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We present a new application of the R2) symmetry-based dipolar recoupling scheme, for exciting directly
double-quantum (2Q) coherences between the central transition of homonuclear half-integer quadrupo-
lar nuclei. With respect to previously published 2Q-recoupling methods (M. Eden, D. Zhou, ]. Yu, Chem.
Phys. Lett. 431 (2006) 397), the RZ; sequence is used without 7/2 bracketing pulses and with an original
super-cycling. This leads to an improved efficiency (a factor of two for spin-5/2) and to a much higher
robustness to radio-frequency field inhomogeneity and resonance offset. The 2Q-coherence excitation
performances are demonstrated experimentally by 2’Al NMR experiments on the aluminophosphates
berlinite, VPI5, AIPO4-14, and AIPO4-CJ3. The two-dimensional 2Q-1Q correlation experiments incorpo-
rating these recoupling sequences allow the observation of 2Q cross-peaks between central transitions,
even at high magnetic field where the difference in offset between octahedral and tetrahedral 2’Al sites

exceeds 10 kHz.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Solid-state nuclear magnetic resonance (SS NMR) spectroscopy
is a powerful tool for the investigation of materials. Magic-angle
spinning (MAS) enhances spectral resolution by largely removing
the effects of anisotropic spin interactions, such as chemical shift
anisotropy (CSA) and dipolar couplings. However, the through-
space dipolar couplings encode important information on the spa-
tial proximity of atoms through their inverse cubic dependence on
the inter-nuclear distance. Therefore, dedicated radio-frequency
(rf) pulse sequences have been developed to specifically reintro-
duce these interactions under the MAS conditions [1,2]. In particu-
lar, homonuclear recoupling sequences restore dipolar interactions
between nuclei of the same isotopic type. Nevertheless, most of
homonuclear recoupling schemes are dedicated to the case of
spin-1/2 nuclei, whereas about two thirds of NMR active, stable
nuclei have larger half-integer spin values (e.g. S =3/2: !'B, 2>Na;
§=5/2: 170, 27Al).

Homonuclear dipolar recoupling of quadrupolar nuclei under
MAS is difficult because of the intricate nuclear spin dynamics of
the quadrupolar nuclei in the presence of rf fields and sample rota-
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tion. Therefore, dipolar recoupling in quadrupolar systems was
first achieved without the application of rf-field. Indeed, the MAS
averaging of homonuclear couplings can be prevented by interfer-
ences between homonuclear dipolar couplings and another aniso-
tropic interaction, such as heteronuclear dipolar coupling with
protons [3,4] or quadrupolar interactions [5-12]. Rotational reso-
nance (R?) has also been demonstrated [13]. However, these recou-
pling phenomena under the absence of the rf-field occur only in a
limited range of MAS frequency and their efficiencies are low for an
extended range of resonance frequencies [7,9]. Off-magic-angle
spinning prevents the averaging of dipolar interactions but entails
resolution decrease, except when employing dynamic angle spin-
ning (DAS) methods [14,15].

In case of half-integer nuclei, the application of weak (selective)
rf pulses allows rotating the central transition (CT) coherence be-
tween energy levels —1/2 and 1/2 in the same fashion as for ficti-
tious spin-1/2 nuclei [16]. For rf amplitudes much smaller than the
quadrupolar coupling, the CT nutation frequency of spin-S is
Vel = (S+1/2)vq. Even if the fictitious spin-1/2 approximation
may not be fulfilled at all times for all crystallite orientations in
a powder, the dipolar recoupling techniques employing rf fields
that were originally introduced for spins-1/2 were transposed to
the case of half-integer quadrupolar nuclei. Rotary resonance
recoupling (R?) techniques and especially the HORROR condition
[17,18] have been demonstrated for recoupling of quadrupolar
nuclei [19-23]. The HORROR condition, which selectively
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reintroduces the homonuclear dipolar interaction, is obtained for a
spin-S when the rf amplitude v; fulfills:

Vi =WR/(25+1) (1)

where v is the MAS frequency. Recently, it was shown that symme-
try-based pulse sequences display superior rf error tolerance than
the HORROR recoupling [24-27]. These symmetry-based pulse se-
quences were incorporated into 2D experiments, which correlate
2Q-coherences (2QCs) with the respective CT single-quantum (1Q)
coherences within each spin-pair [25]. Compared to 1Q-1Q correla-
tion experiments, the 2Q-1Q correlation spectroscopy benefits from
the increased frequency dispersion of 2QCs and the possibility to
probe correlation between equivalent sites. These symmetry-based
recoupling methods have been integrated into 1D 2Q filtering (2QF)
experiments in order to measure inter-nuclear distances and to
analyze the relative orientations of quadrupolar and dipolar tensors
[28], and it was concluded that ‘analysis of 2Q filtered curves of
quadrupolar nuclei is feasible if some prior knowledge on dipolar
and/or quadrupolar interactions is available’. Very recently [57], it
has also been shown that these two relative orientations could been
obtained directly by fitting the line-shapes observed in 2D 2Q-1Q
spectra, even with powder samples. The symmetry-based pulse se-
quences were also used in case of double-rotation (DOR) experi-
ments by synchronizing the rf pulses with the outer rotation of
the sample and this allowed obtaining 2D 2Q-1Q spectra with
high-resolution in both dimensions for 2>Na and 2’Al nuclei [29].
However, all existing 2Q-recoupling sequences suffer from a
large sensitivity to offsets and to rf-field missetting and inhomoge-
neity. This is a direct consequence of the low rf amplitudes re-
quired to minimize CT signal losses during the recoupling and
the requirement that the rf amplitude satisfies Eq. (1). The re-
stricted bandwidths set practical limitations on uniform 2QC exci-
tation of samples exhibiting large frequency dispersion (e.g. 2’Al),
because of chemical or quadrupolar shifts. The chemical shift dis-
persion is especially critical for NMR studies in high magnetic

