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Abstract

Detecting proximities between nuclei is crucial for atomic-scale structure deter-

mination with nuclear magnetic resonance (NMR) spectroscopy. Different

from spin-1/2 nuclei, the methodology for quadrupolar nuclei is limited for

solids due to the complex spin dynamics under simultaneous magic-angle spin-

ning (MAS) and radio-frequency irradiation. Herein, the performances of sev-

eral homonuclear rotary recoupling (HORROR)-based homonuclear dipolar

recoupling sequences are evaluated for 27Al (spin-5/2). It is shown numerically

and experimentally on mesoporous alumina that BR212 outperforms the super-

cycled S3 sequence and its pure double-quantum (DQ) (bracketed) version,

[S3], both in terms of DQ transfer efficiency and bandwidth. This result is sur-

prising since the S3 sequence is among the best low-power recoupling schemes

for spin-1/2. The superiority of BR212 is thoroughly explained, and the crucial

role of radio-frequency offsets during its spin dynamics is highlighted. The ana-

lytical approximation of BR212 , derived in an offset-toggling frame, clarifies

the interplay between offset and DQ efficiency, namely, the benefits of off-

resonance irradiation and the trough in DQ efficiency for BR212 when the irradi-

ation is central between two resonances, both for spin-1/2 and half-integer-spin

quadrupolar nuclei. Additionally, density matrix propagations show that the

BR212 sequence, applied to quadrupolar nuclei subject to quadrupolar interac-

tion much larger than radio-frequency frequency field, can create single- and

multiple-quantum coherences for near on-resonance irradiation. This

significantly perturbs the creation of DQ coherences between central transi-

tions of neighboring quadrupolar nuclei. This effect explains the DQ efficiency

trough for near on-resonance irradiation, in the case of both cross-correlation

and autocorrelation peaks. Overall, this work aids experimental acquisition

of homonuclear dipolar correlation spectra of half-integer-spin quadrupolar
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nuclei and provides theoretical insights towards improving recoupling schemes

at high magnetic field and fast MAS.

KEYWORD S

double-quantum, half-integer-spin quadrupolar nuclei, homonuclear dipolar recoupling, magic-

angle spinning (MAS) NMR

1 | INTRODUCTION

Correlation spectroscopy utilizing the “through-space”
dipolar interaction is important in nuclear magnetic reso-
nance (NMR) since it facilitates spectral assignments and
reveals internuclear spatial proximities. Such correlation
information is achieved by the combined use of magic-
angle spinning (MAS)[1] of the sample, for high-
resolution solid-state NMR spectra through the averaging
of anisotropic interactions (such as chemical shift
anisotropy (CSA) and dipolar interaction), and the selec-
tive reintroduction of the dipolar interaction using
radio-frequency (RF) pulses known as recoupling
sequences.[2–6]

Contrary to the well-developed homonuclear dipolar
recoupling sequences for spin-1/2 nuclei, this area is
much less explored for quadrupolar nuclei (spin I > 1/2).
The primary obstacle for quadrupolar nuclei comes from
the larger number of energy levels, equal to 2I + 1, and
the additional presence of the quadrupolar interaction,
which originates from the interaction of the intrinsic
electric quadrupolar moment of a particular nucleus with
spin I > 1/2 and the electric field gradient (EFG) that this
nucleus experiences.[7–11] The magnitude of this interac-
tion varies depending on the values of the two parame-
ters mentioned above, and it can range from zero to tens
of MHz. Moreover, the quadrupolar interaction is aniso-
tropic and has a magnitude that usually greatly exceeds
that of RF irradiation and MAS. In this case, the
quadrupolar interaction leads to complicated spin
dynamics under both the application of RF irradiation
and MAS. Hence, initial homonuclear dipolar rec-
oupling methods for quadrupolar nuclei avoided
the utilization of RF-fields by using off-MAS[12–14] or
Rotational Resonance (R2).[15] The former recovers not
only the homonuclear dipolar coupling but also other
anisotropic interactions, such as the CSA and the first-
order quadrupolar interaction. These unwanted interac-
tions can severely broaden the spectra, making their
interpretation difficult. The latter enables the dipolar
recoupling of two nuclei when their chemical shift dif-
ference matches 1 or 2 times the MAS frequency. The
application of R2 is thus limited since it is only

feasible at specific MAS frequencies and for specific
pairs of nuclei.

A more versatile but complicated approach for
homonuclear dipolar recoupling of quadrupolar nuclei
involves the application of a suitable RF irradiation
under MAS conditions.[16–20] To partially alleviate the
complex spin dynamics of half-integer-spin quadrupolar
nuclei, a possible solution is to focus on the central
transition (CT) between energy levels mI = −1/2 and
+1/2 with mI the azimuthal quantum number since
this transition is immune to the first-order quadrupolar
interaction. Recoupling based on the selective irradia-
tion of the CTs requires a weak RF-field in order to
limit the excitation of satellite transitions (STs) and
the related signal losses.[21–23] For instance, in order to
spin-lock the transverse magnetization related to the
CT of a spin-3/2 nucleus, the RF-field should be
adjusted so that 0.1 < κ < 0.3, where κ is defined as
the ratio of the applied RF-field (νRF) and the MAS
frequency (νR).

