (c), R125

3 (d), R209
5 (e), SR42

1

(f), SFAM1 ðDmmax
0 ¼ 60 kHzÞ (g), SFAM2 ðDmmax

0 ¼ 15 kHzÞ (h). Efficiencies are normalized with respect to that observed with an echo. The same results
are obtained for the simulation of 27Al–31P–27Al MAS D-HMQC using the sequence in Fig. 1a.
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redone the previous calculations, but introducing for the
four previous RN m

n sequences a delay in between the pulses.
With respect to the previous results, the efficiency of these
sequences is slightly decreased and the maximum of effi-
ciency is shifted to larger rf-fields (not shown). The scaling
rf-field factor is equal to the inverse of the proportion u
during which the rf-field is sent. As an example, the opti-
mum rf-field is multiplied by 2.3 if the delay is of 2 ls, if
mR = 70 kHz. Obviously, the SFAM sequences still appear
more appealing with respect to all other sequences when
taking into account these pulse limitations. The REDOR
efficiency always decreases with longer pulses (lower rf-
field), and with the XY4 phase cycling its value is propor-
tional to cos(pu/2)/(1-u2) [20].

Another important parameter is the scaling factor of the
recoupled hetero-nuclear dipolar interaction which drives
the optimum length for the dipolar recoupling. Remark-
ably its value only depends on the fact the recoupling
sequence decouples or not homo-nuclear interactions:

SFAM1;R3
q¼1;R21

1;REDOR 2sopt ¼ 0:84=D ð3Þ
SFAM2;R3

q¼2; SR42
1;R125

3;R209
5 2sopt ¼ 0:84

p
2=D ð4Þ
Previous simulations (Figs. 2 and 3) do not account for
experimental signal decrease due to irreversible losses act-
ing during the recoupling periods. These losses increase
with the recoupling time. Thus, except when homo-nuclear
interactions cannot be neglected, these losses are another
reason to prefer sequences described in Eq. (3), and espe-
cially SFAM1 and REDOR.
3.2. Homo-nuclear decoupling

In a second step, we have calculated the signal that can
be obtained with a three spin system: two S nuclei strongly
(25 kHz) dipolar coupled together, and simultaneously
weakly (1 kHz) dipolar coupled with one I nucleus.

R21
1 and SFAM1 do allow homo- and hetero-nuclear

dipolar recoupling, hence leading to cancellation of all
available magnetization. Thus they will not be considered
in the following. Only one main resonance is now observed
on the R3 matching curves (Figs. 4a and 5a), which corre-
sponds to the q = 2 condition. Again, the R125

3 and R209
5

methods behave similarly, but are much less efficient than
without homo-nuclear dipolar interactions, especially at
low spinning speed where this interaction is weakly MAS
averaged (Figs. 4b and c and 5b and c). The SR42

1 matching
curve is now split into three narrow resonances corre-
sponding to m1/mR = 2, 3 and 5. In any case, the most effi-
cient method is SFAM2, especially when introducing the
previous delay between the RN m

n pulses (not shown). The
SFAM2 matching curve is less flat than before and a broad
maximum is observed for m1 = 4mR. Of course, the efficiency
of all methods increases with spinning speed, as homo-
nuclear interactions are then more and more averaged.
The REDOR efficiency is decreased by the introduction
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of the homo-nuclear interactions, especially with weak rf-
fields [22].