fields. The low tolerance to rf errors requires the use of volume-re-
stricted rotors, thus decreasing the achievable sensitivity. The pur-
pose of this article is to propose a new application of the R2;
symmetry-based sequence, which reduces both limitations for
homonuclear dipolar 2Q-excitation and reconversion.

2. Pulse sequence
2.1. 1D 2QF experiment and 2D 2Q-1Q spectroscopy

Fig. 1a depicts the pulse scheme, which has been mainly em-
ployed so far to record 2D 2Q-1Q correlation spectra on half-inte-
ger quadrupolar nuclei [22,25,27]. Homonuclear 2QCs were excited
by partly zero-quantum (0Q) recoupling sequences that were
bracketed by two CT-selective m/2 pulses. These bracketing m/2
pulses achieve the conversion of the 0Q recoupling sequences into
2Q schemes. The bracketed recoupling methods allow the excita-
tion of 2QCs from longitudinal magnetization. The excited 2QCs
are subjected to a CT-selective m-pulse, which is phase-cycled to
eliminate all 2QC involving a single nucleus through its satellite
transitions (Fig. 1c) [22]. The 2QCs are reconverted into longitudi-
nal CT polarization by repeating the excitation pulse sequence with
a phase-shift of 7/2 [2]. Finally the CT-selective n/2 read-pulse cre-
ates observable 1Q coherences. Maximal sensitivity is obtained
when the excitation and reconversion delays are equal. These de-
lays are denoted 7 in the following.

For 1D 2QF experiment (see numerical simulations of Figs. 2-5
and experimental results of Fig. 6 and 7), the CT-selective m-pulse
is inserted between two equal short delays [25]. For 2D 2Q-1Q
spectra (see Figs. 8-10), the delays around the central pulse are re-
placed by unequal incremented time periods, qt; and (1 — q)t;.
[22]. The position of the CT-selective m-pulse allows scaling the
chemical and quadrupolar shifts in the indirect dimension F,
such that the scaled CT 2QC frequency is (1 — 2q)(v; + vi), where
vj and v are the CT 1Q frequencies of the connected two species.
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Fig. 1. 2Q-1Q pulse sequences using bracketed (a) or unbracketed (b) homonuclear dipolar recoupling schemes. All rf pulses depicted in the figure are CT-selective. The
selected coherence transfer pathway is shown in (c). The DQ single-spin signal is cancelled by the CT-selective m-pulse and only spin-pair DQ coherences result in observable
signal. The q parameter is used to scale all interactions in order to avoid folding of the resonances along the F; dimension. Recoupling schemes used in this article with either
sequence (b): BRZ; (m) (d), or sequence (a): [SR2; (m)] (e), [SR4§ ()] (£), [SR2} (X)] (g) or [R2} (X X)] (h). They use either simple (d-f), or composite (g and h) n-pulses. Phases
are equal to 90 or 270°, according to the pulse is shown in white or grey. The recoupling schemes use two types of super-cycling: (d) an overall phase shift from the middle of

T delay, or (e-h) a succession of SRN,’Y”2 blocks that last either 4Ty (e) or 8Ty (f-h).
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Fig. 2. Simulations of 2QF efficiency of the ‘diagonal’ peak (4=0) with
F; = 2(1-2q)F;, versus resonance offset, vogser, at Larmor frequency vo = 208.6 MHz
and a MAS frequency vg = 15 kHz. The spin system consists of two 2’ Al nuclei (S = 5/2)
with quadrupolar parameters, Cq =4.07 MHz and #q = 0.43. The dipolar coupling
between them was b;; =—95Hz. The rf nutation frequency for the recoupling
sequence was fixed to v; = 2.5 kHz. The pulse lengths for the central 7 and the four
bracketing m/2 pulses are 25 and 12.5 s, respectively. Different homonuclear
recoupling sequences were employed: black full squares (H): BRZ; (m) with
7=2933 ps, red full dots (@): [SR2, (7)] with T=2133 us, green full triangles (A ):
[SR43 ()] with T = 2666 ps, red empty squares () [R2; (X X)] with t =2133 ps, and
blue empty dots (Q) [SRZA (X)] with t=2133 ps (For interpretation of color
mentioned in this figure, the reader is referred to the web version of this article.).