[16] Outside this range, the signal loss
for the CT is significant. Such RF-field amplitude
requirement for efficient CT spin-locking is compatible
with the double-quantum (DQ) homonuclear rotary
recoupling (HORROR) sequence,[24] since it sets the
CT nutation frequency (νCT) equal to half of νR,
(i.e., νCT = (I + 1/2)νRF = νR/2, which can also be writ-
ten νRF/νR = κ = 1/(2I + 1) = 0.25 for I = 3/2 and 0.17
for I = 5/2). Indeed, several HORROR-based recoupling
sequences have been introduced to excite the DQ
coherences between CTs (DQCT) of half-integer-spin
quadrupolar nuclei and were successfully applied for
structural investigations of complex systems.[18,25–27]

However, the achieved DQ efficiency is low compared
to that for spin-1/2 nuclei because of (i) the larger size
of density matrix for increasing spin-I value, since the
density matrix of a pair of spin-I nuclei has a size
equal to (2I + 1)2 × (2I + 1)2 = 4 × 4, 16 × 16 and
36 × 36 for I = 1/2, 3/2 and 5/2, respectively, whereas
the DQ coherences between 1/2 $ − 1/2 transitions of
these nuclei (i.e., the DQCT for I > 1/2) correspond
only to two elements of the density matrix and (ii) the
overlap between the various transitions of quadrupolar
nuclei for a powder and the time dependence of the
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transition frequencies under MAS, which often pre-
vents the selective irradiation of a given transition
required for the efficient creation of DQCT. Hence, the
DQCT efficiency decreases for higher spin-I quantum
number. Another difficulty is that these sequences are
highly sensitive to the carrier frequency owing to the
required weak RF-field and the presence of chemical
and quadrupolar induced shifts. This clearly limits
the application of these recoupling sequences to
systems exhibiting small offset differences. This draw-
back is accordingly more severe for larger magnetic
field strengths because the isotropic chemical shift dif-
ferences also become larger. Thus, the quest for a
robust and efficient homonuclear dipolar recoupling
sequence for quadrupolar nuclei is not straightforward.
For a further description of homonuclear dipolar
recoupling sequences for half-integer-spin quadrupolar
nuclei, the reader is referred to extensive reviews of
M. Edén.[28,29]

The symmetry-based pulse sequence R212
[30–32]

belongs to the family of HORROR-based sequences. A
supercycling of R212 with an introduction of a phase-
reversal symmetry in the middle yields the sequence
BR212, which has shown a notable robustness to large off-
sets and RF-field inhomogeneities for spin-1/2
nuclei[33–37] and for quadrupolar nuclei relative to other
DQ homonuclear dipolar recoupling sequences.[38] How-
ever, BR212 is still offset-dependent, meaning that inap-
propriate placement of the carrier frequency (νoffset) can
prevent the observation of sites of interest.[39] Also
founded on the RNν

n symmetry-based recoupling
theory,[32] Edén and coworkers introduced a new family
of recoupling sequences conforming to the HORROR
condition, denoted as Sp sequences, where p is an inte-
ger.[40] These well-designed sequences enabled an effi-
cient reintroduction of the homonuclear dipolar
interaction with excellent compensation for offset as well
as RF-field inhomogeneity, outperforming BR212 for
13C–13C systems.[40] Very recently, these Sp sequences
have been applied to correlate the CTs of half-integer-
spin quadrupolar nuclei in the single-quantum–single-
quantum (SQ-SQ) manner.[41,42]

In this work, we compare the performances of BR212
and S3 recoupling sequences for DQ-SQ homonuclear
correlation between 27Al (I=5/2) nuclei, and also further
explore the underlying spin dynamics. Numerical and
experimental evaluations are presented, and a compre-
hensive theoretical description is provided to explain the
superiority of BR212 over other recoupling sequences in
terms of DQ transfer efficiency and bandwidth. Notably,
the key role of RF offsets during the BR212 spin dynamics
is explained.

2 | PULSE SEQUENCE

The standard notation for RF pulses is ξθ, indicating a
rectangular RF pulse with flip angle ξ and phase θ. The
flip angle is given in radians while the phase is in degrees.
The BR212 recoupling sequence, shown in Figure 1a,
can be written as R212

� �
n R2−1

2

� �
n , in which R212 employs

a simple (π)0-pulse as a basic element and n is the
number of loops. The duration of one cycle of BR212 is
equal to 4τR, where τR is a rotor period and equals 1/νR.
The family of Sp sequences can be written as
R212pR2

−1
2p

� �
n: In our work, we use the sequence with

p=3, which has been shown to be highly efficient for
spin-1/2 nuclei.[40] This S3 sequence is displayed in
Figure 1b, in which the basic composite pulse employed
is R3= (2π)180(3π/2)0(π/2)180. One cycle of S3 lasts for
16τR, which is 4 times longer than BR212 with n=1. The
S3 recoupling sequence can be bracketed by two π/2
pulses with phases of 180� and 0� to produce pure DQ
recoupling and is denoted as [S3] and depicted in
Figure 1c. Figure 1d shows the pulse sequence used to
record the 27Al one-dimensional (1D) DQ-filtered spectra
and its corresponding coherence transfer pathway.
The first recoupling block (denoted as “DQ exc”), lasting
for τexc, generates DQ coherences from the total longitu-
dinal magnetization, proportional to the sum of the longi-
tudinal spin angular momentum operators, Ijz. The
subsequent CT-selective π pulse selects the DQ coher-
ences between CT energy levels mI=−1/2 and mI=+1/2
of a pair of dipolar-coupled quadrupolar nuclei and
removes the DQ coherences between energy levels mI

and mI+2 of a single spin-I nucleus. Then the second
recoupling block (denoted as “DQ rec”), whose duration
is τrec, reconverts the DQ coherences into longitudinal
magnetization, which is converted into SQ coherence by
the CT-selective π/2 reading pulse. Here, we employed
τexc = τrec since this condition yields maximal transfer
efficiency. The mixing time (τmix) is defined as the sum of
τexc and τrec.

3 | DQ EFFICIENCY EVALUATION

3.1 | Numerical simulations

Figure 2 compares the simulated DQ efficiencies for
BR212 , S3 and [S3] for a powder of 27Al–27Al spin pairs.
The spin system consists of two 27Al nuclei (Al1 and Al2)
with a dipolar coupling b12/(2π) =−0.3 kHz and no CSA.
Both 27Al nuclei were subject to quadrupolar interactions
with a quadrupolar coupling constant CQ=3.0 MHz and
an asymmetry parameter for the EFG tensor, ηQ=0.25.
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The Euler angles relating the internuclear 27Al–27Al vec-
tor and the 27Al EFG tensor to the crystal-fixed frame
were both equal to {0�, 0�, 0�}. Simulations were per-
formed using SPINEVOLUTION software[43] for both an
autocorrelation peak (Δ=0 kHz) and a cross peak
(Δ=2.5 kHz), where Δ denotes the difference in isotropic
chemical shifts of the two resonances.