It must be noted that in order to compare the rf-power
dissipated into the coil for the various methods, the rf val-
ues indicated for SFAM are peak values (Figs. 2g and h
and 3g and h) and should thus be divided by
p

2 to get
RMS values, because they correspond to sinusoidal modu-
lations. It is also important to note that simulations includ-
ing half-integer quadrupolar nuclei (not shown), gave very
similar results to those shown in Figs. 2–5.
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4. Verifications on 13C–15N–13C D-HMQC of glycine

We have first started to verify previous calculations in
between two spin-1/2 nuclei, by recording 13C–15N–13C
D-HMQC HETCOR spectra of fully 13C and 15N enriched
glycine at Bo = 9.4T and mR = 20 kHz. There are two car-
bons, at 42 and 180 ppm, and a single nitrogen in this
amino-acid. However, the 13C–13C homo-nuclear interac-
tions are weak in glycine. In Fig. 6 is represented the opti-
mum first slice (t1 = 0) spectrum for the 13C resonance at
42 ppm, for the various dipolar recoupling sequences. We
have used a 1H TPPM decoupling sequence during the
acquisition of this first slice [30].

When the recoupling is performed indirectly on the 15N
channel all sequences perform similarly (Fig. 6), except
mainly the two R3 sequences, which give a very weak signal
due to their narrow matching curves with respect to the coil
rf-inhomogeneity. As said before, the q = 2 resonance effi-
ciency is still weaker than that for q = 1, due to narrower
resonance and longer sopt value. The R21

1 sequence is inter-
mediate between the R3 sequences and the six other
sequences.

When the 13C–15N dipolar recoupling is performed
directly on the 13C observed channel (Fig. 7), results are
completely different, as all pulses defects of the recoupling
sequence (rising and falling times, phase glitches and
errors, rf-field strength and spinning speed instability) are
then emphasized, and prevent 13C CSA refocusing. One
striking example of this effect is the REDOR signal, which
is quite decreased with respect to Fig. 6, as shown previ-
ously by Gan [8]. The normalized optimum signal intensity
we achieved is: (6) REDOR, (25) R3

q¼2, (43) R3
q¼1, (47) R21

1

and R209
5, (52) SFAM2, (57) R125

3, (66) SR42
1 and (80)

SFAM1.
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5. Verifications on 27Al–31P–27Al D-HMQC of AlPO4 VPI5

We have performed the same type of verifications in
between 27Al and 31P in microporous hydrated alumino-
phosphate AlPO4-VPI5. This sample contains three equally
populated sites for Al and P, which are coordinated with
each other through one bridging oxygen [31]. Under
MAS, the 31P resonances are well resolved, but only two
27Al peaks are observable. The resonance labeled Al1
(��20 ppm) represents a site between the fused four-mem-
bered rings. Two water molecules complete an octahedral
coordination sphere for Al1 and render inequivalent the
tetrahedrally coordinated Al2 and Al3 sites (� 42 ppm),
as well as the phosphorus sites P2 and P3 in the six-mem-
bered rings. The specific connectivities between various
nuclei are as follows: Al1 (2P1, P2, P3), Al2 (P1, 2P2, P3)
and Al3 (P1, P2, 2P3). The quadrupolar coupling constants
CQ for the aluminum sites are 3.95 MHz (Al1), 1.3 MHz
(Al2), and 2.8 MHz (Al3) [32]. Because we deal now with
one quadrupolar nucleus with spin-5/2, the dipolar recou-
pling sequence must be sent onto the phosphorus channel.
Due to very long phosphorus relaxation times, we have
started the experiment from the aluminum channel
(Fig. 1a) and thus recorded the first t1 slice of
27Al–31P–27Al D-HMQC experiments. This means that
the large phosphorus CSA do not intervene in the indirect
refocusing of the 31P–27Al dipolar coupling. The results for
the Al2,3 resonances represented in Fig. 8 are very similar to
those previously obtained in case of two spin-1/2 nuclei
(Fig. 6). The R21

1 and SFAM2 efficiencies are intermediate
between those very small observed with R3 and the large
ones observed for REDOR, R125

3; R209
5; SR42

1 and
SFAM1. Simultaneously, for three methods (R3

q¼1, SFAM1,
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SR42
1), we have calculated the efficiency versus the delay

(Fig. 1: � kTR) in between the two recoupling sequences.
It can be observed that the rotor-synchronization of this
delay is more critical for SR42