Furthermore, as the homonuclear recoupling sequences are not
v-encoded [2,18], the t; evolution period must be incremented in
steps of integer number of rotor period, g, thus leading to a
limited spectral width in F; [25]. However, any folding in F; can
be avoided by using an appropriate scaling, i.e. an appropriate q
value.

However, animportant limitation of the application of rf pulse se-
quences to half-integer quadrupolar nuclei is the difficulty to selec-
tively control the central-transition polarization. Hence, in the
design of pulse sequences dedicated to half-integer quadrupolar nu-
clei, we must endeavor to limit the number of rf pulses in order to in-
crease the sensitivity. Following this general principle, we employ
sequences that achieve 2Q-recoupling but does not require any brac-
keting 7/2-pulse [25]. This possibility was first demonstrated by
Edén and co-workers when introducing R2; recoupling methods
but was not further exploited [25]. To the best of our knowledge, only
one 2QF 1D spectrum of a-Al,05 recorded without bracketing 7/2-
pulse has been presented in the literature [25]. In the present article,
we further investigate the potentialities of this unbracketed recou-
pling method. The corresponding pulse scheme for 2D 2Q-1Q spec-
troscopy of half-integer spin nuclei is depicted in Fig. 1b. Timing and
phase-cycling are identical to those used for the sequence of Fig. 1a.
Hence the coherence transfer pathways are still those displayed in
Fig. 1c. The main differences between the methods introduced in
Ref. [25] and in the present article lye in the absence of bracketing
7/2 pulses and in the super-cycle of the recoupling sequences. The
super-cycle we use is similar to that described by Mali et al. [22]
and corresponds to a global phase-reversal at the midpoint of the 7
intervals. These two simultaneous differences yield higher efficiency
and robustness than previous methods. The design and the super-cy-
cle of the employed recoupling methods are presented in the next
subsection.

2.2. Homonuclear dipolar recoupling

In this work, RN;-based [2,30] recoupling schemes are em-
ployed. They are composed of N/2 R,R_,, inversion cycle pairs,

where R is an inversion element of duration nTg/N and ¢ indicates
an overall phase-shift of vrt/N. Here, R either represents a simple
mo-pulse (Fig. 1d-f) or the composite inversion pulses X =(7/
2)o(371/2), (Fig. 1g and h) and X = (37/2)(7/2)o. (Fig. 1h), which
are both internally compensated to resonance offsets and rf errors.
The RN, sequences built from the basic elements are denoted
RN’ () and RN} (X) in the following.

Several RN; symmetries were tested for the dipolar recoupling
of half-integer quadrupolar nuclei. R4, and R6% symmetries
achieve zero-quantum (0Q) dipolar recoupling and suppress all
other dipolar and shielding terms [2,24,25]. Therefore, they must
be bracketed by CT-selective 7/2 pulses in order to excite 2QC
and they can only be employed with the pulse sequence of
Fig. 1a [25]. In contrast, RNJ/? (7 or X) and R2} (= or X) pulse se-
quences (Fig. 1d-h) generate a dipolar average Hamiltonian (AH)
between homonuclear spins j and k, which comprises both 0Q
and 2Q operators [25]. The expression of the AH corresponding
to the different sequences described in this article (Eq. (2) and
(3)) has been given in ref [25], and it is only introduced here for
the reader convenience. The recoupling sequences described in
Fig. 1d-h provide both 0Q and 2Q-recoupling and the correspond-
ing AH is equal to:

H = bif (Br, 7S Sk +S; Sk — 45:Ske + /'S +5; S} @)

In the above equation, b is the dipolar coupling constant and
f(Br, yr) = 3sin(2fg) - cos yr [(16v/2) is a function of Euler angles
(Br, yr) describing the orientation of the inter-nuclear vector in
the rotor-fixed frame. Eq. (2) shows that RN)'> and R2; schemes
can be incorporated in the pulse sequences of Fig. 1b, since the
2Q terms, SfSﬁ +5;'S;., enable direct excitation of 2QC from longitu-
dinal magnetization. RN)/? and R2} symmetries do not suppress all
shielding terms [25,27]. However, these undesirable AH terms can
be suppressed by the SRN; = RN}RN,* phase inversion super-cycle,
while the average dipolar Hamiltonian is not affected and hence Eq.
(2) remains valid [2,31,32]. As discussed in Ref. [25] and [27], the
super-cycled sequences SRNN? and SR2} can also be incorporated
in the pulse sequence of Fig. 1a in order to convert the 0Q operators
in Eq. (2) into pure 2Q operators. These 7/2-bracketed sequences
are denoted [SRNz/Z] and [SR2}] in the following. Their AH is equal
to:

[H] = 2byf (B, 70){S; Si +5°S¢ } o

disregarding the quadrupolar interaction.