In Figure 2a, the build-up of DQ coherence as a func-
tion of mixing time for an autocorrelation peak
(Δ = 0 kHz) is shown. Although the optimal τmix is
2.3 ms for all recoupling sequences, the achieved DQ effi-
ciencies are slightly different. For BR212 , it is 5.5% (rela-
tive to a 27Al signal acquired by a CT-selective π/2 pulse),
while for S3 and [S3], lower values of 4.0 and 3.5% are
observed, respectively. However, such maximal DQ effi-
ciency is still much lower than that for a pair of 13C
nuclei.[40] Because of this limited transfer efficiency, the
acquisition of two-dimensional (2D) 27Al–27Al

homonuclear dipolar correlation spectra often lacks
sensitivity.[39,44]

As shown in Figure 2b, the optimal DQ efficiencies,
for spin pairs with the same chemical shift (Δ = 0 kHz),
are achieved for different νoffset depending on the rec-
oupling sequence. For both S3 and [S3], we note the pres-
ence of strong oscillations at positive and negative νoffset
values, and that νoffset � 0 kHz yields the highest DQ effi-
ciency. The situation is very different in the case of BR212
that displays a trough at νoffset = 0.5 kHz, that is, for on-
resonance irradiation of the spin-pair (as the QIS is
�− 0.5 kHz). The DQ efficiency is larger when νoffset
deviates from 0 and reaches optimum around νoffset =
−2.5 kHz and νoffset = 3.5 kHz. The corresponding DQ
bandwidth for BR212 spans about 9.0 kHz (from −4.0 to
5.0 kHz) with a trough at νoffset = 0.5 kHz, whereas the
RF-field amplitude is only equal to 2.3 kHz. Such band-
width is considerably wider than those of both S3 and

FIGURE 1 Homonuclear dipolar recoupling sequences: (a) BR212, (b) S3, and (c) [S3], where n is the number of loops. The basic

composite pulse R3 for the creation of S3 and [S3] is shown at the top right of the figure. (d) Pulse sequence (top) and coherence transfer

pathway (bottom) of 27Al DQ-filtered 1D experiment employing the homonuclear recoupling sequences of subfigures a, b, and c. All the RF

pulses depicted in the figure are CT-selective. The coherence transfer pathway is selected using a 64-step nested phase cycle, for which the

phases of the DQ excitation block, the central π pulse, and the reading pulse are incremented in 90�, 45�, and 180� steps, respectively.[18] The
τ delays bracketing the central π pulse were equal to (τR− τπ)/2 for BR212 and S3 recoupling and (τR− τπ)/2− τπ/2 for [S3], where τπ/2 and τπ
are the lengths of the π/2 bracketing pulses of [S3] recoupling and central π pulse, respectively
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[S3]. In other words, BR212 is the most robust scheme to
variations in isotropic chemical shift for autocorrelation
peaks. The reason for this notable robustness towards
large offsets is clarified in Sections 4.2–4.4.

Simulations for a cross peak with Δ ≠ 0 were also
carried out. As the shift difference between a pair of
tetra-coordinated Al and penta-coordinated Al (AlIV and
AlV) or penta-coordinated Al and hexa-coordinated Al
(AlV and AlVI) resonances is about 2.5 kHz at 9.4 T, the
cross peak simulations were performed with Δ = 2.5 kHz.
The DQ efficiency as a function of τmix for Δ = 2.5 kHz is
presented in Figure 2c, revealing an optimal τmix of
2.3 ms. The corresponding maximum DQ efficiency is
4.5% for BR212 and 3.5 and 3.8% for S3 and [S3],

respectively. Although these values are similar to the case
Δ=0 kHz (see Figure 2a), the corresponding DQ band-
width and offset profile are very different. Namely, the
maximal efficiencies are achieved at νoffset of −1.25,
−0.25, and 0.75 kHz for BR212 , S3, and [S3] respectively.
Hence, the observation of cross peaks (Δ≠ 0) clearly
requires a careful adjustment of νoffset. We note that,
unlike for Δ=0 kHz (see Figure 2a), the efficiency of
BR212 , S3 and [S3] drops at longer mixing times. Hence,
27Al 2D DQ-SQ homonuclear correlation spectra exhibit
weak cross peaks between distant half-integer-spin
quadrupolar nuclei with distinct chemical shifts. Never-
theless, BR212 is much more robust with respect to offset
variation and thus clearly outperforms S3 and [S3], as

FIGURE 2 Plot of the simulated DQ efficiencies for BR212 (black squares), S3 (red circles), and [S3] (blue triangles) recoupling as a

function of (a, c) τmix and (b, d) νoffset with τmix = 2.3 ms for a powder of 27Al–27Al pairs with (a, b) Δ=0 (autocorrelation peak) and (c, d)

Δ=2.5 kHz (cross peak) at B0 = 9.4 T with νR= 13.889 kHz and νRF= 2.32 kHz. In (a), νoffset = 0 kHz for S3 and [S3] and −2.5 kHz for BR212,

whereas in (c) νoffset =−1.25, −0.25 and 0.75 kHz for BR212, S3 and [S3], respectively. Additional simulation parameters are given in

Section 6.2. The isotropic chemical shifts for Al1 and Al2 are both 0 kHz in (a, b) and −1.25 and 1.25 kHz, respectively in (c, d), as shown in