1 than for R3
q¼1 and SFAM1

(Fig. 9A). This timing is still more critical when the recou-
pling sequences are sent on the observed channel (Fig. 9B).
Simulation results (Fig. 9) have been verified
experimentally.
6. Verifications on 1H-15N-1H D-HMQC of histidine

There are three different types of protons in histidine,
but only two resonances are observed at 8 and 12 ppm,
with the spinning speed (mR = 20 kHz) and static field
(Bo = 9.4 T) we have used. In this case, it is mandatory
using a recoupling sequence that also decouples the
1H-1H dipolar interactions, and therefore the signal
observed with REDOR, R3

q¼1, and SFAM1 sequences was
always very small (not shown). In Fig. 10, we have thus
only represented the first slice observed with the five
sequences ðR3

q¼2; SR42
1;R125

3;R209
5; SFAM2Þ described in

Eq. (4) with the recoupling sequence sent on the 15N chan-
nel. The optimum recoupling periods for these sequences
were always similar and approximately 1.4 longer than that
observed with REDOR, R3

q¼1, and SFAM1. Except for the
R3

q¼2 recoupling scheme, which behaves poorly due to the
narrowness of its resonance, the four other sequences pres-
ent approximately the same efficiency at this spinning
speed. However, we believe that, in opposite to SFAM2,
the efficiency of RN m

n recoupling sequences will largely
decrease at very fast spinning speed, due to pulse
imperfections.
7. Conclusions

We have compared several hetero-nuclear dipolar recou-
pling sequences to be used with indirectly detected MAS D-
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H-M/S-QC experiments in between a spin-1/2 and a quad-
rupolar nucleus. In any cases, it must be noted that R3

methods behave very poorly due to the narrowness of their
rf-matching curves.

When homo-nuclear interactions are negligible, and
when the recoupling sequence is sent on the non-observed
channel, most of the sequences present approximately the
same efficiency. However, three sequences should be pre-
ferred because of their shorter minimum length, REDOR,
SFAM1 (one rotor-period) and SR42

1 (two rotor-periods),
which allows for a better optimization of the contact times.
Indirect SFAM1 is very robust, as rotor synchronization of
the delay between the two recoupling periods is not critical,
and also because its associated losses are smaller than with
SR42

1, due to a shorter contact time. When the recoupling
sequence is sent on the observed channel, only two meth-
ods emerge: SR42

1 and especially SFAM1. The advantage
of the method SR42

1, is that it can be done with old con-
soles, as it requires only pulses with phases ±90�. However,
SFAM1 is still more efficient, especially at very high spin-
ning speed.

When homo-nuclear interactions are not negligible, the
most interesting recoupling sequences are R125

3;R209
5; SR42

1

and SFAM2. However, the experimental comparisons have
been performed at mR = 20 kHz, and it is predictable that
the advantage of SFAM2 with respect to all other
sequences will increase with the spinning speed. Indeed,
SFAM2 uses continuous modulations of frequency and
amplitude, and is thus very little subject to classical
pulse-limitations (rise and fall times, phase glitches), which
is not the case with the RN m

n recoupling sequences.
We have always observed similar optimum recoupling

periods for all methods that decouple homo-nuclear dipo-
lar interactions ðR3

q¼2; SR42
1;R125

3;R209
5; SFAM2Þ, and this

optimum length was approximately 1.4 longer than that
observed with sequences that do not decouple these inter-
actions (R3

q¼1, REDOR, SFAM1). This is one of the reasons
why SFAM1 should be preferred in case of weak homo-
nuclear dipolar interactions, especially at very fast spinning
speeds.

The robustness of RN m
n sequences with respect to chem-

ical shielding, rf-inhomogenity, and instrumental errors in
phase setting can be improved by supercycling [33–35].
However, we anticipate that SFAM methods, which are
very simple and robust, will become very fast the methods
of choice, especially at very fast MAS. Moreover, the
robustness of the SFAM methods may still be increased
also by supercycling.
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