The performances of 7m/2-bracketed recoupling schemes have
already been compared by Edén and co-workers in the context of
23Na (S=3/2) and ?7Al (S = 5/2) homonuclear correlations [25,27].
In Ref. [25], they showed that the [SR2} (7)] sequence (Fig. 1a
and e) is more efficient and more robust to offsets and rf-field inho-
mogeneity than [SR4; ()], [SR6Z (7)] and [HORROR] sequences.
Very recently, they demonstrated that [Sg4j (m)] scheme outper-
forms [SR2, (m)], [SR2} (X)] and [R2} (X X)] (a short name for
[R2}(X) R2}(X)]) sequences in terms of optimum 2QF efficiencies
for 22Na and 2’Al nuclei, whereas [SR2; (X)] and [R2} (X X)] se-
quences manifest higher robustness to both resonance offsets
and rf-field inhomogeneity.

However, it was noticed that the 2QF efficiency drops signifi-
cantly versus offsets, even for small differences in the CT frequen-
cies. This prevents the observation of cross-peaks between sites
exhibiting large differences in isotropic chemical shifts. To reduce
this problem, we explore here an unbracketed R2) -based recou-
pling scheme employing a simple mo-pulse as basic element.
Edén and co-workers showed the possibility of 2QC excitation of
quadrupolar spins by using unbracketed SR2; (m) recoupling meth-
od. However, they obtained a lower 2QF efficiency for the unbrack-
eted sequence than for the bracketed version [SR2) (7)] [25]. This
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Fig. 3. Simulations of 2QF efficiency of cross-peaks (4 # 0) versus resonance offset, Vofser. (a) The spin system consists of two 2>Na nuclei (S = 3/2) with quadrupolar
parameters Cq=2.6 MHz, 17=0.6, and a dipolar coupling constant b;; = —259 Hz. The Larmor frequency was vo=105.8 MHz and the MAS frequency vg = 15 kHz. The
frequency separation between the two sites was 4 = 5 kHz. The rf nutation frequency for the recoupling sequence was v; = 3.75 kHz. (b-d) The spin system consists of two
27Al nuclei (S = 5/2), and its parameters are identical to those of Fig. 2, except the frequency separation, the MAS frequency and the rf nutation frequency, which are as follows:
(b) 4=5kHz, vg =15 kHz, v; =2.5kHz, (c) 4 =10kHz, vg =15 kHz, v; = 2.5 kHz, (d) 4 = 10 kHz, vg = 30 kHz, v; = 5 kHz. Symbols for the different recoupling schemes are

identical to those defined for Fig. 2.
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Fig. 4. Simulations of 2QF efficiency of the ‘diagonal’ peak (4 =0), versus the rf
nutation frequency, v;. The spin system consists of two 2’Al nuclei (S =5/2). The
carrier frequency is_optimized for maximum nominal (v; =2.5kHz) sensitivity:
Vofiset = 0 for [R2}(X X)] and [SR2} (X)] sequence, 1 kHz for BR2} (7) and [SR2} (7)]
sequences, 1.5 kHz for [SR4; ()] sequence. All other parameters and symbols are
identical to those employed in Fig. 2.

can result from the super-cycle as well as the recoupling time,
which was optimized for the unbracketed version. In this article,
we investigate the unbracketed R2; sequence employing a super-
cycle, which consists in a phase inversion from the middle of the

T delay. This original super-cyle, depicted in Fig. 1d, better elimi-
nates the offset and rf error dependence than the usual phase
inversion super-cycle, SR2) = R2)R2;". It will be denoted BR2} in
the following. When the excitation and reconversion intervals span
4p rotor periods, the BR2) (m) sequence corresponds to
(R2,),(R2;"), = R2p} R2p,? symmetry. The better performances
of BR2) super-cycling compared to phase inversion super-cycling
cannot be explained by the selection rules on the zero- and first-or-
der AH and are not yet fully understood [31]. In this article, we
compare the performances of BR2} (7) recoupling sequence with
those of previously reported sequences, [SR2; ()], [SR4: ()],
[SR2} (X)] and [R2}(X X)].

3. Simulations

In preparation for the experiments, we performed simulations
with the SIMPSON software [33], and the powder averaging was
performed using 168 crystallites following the REPULSION algo-
rithm [34]. The computing time is approximately proportional to
the cube of the size of the density matrix describing the spin sys-
tem. Therefore, to limit the computing time to a few days for each
figure, we have restricted our spin-system to only two interacting
nuclei of spin-3/2 or -5/2. We have chosen to use two identical
sites with the same quadrupolar parameters, and hence the same
powder line-shapes, but with symmetrical isotropic chemical
shifts of £4/2 with respect to the reference frequency. The gravity
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nutation frequency. The experiments were performed at vo=208.6 MHz and
Vg = 15 kHz on berlinite powder. The employed resonance offsets, vofsser, Were fixed
to the values that for each recoupling sequence provided the optimum 2QF
efficiency in Fig. 6. All other parameters and symbols are identical to those
employed in Fig. 6.