(b, d). As both 27Al nuclei are subject to CQ of 3.0 MHz, the quadrupolar-induced shift (QIS) of each resonance is −0.53 kHz. The lines

joining the points are used as a guide. In (b, d), the lines for BR212 are thicker for the sake of readability
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shown in Figure 2d. BR212 displays a bandwidth spanning
�7.5 kHz with two main troughs. The first one occurs for
νoffset around 0 to 0.5 kHz, and corresponds to an irradia-
tion at the center of the two spin frequencies when
accounting for quadrupolar induced shifts. In addition, in
Figure 2d, for which the starting operator is I1z, the offset
profile of BR212 shows a second notable minimum at νoffset
of ca. −0.75 kHz. This corresponds approximately to the
on-resonance irradiation of the 27Al nucleus with non-
zero initial magnetization (i.e., 1I1z + 0I2z) when account-
ing for the quadrupolar induced shift. Conversely, as seen
in Figure S1, when the other 27Al nucleus has non-zero
initial magnetization (i.e., 0I1z + 1I2z), the notable mini-
mum occurs at νoffset≈+1.75 kHz, its resonance fre-
quency. Further simulations (shown in Figure S2) reveal
that these two minima are observed when considering
solely the first-order term of the quadrupolar interaction.
The second-order term of the quadrupolar interaction
only shifts the position of these minima by the QIS. As
shown by numerical calculations of the density matrix in
Section 4.4, the presence of these troughs stems notably
from the creation of unwanted SQ and triple-quantum
(3Q) coherences of a single 27Al nucleus. In the case of S3
and [S3], it is worth noting that the DQ efficiency
strongly oscillates as a function of νoffset. Similar to the
BR212 case, the minima correspond again to the creation
of unwanted SQ and 3Q coherences of a single 27Al spin.
These oscillations have already been previously
explained owing to interference between the first-order
quadrupolar interaction and the RF pulses.[41] Simula-
tions (reported in Figure S3) clearly confirm this point
but also prove that the dipolar interaction is involved.
This is notably illustrated by comparing the oscillatory
responses of S3 and [S3] when changing the relative ori-
entation of the 27Al EFG tensor to the crystal-fixed frame
(see Figure S3a,d) or the 27Al–27Al dipolar vector (see
Figure S3b,e) with respect to those in Figure S3c,f, respec-
tively. The position of the minima is unchanged but their
amplitudes can be strongly impacted by these tensor ori-
entations (see Figure S3).

In short, for both autocorrelation and cross peaks and
at moderate νR (�14 kHz), BR212 is the most favorable
choice since it provides the highest DQ efficiency and is
the most robust to offset. Importantly, this remains valid
for very fast MAS regimes (Figure S4) and at higher mag-
netic fields (B0 = 18.8 T, see Figure S5). As the RF-field of
BR212 is proportional to the MAS frequency, larger excita-
tion bandwidth is observed at higher MAS frequencies.
The maximal DQ efficiency for BR212 is only slightly
reduced to 4.2% at a MAS frequency of 60 kHz compared
to 5.0% at MAS frequency of 8 kHz, whereas those of S3
and [S3] decrease to 2.0 and 1.3%, respectively (see
Figure S4e).

3.2 | Experimental results

To verify experimentally the superiority of BR212 for 27Al
homonuclear dipolar recoupling, we performed experi-
ments on a mesoporous alumina (m-Al2O3).

[39,45] The 1D
27Al NMR spectrum of m-Al2O3, acquired by a
CT-selective π/2 pulse, is shown in Figure 3a. It features
three peaks, assigned to AlVI, AlV, and AlIV sites, whose
27Al shifts are at 7, 35, and 60 ppm, respectively.
This is an interesting system for the examination
of homonuclear dipolar recoupling sequences as it
consists of three sites with substantial differences in
quadrupolar interactions and shifts. Moreover, the shift
difference between AlIV and AlVI sites is as large as 5 kHz
at 9.4 T.

For our simulated 27Al–27Al system, the dipolar cou-
pling constant of −0.3 kHz between two 27Al nuclei is
large enough for both S3 and [S3] to reach optimal DQ
efficiency after one sequence loop. However, for systems
with longer distances between nuclei and/or with smaller
gyromagnetic ratios, the dipolar coupling is accordingly
smaller. Regarding this point, [S3] can be preferred to S3
owing to the former's associated faster DQ build-up.[40] A
faster build-up shortens the length of required recoupling
periods and thus reduces the detrimental effects of DQ
coherence dephasing during the excitation and
reconversion blocks. Moreover, pure DQ recoupling can
be preferred in multi-spin systems[29] and, as shown in
simulations (Figure 2b,d), [S3] has a similar offset profile
to S3. Therefore, we performed the experiments with
BR212 and [S3] sequences.

The experimental offset profiles of BR212 and [S3] are
presented in Figure 3b. It is clearly confirmed that BR212
is more robust and efficient than [S3]. The AlVI site is
taken as an example owing to its higher intensity (related
to its greater presence in m-Al2O3) compared to the other
two sites. While for BR212 the maximum DQ efficiency for
AlVI is achieved at νoffset = 35 ppm (corresponding to an
offset of −2.8 kHz), for [S3] the optimal νoffset is equal to
10 ppm, which corresponds closely to on-resonance irra-
diation for the AlVI site. These results are in qualitative
agreement with the simulations shown in Figure 2b.
Additionally, the maximum DQ efficiency of BR212 is 25%
higher than that of [S3], corresponding to a 56% reduction
in required experimental time. The experimental gain in
DQ efficiency for BR212 is comparable with the simula-
tions reported in Figure 2. The DQ efficiency of the AlVI

site shown in Figure 3b includes the contribution of auto-
correlation and cross peaks since the 27AlVI nuclei are
coupled via dipolar interactions to other AlVI sites
(Δ=0 kHz), AlV sites (Δ=2.8 kHz), and AlIV sites
(Δ=5.5 kHz). It can be assumed from the numerical sim-
ulations (vide supra) that the experimental DQ efficiency
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for BR212 at νoffset = 10 ppm mainly results from the exci-
tation of 27Al nuclei occupying AlV and AlIV sites, that is,
AlV- AlVI and AlIV- AlVI cross peaks resonating at the fre-
quency of 27AlVI nuclei during the acquisition. The depth
of the expected minimum at νoffset = 10 ppm is also
decreased by the distributions of isotropic chemical shifts
and quadrupolar parameters for the three 27Al sites. This
distribution of NMR parameters and the contribution of
both autocorrelation and cross peaks to the experimental
DQ-filtered signals reduce the oscillations of DQ effi-
ciency as a function of offset for [S3] with respect to the
simulations shown in Figure 2.

In summary, experiments at 9.4 T with νR � 14 kHz
showed that for the studies of the spatial proximities
between 27Al nuclei with sizeable CQ, BR212 is the most
favorable choice of recoupling sequence. As an illustra-
tion, 2D homonuclear 27Al through-space DQ-SQ correla-
tion NMR spectra of m-Al2O3 using BR212 recoupling at
9.4 T and 18.8 T are shown in Figure S6a,b in the
Supporting Information (SI), respectively.

4 | THEORETICAL DESCRIPTIONS

In contrast to 13C–13C systems,[40] BR212 offers higher DQ
efficiencies and better robustness to offset variations and
chemical shift distributions than S3 and [S3] for

27Al–27Al
systems. Although numerical simulations match with
experiments, the spin dynamics occurring under BR212
have not yet been fully understood, especially in that the
homonuclear dipolar recoupling is seemingly facilitated
by chemical shifts. Notably, the simulations presented in
Figure 2 have also shown the presence of troughs in the off-
set profiles corresponding to either irradiation in the mid-
dle of the two resonances, or irradiation on one (or two) of
the two resonances. In this section, the influence of the off-
set on the DQ efficiency of the BR212 recoupling scheme is
analyzed by deriving an effective Hamiltonian and by
performing numerical simulations of spin dynamics. This
section is organized as follows. Section 4.1 derives the
average Hamiltonians of S3, [S3], R212 and R2−1

2 and
explains why the average Hamiltonian theory (AHT)

FIGURE 3 (a) 1D 27Al direct excitation

MAS NMR spectrum of m-Al2O3, featuring the

three 27Al sites, at B0 = 9.4 T with

νR = 13.889 kHz. The gray dashed lines indicate

the centers of resonances associated to AlVI

(black), AlV (red), and AlIV (blue) sites

resonating at 7, 35, and 60 ppm, respectively.

(b) Plot of the experimental DQ efficiencies of

the three 27Al sites for BR212 (straight lines) and

[S3] (dotted lines) recoupling using

νRF= 2.3 kHz versus νoffset. νoffset is incremented

from −40 to +80 ppm with a step of 5 ppm, to

ensure coverage of the whole shift range of m-

Al2O3. The experimental intensities are

normalized to the maximum of the AlVI site. The

reader is referred to the web version for a color

figure
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cannot be applied to describe the spin dynamics during
the BR212 scheme. In Section 4.2, we derive an effective
Hamiltonian for the BR212 sequence in the offset-toggling
frame. In Section 4.3, we demonstrate that this effective
dipolar coupling, with an amplitude modulated by the
offsets of the coupled spins, can explain the trough in DQ
efficiency profiles for both spin-1/2 and quadrupolar
nuclei. More specifically, the dipolar scaling factor is
reduced in the following cases: on-resonance irradiation
of an autocorrelation peak or irradiation at the middle of
the two resonances for a cross peak. However, it does not
predict the trough in DQ efficiency for on-resonance irra-
diation of one of the two half-integer-spin quadrupolar
nuclei in the case of a cross peak (see Figure 2d). Density
matrix calculations shown in Section 4.4 indicate that the
trough in DQ efficiency when the BR212 scheme is applied
on-resonance stems from the creation of unwanted SQ
and 3Q coherences. The lack of this trough for S3 and
[S3] is rationalized by comparing the excitation profiles of
the BR212 and S3 schemes in Section 4.5.

4.1 | AHT

For the application of AHT,[46] two conditions must be
matched:

ið ÞCyclicity :URF τcð Þ= 1

iið ÞPeriodicity :Hλ τc + tð Þ=Hλ tð Þ, ð1Þ

where τc is the cycle time, which is rotor synchronized,
and λ denotes either spin (chemical shift, dipolar or J-
couplings) or RF interactions, Hλ and URF denote the
Hamiltonian of the interaction λ and the propagator of
the RF interaction, respectively. As the two conditions
mentioned above are met for the R212 and R2−1

2

sequences, AHT can be used to calculate their effective
Hamiltonians in the interaction frame of the RF-field. In
this frame, the homonuclear dipolar coupling term in the
first-order Hamiltonian is given by:

�H 1ð Þ
D,12 = b12f 12 β12PR,γ

12
PR

� �
−4I1zI2z + I +1 I +2 + I−1 I

−
2 Þ+ ðI +1 I−2 + I−1 I

+
2

� �� �
,

ð2Þ

where D denotes the dipolar coupling interaction, b12 is
the dipolar coupling constant in rad.s−1, and the scaling
factor f 12 β12PR,γ

12
PR

� �
= 3

16
ffiffi
2

p sin 2β12PR
� �

cos γ12PR
� �

in which β12PR
and γ12PR are the Euler angles relating the r12 internuclear
vector to the MAS rotor-fixed frame.

This Hamiltonian expression in Equation 2 consists
of a DQ term: DQx = I +1 I +2 + I−1 I

−
2, a ZQ term:

ZQx = I +1 I−2 + I +1 I−2 , and a longitudinal two-spin order
term 2I1zI2z. The term f 12 β12PR,γ

12
PR

� �
represents a scaling

factor. In the interaction frame of the RF-field, the isotropic
shift terms in the first-order Hamiltonian are given by:

R212 �H 1ð Þ
iso = −

2
π

ωI1 I1x +ωI2 I2xð Þ= −4 ΩI1 I1x +ΩI2I2xð Þ
ð3Þ

R2−1
2

�H 1ð Þ
iso =

2
π

ωI1I1x +ωI2 I2xð Þ=4 ΩI1I1x +ΩI2 I2xð Þ, ð4Þ

where ωIi and ΩIi with i=1 or 2 denote the isotropic
chemical shift in rad.s−1 and Hz of Ii nucleus, respec-
tively. The CSA terms in the first-order Hamiltonian of
R212 and R2−1

2 recoupling schemes are similar to Equations 3
and 4 but in the expression of these CSA terms, the rec-
oupled CSA frequencies ωCSA,Ii (or ΩCSA,Ii ) substitute ωIi

(or ΩIi ). The ωCSA,Ii (or ΩCSA,Ii ) frequencies depend on
the anisotropic chemical shielding constants, σianiso, the
asymmetry parameters of the CSA tensor, ηiCS, and the
Euler angles describing the orientation of the principal
axis-frame of the CSA tensor in the rotor-fixed frame.