centers of these line-shapes are shifted from the isotropic chemical
shift values by the quadrupolar induced shifts (vqs < 0), and they
thus appear at +4/2 + vgs. The rf-carrier is defined with respect
to the reference frequency through the off-resonance frequency
(Voffset), Which means that the frequency differences between the
rf irradiation and the isotropic chemical shifts (or the line-shape
gravity centers) are equal to *A4/2 — Vogrser (O t0 £A4/2 — Vogpser +
vais)- The spinning speed was always fixed to vg = 15 kHz (except
in Fig. 3d), and the quadrupolar and dipolar parameters of the
two-spin system are those of 2>Na in Na,SO, for spin-3/2 nuclei
(CQ= 2.6 MHz, No= 0.6, d12 =318 pm, b12 =-259 HZ) and of 27A]
in AIPO4 berlinite for spin-5/2 nuclei (Cq=4.07 MHz, 3q = 0.43,
dq =440 pm, b1, = —95 Hz) (except in Fig. 5b). In both cases, the
inter-nuclear vector was assumed aligned with the z principal axis
of the quadrupolar tensor.

We ran simulations on a two-spin system, denoted S; and S, in
the following. We detected the magnetization transferred from S,
to S, during the 2QF experiment. It corresponds to one of the
two cross-peaks between S; and S, CT transitions on the 2D 2Q-
1Q spectrum. These simulations were done starting from S; longi-
tudinal magnetization, i.e. the operator S;,, and detecting only the
—1Q coherence of spin-S,, which corresponds to the operator S;.
The transfer efficiency was then calculated in comparison to the
signal from a CT-selective 90° pulse on S,.

3.1. ‘Diagonal’-peak, with F; =2(1 — 2q)F,, of two similar nuclei
(4=0)

We have first investigated the case of two nuclei with identical
chemical shifts, 4 = 0. The 2QF efficiency was calculated by numer-
ical simulations as function of the offset, vogrse, for all sequences
described in Fig. 1, and at two different static magnetic fields 9.4
and 18.8 T. The obtained efficiencies correspond to those of auto-
peaks situated on the diagonal of the 2D 2Q-1Q spectrum, which
has a slope of 2(1 — 2q). For spin-3/2 nuclei (results not shown),
all recoupling sequences are equivalent in terms of efficiency
(around 16% for on-resonance irradiation, vygser = 0) and robust-
ness to offset. However, the efficiency of diagonal peaks is slightly
less sensitive to offsets for BR2; (m) method. In contrast, for
spin-5/2 nuclei, the BR2) method displays a higher efficiency and
robustness to offset compared to the bracketed sequences. The
results obtained at 9.4 (not shown) and 18.8 T (Fig. 2) are very sim-
ilar. The larger 2QF efficiency for the unbracketed method partly
stems from the inability of the bracketing pulses to selectively
rotate the central-transition polarization, since the rf pulses do
not operate in the CT-selective regime for all crystallites and time
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points. An interesting phenomenon can also be observed in Fig. 2:
all sensitivity curves present a narrow dip for on-resonance irradi-
ation. This dip is always observed, whatever may be the relative
orientations of the two quadrupolar tensors and the inter-nuclear
vector. We do not have presently any explanation for this effect.
This dip entails that the carrier frequency must be set up in a fre-
quency region devoid of resonance.

3.2. Cross-peaks of two different nuclei (A # 0)

We then simulated the case of two nuclei resonating at
A =5KkHz from each other. The simulations were performed for
spin-3/2 at 9.4 T (Fig. 3a) and spin-5/2 at 18.8 T (Fig. 3b). By com-
paring Figs. 2 and 3b, we observe that for spin-5/2 nuclei the max-
imum efficiency of bracketed sequences is roughly divided by a
factor of two when increasing the chemical difference from A4 =0
to 5 kHz, whereas that of BR2) (7) is only slightly decreased. All
experiments present one or several dips of sensitivity, which
means that for sensitivity reasons, the carrier frequency must be
carefully optimized. However, globally, the BR2} sensitivity is
much larger and much more robust to offset than bracketed se-
quences, especially for spin-5/2 nuclei. For spin-3/2 nuclei this

chemical shift difference, 4 =5 kHz, is often an upper limit for
most nuclei (e.g. 2>Na or ''B), even at high magnetic fields, but this
value can be much larger for spin-5/2 nuclei. For example, it can
amount to A =10kHz for the cross-peaks between tetrahedral
and octahedral 2’Al sites at 18.8 T. Thus we performed the same
simulations, with the same spinning speed vg =15 kHz, but we
doubled the chemical shift difference: 4 =10 kHz (Fig. 3c). It can
be observed in this figure that the efficiencies obtained for brack-
eted sequences then become negligible. This is not the case with
the BR2; sequence, and even if there are two large dips at v
set = 0.5 and —1.5 kHz, it always remains possible to get a reason-
able efficiency (~ 6-8%) by optimizing the carrier frequency. These
two dips disappear when increasing the spinning speed and thus
the rf-field. In Fig. 3d, simulated with 4 = 10 kHz and vg = 30 kHz,
one observes for the BR2) sequence the same maximum efficiency
as in Fig. 3¢, without the two dips. The spectral width is larger than
in Fig. 3b but the increase of isotropic chemical shift difference
leads to a 30% decrease in the maximal 2QF efficiency. Simulta-
neously, the efficiency for the bracketed sequences remains very
weak. The observation of 2Q-1Q cross-peaks of half-integer quad-
rupolar nuclei with large frequency separation thus requires the
use of the BR2, sequence under fast MAS.
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and the delay between the pulse train was Tinterval = 0.85 pis. 30 x-(x) cycles were
used in the FAM/RAPT sequence.