As BR212 consists of n loops of R212 followed by n loops
of R2−1

2 , a different number of n provides a different
sequence.[29,42] Therefore, no basic periodic unit can be
defined for BR212 , implying that conventional AHT can-
not be applied straightforwardly.

On the contrary, (R218R2
−1
8 ) is the basic periodic unit

of both S3 and [S3]. �H
1ð Þ
D,12 for S3 is identical to that given

in Equation 2 while with the addition of two bracketing
π/2 pulses, that of [S3] is[40]:

�H 1ð Þ
D,12 = 2b12f 12 β12PR,γ

12
PR

� �
DQx ð5Þ

Owing to the phase-inversion in the middle of the
R218R2

−1
8 basic unit, the first-order chemical shift terms

are suppressed. Regarding the first-order terms, it is
worth mentioning that the only difference between BR212
and S3 is the isotropic chemical shift terms. In the follow-
ing section, the effect of these terms on the dipolar trans-
fer process is investigated.

4.2 | Analytical approximation in the
offset-toggling frame

We first consider the case of 13C nuclei with negligible
CSA. As outlined above, the conventional AHT cannot be
simply used in the case of BR212 owing to the lack of basic
periodic unit. Nevertheless, one still can approximate its
effective Hamiltonian using the first-order Hamiltonians
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of R212 and R2−1
2 derived in section 4.1 (Equations 2–4).

To better understand the effect of first-order offset terms
and their impact on the DQ efficiency, we transform
�H 1ð Þ
D,12 (Equation 2) in the “toggling” frame defined by

the first-order offset terms, using the following
transformation:

UCS 0, t|{z}
=2kτR

 !
= e− i �H 1ð Þ

iso t

=
e + i4Δt: I1x −I2x

2ð Þð Þ:e + i4Σt: I1x + I2x
2ð Þð Þ 0< k≤n

e + i4Δ 4nτR− tð Þ: I1x − I2x
2ð Þð Þ:e + i4Σ 4nτR− tð Þ: I1x + I2x

2ð Þð Þ n< k≤2n

(
ð6Þ

where k is an integer, Δ = ΩI1 − ΩI2 , and Σ = ΩI1 + ΩI2 .
The dipolar coupling Hamiltonian of BR212 in the offset-
toggling frame is

~H
off− frame
D,BR212

t|{z}
=2kτR

 !
=UCS 0, tð Þ: �H 1ð Þ

D,12:U
−1
CS 0, tð Þwith 0< k≤ 2n

ð7Þ

where “off-frame” denotes the offset-toggling frame. As
UCS(0, 4nτR) = 1, we are able to apply the Magnus expan-
sion[47] to derive the analytical approximation of the
dipolar interaction in this frame at the nth point of BR212:

�Hoff− frame
D,BR212

nð Þ=A

− s 4Δ:2nτRð Þ+ s 4Σ:2nτRð Þð Þ:2I1zI2z
+ 1−

1
2
s 4Δ:2nτRð Þ−s 4Σ:2nτRð Þð Þ

� �
:ZQx

+ 1+
1
2
s 4Δ:2nτRð Þ−s 4Σ:2nτRð Þð Þ

� �
:DQx

+ c 4Σ:2nτRð Þ+ c 4Δ:2nτRð Þð Þ:2I1yI2z
+ c 4Σ:2nτRð Þ−c 4Δ:2nτRð Þð Þ:2I1zI2y

2
666666666664

3
777777777775

ð8Þ

where A = b12f 12 β12PR,γ
12
PR

� �
; s xð Þ= sin xð Þ

x ; and c xð Þ= cos xð Þ−1
x .

Note that the functions sin(x)/x, and (1− cos(x))/x, where
x is a variable, are close to 0 when x� 1, that is, n� νR/
(8jΔj) or νR/(8jΣj).

This calculation shows that during BR212, the effect of
the offset terms can be seen as (i) generating additional
SQ terms: 2I1yI2z and 2I1zI2y and (ii) inducing a modula-
tion of the scaling factors of each of the five terms present
in Equation 8. These scaling factors depend on the number
of loops (n), the sum (Σ), and the difference (Δ) of chemi-
cal shifts of the two dipolar-coupled spins. It is important
to note that the former three terms in Equation 8 do not
commute with the SQ terms, and that SQ terms should thus
be included in the DQ polarization transfer calculations.

The first case (Δ ≠ 0 kHz, Σ = 0 kHz) corresponds to
a cross peak, for which the RF irradiation is applied at

the center of the two resonances. As Σ = 0, s(4Σ. 2nτR) is
1. Furthermore for n � νR/(8jΔj), both s(4Δ.2nτR) and
c(4Δ.2nτR) are close to 0, which results in a scaling factor
of about 0:5f 12 β12PR,γ

12
PR

� �
. The second case (Σ≠0 kHz,

Δ=0kHz) corresponds to the off-resonance irradiation of
an autocorrelation peak. In that case, the scaling
factor, provided that n � νR/(8jΣj), is about threefold
larger than in the first case. For the third case, Δ and Σ
can be arbitrarily chosen as long as they are identical in
absolute value. This case corresponds to the on-resonance
irradiation of (at least) one of the two resonances. In that
case, the scaling factor is about twofold larger than in the
first case, and about a factor of 2/3 lower than in the sec-
ond case. Based on this crude analysis, we expect the first
case to build-up slowly and the second case to build-up
rapidly.

This is further illustrated in Figure 4, which shows
numerical simulations corresponding to the three cases
presented in Table 1. The optimal τmix for the three simu-
lated cases, as indicated by the dashed lines in Figure 4,
are 2.9, 1.0, and 1.3 ms for Δ = 20 kHz and Σ = 0 kHz;
Δ = 0 kHz and Σ = 20 kHz; and Δ = Σ = 10 kHz, respec-
tively. This is in good agreement with the analytical
results presented in Table 1. A smaller scaling factor
leads to a slower build-up of the DQ coherence, and
hence a reduced DQ efficiency at short mixing times.