3.3. Sensitivity to rf-inhomogeneity, Co and By values

Another important experimental parameter is the robustness to
rf-field missetting, i.e. the deviation of rf-field from the HORROR
condition given by Eq. (1). The simulations were performed for
the diagonal auto-peaks (4 = 0) of the spins-5/2 system, at 18.8 T
and vg = 15 kHz. For each recoupling sequence, the offset was fixed
to the optimal value that provided the maximal sensitivity in Fig. 2.
The rf-field was varied between 1.5 and 3.5 kHz in 100 Hz steps. It
can be observed in Fig. 4 that the full-width at half-maximum cor-
responding to BR2) (n), is approximately 25% larger than that of

[SR2} ()?)] or [RZL(;( )?)] and much larger than that of [SR2] (7)]
or [SR42 (7)]. Moreover, as stated above, the unbracketed sequence
provides much higher sensitivity than the bracketed ones. With a
full rotor sample, this lower sensitivity to rf-inhomogeneity still in-
creases the sensitivity advantage of BR2) () over the bracketed
sequences.

In Fig. 5 the 2QF efficiency of the diagonal peaks (4 =0), ob-
tained for the BR2) (7) sequence is plotted as function of the mag-
netic field (Fig. 5a) and the Cq value (Fig. 5b). In both cases, one
observes an increase of efficiency with a decrease of the second-or-
der quadrupole interaction (except for weak Cgs in Fig. 5b, because
weak rf pulses then do not rotate correctly the CT coherences).

4. Experimental verifications

As shown before, the differences between the bracketed and
unbracketed sequences are more pronounced for spin-5/2 nuclei
than for spin-3/2 nuclei. Aluminum-27 is a very important quadru-
polar nucleus, which it is the subject of numerous publications in
SS NMR. For our purpose of 2Q-1Q experiments, it has the advan-
tage of presenting a large chemical shift difference between the
tetrahedral and octahedral species, whose cross-peaks are thus dif-
ficult to excite, especially at large magnetic fields. For this reason,
we have decided to focus our experimental verifications on alumi-
num nuclei in four different well-known AIPO, samples, namely
berlinite, VPI5, AIPO4-14 and CJ3. The coherence transfer pathway
depicted in Fig. 1c was selected by a 64-step nested phase-cycling
incrementing in 7/2 steps the 2Q-excitation block, the selective 7-
pulse and the read-pulse, respectively [22]. We have used the
States procedure for frequency sign discrimination in the 2Q indi-
rect dimension. Other experimental parameters are indicated in
the figure captions. 2’Al shifts in ppm are referenced to AI** (aq).

4.1. Sensitivity versus offset in berlinite

The sensitivity versus offset of the diagonal peak (4 =0) has
been measured in a volume-restricted sample of berlinite at
18.8 T and vg =15 kHz for the five selected sequences shown in
Fig. 1. This compound presents a single species [35], and the 2Q-
1Q spectrum thus only displays a single diagonal auto-peak. The
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closest distance between two aluminum nuclei is equal to 440 pm
[36], which corresponds to bi, = —95 Hz. The experimental (Fig. 6)
and simulated (Fig. 2) results have very similar behavior with re-
spect to Vorser. HOwever, experimental intensities are roughly
two times smaller than simulated ones, and optimum transfer
times are shorter than those predicted from numerical simula-
tions: Texp ~ 1.1/1.75 ms instead of t4m ~ 1.9/2.5 ms, for brack-
eted/unbracketed sequences, respectively. This scaling down of
intensities has been observed previously [22,25,27-29] It may be
partly related to pulse transients, but it is certainly mainly related
to the irreversible losses occurring during excitation and conver-
sion periods, which also explains the shortening of the experimen-
tal transfer delays.

4.2. Sensitivity versus rf-field in berlinite

On the same restricted sample of berlinite, we have also mea-
sured the 2QF signal that can be obtained at vg =15 kHz for the
diagonal peak (4 =0), versus the rf-field amplitude. The relative
rf-field amplitude was varied by a factor between 0.7 and 1.3 with
respect to its optimal value (Fig. 7). The most robust method with
respect to rf-inhomogeneity, is the unbracketed BR2; (m) sequence,
as already shown by simulations (Fig. 4). For this method, the full-
width at half-maximum (~ 1.2 kHz, &~ v10p/2) is approximately
equal to its calculated value (=~ 1.3 kHz: Fig. 4).

4.3. Dynamics of 0Q < 2Q transfers in AIPO4-VPI5

In Fig. 8 we have represented the two 2Q-1Q 2D spectra of
AIPO4-VPI5 recorded at 9.4T and vg = 13.5 kHz with the same R2;
basic recoupling scheme in its unbracketed (Fig. 8a) or bracketed
(Fig. 8b) version. There are three different aluminum species in this
compound: two overlapping tetrahedral sites (Al,lv - Allzv ~ 40 ppm)
and one octahedral site (Aly; ~ -20 ppm). The quadrupolar param-
eters Cq (MHz)/nq of the octahedral species are 3.5/0.91 [37], and
those of the tetrahedral species 1.1/0.3 (Al},) and 2.4/0.8 (Al3)
[38]. The closest Al-Al distances (below 500 pm) involve pairs of
distinct aluminum sites: Aly—-Al), (437 and 484 pm), Aly-Al%,
(448 and 471 pm), Al},-Al%, (470 and 479 pm). The contacts be-
tween identical species are Al},-Al}, (498 pm), Al3,-Al%, (521 pm)
and Aly;-Aly; (594 pm) [39,40]. All Al-Al dipolar interactions are
thus smaller than 100 Hz in absolute value. The BR2) sequence
yields sensitivity enhancement for all peaks of 2D NMR spectra,
and especially for the two cross-peaks in spite of their moderate
chemical shift difference (4 ~ 6 kHz). Moreover, it can also be ob-
served on the F; projection displayed versus the half-recoupling
time 7 (Fig. 8c) that the optimum 2Q-1Q signal is observed for a
recoupling time that is c.a. three times longer when omitting the
bracketing 7/2 pulses. This effect, which results from the ratio of
two between the scaling factors of double-quantum terms in the
dipolar average Hamiltonian (see Egs. (2) and (3)), has also been
observed on berlinite. It has two opposite effects. On one hand,
losses are increased during this longer transfer time. However,
on the other hand it allows a fine adjustment of the recoupling
time, even in case of large homonuclear dipolar interactions and/or
slow spinning speeds. Indeed, the 2Q-1Q methods applied to
half-integer quadrupolar nuclei accelerate by a factor of c.a. S+1/2
the recoupling effect, relative that observed for spin-1/2 nuclei
[25,28]. A large scaling factor can lead to a too fast build up of
2QC compared to the minimal sampling period (4Tg) of the recou-
pling intervals, and hence may reduce the 2QF signal amplitude. It
should be pointed out that no cross-peaks were observed at 18.8 T
and vg = 15 kHz for the [SR2] ()] sequence, whereas the BR2) se-
quence allows observing cross-peaks in such experimental condi-
tions (not shown).

4.4. 2D 2Q-1Q spectra of AIPO4-14

In Fig. 9a we have represented the 2Q-1Q 2D spectrum of as
synthesized AlPO4-14 recorded at 18.8 T and vg = 16 kHz, and using
BR2) () for 2QC excitation and reconversion. This compound pre-
sents four different aluminum species [41]: two tetrahedral sites
(Als: 65 =42.7 ppm, Cq=1.72 MHz, 5q=0.57; Aly: . =43.5 ppm,
Cqa=3.90 MHz, 1nq=0.83), one pentavalent aluminum atom (Al;:
des=27.1 ppm, Cq=5.61 MHz, 7 =0.93) and one octahedral site
(Alg: dcs=—-13 ppm, Cq=2.55MHz, nq=0.67), and in addition,
our sample also presents an extra-framework impurity at
—2 kHz. Along with Al-O-P-0-Al connectivities, which are com-
mon for all aluminophosphate molecular sieves, in AIPO4-14 there
are also some Al-O-Al connectivities due to edge sharing between
AlOg octahedra and vertex sharing between AlOs and AlOg polyhe-
dra. The corresponding distances are 290 pm for Al,-0-Al,4 con-
nectivity (bqq = —333 Hz) and 360 pm for Al;-O-Al, connectivity
(b14=—174 Hz) [42]. All other distances are much larger, and as
an example they range over 430-480 pm (by3 = —73 to —102 Hz)
between Al, and Als nuclei.

All peaks are easily distinguishable in this figure, even the
cross-peaks between tetrahedral and octahedral sites (Al 3-Aly),
even if they are 540 pm apart (b4 = b34 = —52 Hz) and display a
large difference in isotropic chemical shift (4 ~ 10 kHz). The F,
projections of the five sequences described in Fig. 1 are compared
in Fig. 9b. This comparison points out the fact that the unbracketed
BR2) () method gives at least a two-fold sensitivity gain over all
bracketed sequences. According to simulations, this sensitivity
gain would increase at vg = 30-35 kHz (see Fig. 3d). The Al; auto-
peak is hardly visible as it corresponds to long distances (670 pm
and by, = —27 Hz) and is certainly submitted to dipolar truncation
with respect to the much larger dipolar interaction (b4 = —174 Hz)
between the Al; and Aly sites. This dipolar truncation, which occurs
in all 2Q-1Q and 1Q-1Q homonuclear dipolar methods, is one of
the most important limitations of these methods.