A similar analysis can be carried out for a pair of 13C
nuclei subject to CSA as well as the dipolar interaction.
�H 1ð Þ
D,12 can be expressed in a chemical shift-fixed frame, in

which the 13C coherences do not evolve under offset and
CSA as UCS(0, 4nτR) =UCSA(0, 4nτR) = 1, by applying the
transformation of Equations 6 and 7 with
Δ=ΩI1 +ΩCSA,I1 −ΩI2 −ΩCSA,I2 , and Σ = ΩI1 +ΩCSA,I1

+ΩI2 +ΩCSA,I2 . In that case, Δ and Σ frequencies depend
on the crystallite orientations in the rotor. Equation 8
and Table 1 remain valid in the presence of CSA but the
position and intensity of the trough will depend on the
crystallite. Hence, the powder average decreases the
depth of the trough for Σ =0. In order to verify this, we
performed simulations on an isolated 13C–13C system
with Δ=2.5 kHz and with different CSA values. The sim-
ulated offset profiles (given in Figure S7) indeed do not
show the trough in DQ efficiency at the center of two 13C
resonances, except for a CSA of 0 kHz (see Figure S7a).
These simulations confirm the elimination of the trough
at Σ =0 in the presence of CSA.

4.3 | The sufficiency of the analytical
approximation

This section investigates the limits of the analytical
approximation derived in the previous section to describe
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the spin dynamics during BR212 recoupling, firstly for
spin-1/2 nuclei and then for half-integer-spin quadrupolar
nuclei.

4.3.1 | Spin-1/2 nuclei

We compared the offset profiles computed using analyti-
cal expressions of the BR212 effective Hamiltonians
(MATLAB v7.8[48]) to those simulated using spin dynamics
numerical software (SPINEVOLUTION). For the former
approach, the initial operator I1z is subjected to a unitary
propagator, calculated from (i) the first-order AHT terms
of R212 and R2−1

2 (Equations 2–4) and (ii) the analytical

approximation of BR212 (Equation 8); then the expectation
value of the I2z operator is subsequently calculated. The
offset profiles were obtained by performing the aforemen-
tioned procedure at different offset values. Following the
previous section, three cases (with Σ =0kHz, Δ=0kHz,
and Σ=Δ) were considered. In all cases, the offset pro-
files were simulated at τmix = 0.97ms (or n=8).

Figure 5a–c compares the offset profiles calculated
from the first-order AHT terms of R212 and R2−1

2 , the ana-
lytical approximation, and numerical simulations. The
first thing to note is that the former two approaches
are in perfect agreement, which validates the use of
Equation 8. Moreover, these analytical approaches pro-
vide very similar offset profiles to numerical simulations,

FIGURE 4 Numerical simulations of DQ

efficiencies are plotted versus τmix, obtained with

BR212 with νRF= 33 kHz on a powder of 13C–13C
pairs. The spin system consists of two 13C nuclei

at B0 = 9.4 T with νR= 66 kHz. The b12/(2π)
constant between the two 13C nuclei is −2.0 kHz.

No 13C CSA was included. The simulated DQ

build-up curves were performed at the different

conditions listed in Table 1: (a) Δ=20 kHz,

Σ =0kHz; (b) Δ=0kHz, Σ=20 kHz; and

(c) Δ=Σ =10 kHz. The dashed lines indicate the

optimal τmix of each case. The lines joining the

points are used as a guide
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particularly for moderate offsets, validating the use of
these analytical approximations. The main features can
be well reproduced, notably the trough in DQ efficiency

for on-resonance irradiation of an autocorrelation peak
(Δ=0, see Figure 5b). This trough indicates that offset
promotes homonuclear dipolar recoupling in the case of

FIGURE 5 (a–c) Plot of the DQ efficiencies of BR212 recoupling with νRF= 33 kHz as a function of νoffset for a powder of
13C–13C pairs at

B0 = 9.4 T with νR=66 kHz, calculated by three different methods: the analytical approximation of BR212 in the offset-toggling frame

(Equation 8) (green circles), the first-order AHT terms of R212 and R2−1
2 (Equations 2–4) (orange dashed line), and numerical simulations

(gray straight line). (d–f) Plot of the scaling factors of DQ and SQ terms as a function of νoffset corresponding to the three cases in (a–c). The
color strips in (b, c, e, and f) simultaneously highlight the troughs in DQ efficiency and the maxima of SQ terms in absolute value. These

offset and scaling factor profiles were calculated and simulated for (a,d) Σ =0kHz, (b,e) Δ=0kHz, and (c,f) Δ=Σ; all at τmix = 0.97ms

(n=8). The isotropic chemical shifts for 13C1 and
13C2 nuclei are (a,d) ± νoffset, (b,e) − νoffset, and (c,f) 0 and νoffset, respectively or vice versa.

The spin system and simulation parameters are identical to those of the simulations shown in Figure 4

TABLE 1 Amplitudes of the BR212 DQ and SQ terms present in Equation 8 for the following three cases: Irradiation in the middle of two

distinct resonances (Δ ≠ 0, Σ =0), off-resonance irradiation of an autocorrelation peak (Δ=0, Σ ≠ 0), and on-resonance irradiation for one

of the two spins (Σ =±Δ)

DQ and SQ terms present in �Hoff − frame
D,BR212

nð Þ
Δ≠0, Σ =0

A 0:5 1+ s 4Δ:2nτRð Þ|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
�0 if n�νR= 8 Δj jð Þ

2
64

3
75:DQx + c 4Δ:2nτRð Þ|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}

�0 if n�νR= 8 Δj jð Þ

: 2I1yI2z−2I1zI2y
� �8><

>:
9>=
>;

Δ=0, Σ≠0

A 1:5 1−1=3: s 4Σ:2nτRð Þ|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
�0 if n�νR= 8 Σj jð Þ

2
64

3
75:DQx + c 4Σ:2nτRð Þ|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}

�0 if n�νR= 8 Σj jð Þ

: 2I1yI2z +2I1zI2y
� �8><

>:
9>=
>;