4.5. 2Q-1Q spectrum of AlPO4-CJ3

To demonstrate the ability of the 2Q-1Q BR2) method to be ap-
plied even at low magnetic field, we have recorded the 2D spectrum
of AIPO4-CJ3, [Al,P,05][OCH,CH,NH3], at 7.1 T. There are two differ-
ent ways of enhancing the initial £1/2 Zeeman populations: either by
saturating all populations (FAM/RAPT) [43,44] or by inverting
sequentially the populations from the outer STs to the CT (DFS
[45],HS [46], WURST [47]). These initial rf manipulations of the pop-
ulations are not described in Fig. 1a-c. We have used the FAM/RAPT
sequence, which is less efficient than the inversion methods, but
more robust and which is the only method that can be used with
old consoles. We obtained a signal gain of c.a. 2 on AlPO4-CJ3. This
sample presents two different species: one octahedral (Al;: Co(1 +
19%/3) ~ 2.6 MHz) and one tetrahedral site (Aly: Co(1+170%/3) ~
3.0 MHz). The shortest Al-Al distance is between Al; nuclei
(289 pm, b;; = —336 Hz), whereas all other distances are larger than
420 pm(|b] < 110 Hz)[48].In Fig. 10 we have represented the 2Q-1Q
spectrum recorded with initial FAM/RAPT and the BR2} sequence
(Fig. 1a and d), which displays all auto- and cross-peaks with a large
S/N ratio. The BR2; sequences gave a S/N ratio at least twice that ob-
served with the four bracketed sequences (not shown). Moreover, in
agreement with Eq. (2) and (3) its optimum contact time (1280 ps)
was twice that of all bracketed sequences (640 pis).

5. Conclusions

We have demonstrated 2Q-1Q homonuclear correlation 2D
experiments among the central transition of half-integer quadrupo-
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lar spins with an unbracketed dipolar recoupling sequence based on
the R2) rotor-synchronized and symmetry-based scheme initially
developed for spin-1/2 nuclei. It must be noted that the super-cy-
cling of this sequence differs from that used previously in the liter-
ature and yields higher efficiency and more robustness to rf-
inhomogeneity and to offsets for auto- and cross-peaks. It allows
the observation of cross-peaks that are separated by more than
10 kHz, provided the spinning speed is fast enough.

In addition to the initial enhancement of the +1/2 Zeeman pop-
ulations [43-47] three other tools can be applied to increase the
signal: recycled or full echo acquisition, and slightly off-magic-an-
gle spinning. Final recycling of the signal with CPMG train [49,50]
is mostly useful when the constant time (T',) describing irrevers-
ible losses is large enough to be able to observe at least four or five
echoes. Increasing the T, value can be obtained by using fast MAS
[51], which also increases the indirect spectral width of rotor-syn-
chronized methods. As an example, by using simultaneously an ini-
tial FAM/RAPT saturation and a final CPMG recycling of the signal, a
signal enhancement by a factor of c.a. 6 has been demonstrated on
23Na spectra of Na,SO, [23]. Another way to increase the T, value
is by spinning slightly off magic-angle (~ 0.5°) [52]. Indeed, it has
recently been shown that a signal gain of c.a. 3 could be obtained
without any noticeable broadening on the second-order quadrupo-
lar CT line-shapes [53]. When, in spite of these tools, the T, value
remains too small to record a sufficient number of echoes, a full
echo acquisition may allow to increase the S/N ratio by a factor
up to v2 [53]. Sequences described in Fig. 1a and b have then to
be slightly changed for this purpose with an additional CT-selective
7-pulse at the end, and the phase-cycling must be changed to se-
lect at the end the 0 — +1 — —1 levels instead of the 0 — —1 levels
as described in Fig. 1c.

When the signal is sufficient, e.g. by using the BR2) method with
these additional tools, a high-resolution double-quantum dimen-
sion can be achieved by using high-resolution filters for half-integer
quadrupolar nuclei [23]: MQMAS [54] or STMAS [55,56].

One limitation of all these sequences applied to half-integer
quadrupolar nuclei is related to the fact their sensitivity curves al-
ways present one or several narrow dips, which means a careful
optimization of the carrier frequency. More importantly, another
limitation concerns the dipolar truncation. This means that long-
range correlations between two nuclei are not visible when one
of these is also involved in a short-range correlation with a third
nucleus. A third limitation of all dipolar-based through-space
methods is that they do not allow distinguishing between
through-bond connectivity and through-space proximities. How-
ever, short recoupling times allow exciting 2QCs between the near-
est-neighbor nuclei. Therefore, through-space experiments allow
generally obtaining the same results as with through-bond
methods, at the expense of lower S/N ratio. It must be noted that
recently, several methods [58], though explicitly dealing with
spin-1/2 nuclei for biological samples, are definitely exploring
the same avenues than our method for quadrupolar nuclei.
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