Σ =�Δ

A 1:0DQx + c 4Σ:2nτRð Þ|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
�0 if n�νR= 8 Σj jð Þ

: 2I1yI2z +2I1zI2y
� �� 2I1yI2z−2I1zI2y

� �
 �8><
>:

9>=
>;
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the BR212 sequence, contrary to common recoupling tech-
niques, for which offsets reduce the recoupling efficiency.
Furthermore, there is also a good agreement between off-
set profiles calculated using analytical approximations
and numerical simulations when Σ = 0 and Σ=Δ
(Figure 5a,c, respectively) as well as for other cases
(shown in Figure S8). In particular, Figure S8c,d show a
decreased DQ efficiency for a cross peak, when the irradi-
ation is applied near the middle of the two resonances.
This trough demonstrates again that the offset promotes
the homonuclear dipolar recoupling in the case of the
BR212 scheme. The deviations that do occur between the
analytical approximations and the numerical simulations
at large νoffset (jνoffsetj≥ 7.0 kHz in Figure 5b,c) are attrib-
uted to higher-order terms, illustrating the limits of the
analytical approximation conducted here since only first-
order terms are retained. Nevertheless, it is sufficient to
explain the main features of the spin dynamics of BR212.

Since SQ and DQ terms do not commute with each
other, it is interesting to know how the SQ terms affect
the DQ efficiency. Such understanding can provide a
qualitative explanation for the patterns of the offset pro-
files. For that purpose, we plot the scaling factors of both
the DQ and SQ terms as a function of νoffset, as shown in
Figure 5d–f. It is revealed that whenever the SQ terms
reach a maximum in absolute value, the DQ efficiency is
reduced (highlighted region). This is particularly evident
for Δ = Σ (see Figure 5c,f) where the presence of the two
troughs at jνoffsetj = 2.0–3.0 kHz (Figure 5c) exactly corre-
spond with the maxima of SQ terms (Figure 5f). This

illustrates the detrimental effect of the SQ terms on the
DQ polarization transfer.

As mentioned above, the derived analytical approxi-
mations only contain first-order terms and are thus
not sufficient to estimate the DQ excitation bandwidth
for BR212 . Nevertheless, this can be done using SPIN-
EVOLUTION by plotting a 2D map, as shown in
Figure 6. The map confirms the presence of a trough at
Σ=0, that is, for the on-resonance irradiation of an auto-
correlation peak or an irradiation centered between the
two resonances for a cross peak. When Σ≠ 0, the DQ
efficiency is higher for an autocorrelation peak than a
cross peak, in agreement with Figures 4 and 5 and the
scaling factor reported in Table 1. The derived analytical
approximation can describe the spin dynamics of the
BR212 sequence (at moderate νoffset) for spin-1/2 nuclei.
This is also valid for half-integer-spin quadrupolar nuclei
with very small CQ, for which the RF-field magnitude is
much larger than the quadrupolar frequency in the prin-
cipal axis system of the EFG tensor, νQ= 3CQ/(4I[2I− 1]):
νRF � νQ (see Section S2.2 in the SI and Figures S9–S11).

4.3.2 | Half-integer quadrupolar nuclei

The analytical approximation approach can be extended
to the half-integer-spin quadrupolar nuclei case because
under large quadrupolar interaction compared to the
RF-field (i.e., νRF � νQ), one often assumes that the
spin dynamics can be described in the CT subspace.[16,18]

FIGURE 6 Simulated DQ efficiency for

BR212 as a function of the sum (Σ) and difference

(Δ) of two 13C chemical shifts of a powdered
13C–13C spin-pair system. The b12/(2π) constant
between the two 13C nuclei is −2.0 kHz. The

simulation was carried out at B0 = 9.4 T with

νR= 66 kHz and νRF= 33 kHz and τmix = 0.97ms

(n=8). The three cases in Figures 4 and 5 are

highlighted, Σ = 0 (horizontal violet dashed

line), Δ=0 (vertical white dashed line), and

Δ=Σ (diagonal black straight line)
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A mathematical treatment similar to the one reported in
Section 4.2 can be conducted and the analytical approxi-
mation of BR212 for a dipolar-coupled half-integer-spin
quadrupolar pair with spin number I is reported in
Equation S5 in the SI. The important modification, com-
pared to the spin-1/2 case in Equation 8, is that the effec-
tive dipolar coupling in the CT subspace is scaled by the
factor 2

3 +
1
3 I + 1

2

� �2� 
. This scaling factor is numerically

verified by simulations, as shown in Figure S12. As
explained above, this calculation clarifies the involve-
ment of the offset terms in DQ magnetization transfer
during the BR212 spin dynamics, thus explaining the
broad offset profile of BR212 as compared to S3 and [S3].

Nevertheless the BR212 spin dynamics, detailed in Sec-
tion 4.3 and/or Equation S5, cannot fully explain the
intense trough observed in Figures 2d, S1, and S2 (Δ
≠0 kHz) for on-resonance irradiation of the spin bearing
the initial magnetization. This feature, which is not
observed for spin-1/2 nuclei, cannot be explained by
tracking the BR212 spin dynamics in the CT subspace and
is investigated below using numerical simulations.

4.4 | Leakage from the CT subspace and
DQCT efficiency loss

The origin of these troughs can be investigated by calcu-
lating the density matrices for a powder of a single 27Al
nucleus under the application of the first BR212 recoupling
block (“DQ exc”) at different νoffset. The results are shown
in Figure 7, together with similar simulations performed
on the S3 and [S3] recoupling sequences. To simplify the
analysis, the quadrupolar interaction is only considered
up to the first-order. Figure 7 shows the plot of the norm
of coherences, the Iz magnetization and population differ-
ences between energy levels mI and −mI as a function of
νoffset. The coherences can be classified as (i) SQ (between
energy levels mI and mI+1 with mI of −5/2 and 3/2 for
the second ST (SQST2), −3/2 and 1/2 for the first ST
(SQST1), and −1/2 for the CT (SQCT)), (ii) DQ (between
energy levels mI and mI+2 with mI of −5/2, −3/2, −1/2,
and 1/2) involving the STs (DQSTs), (iii) 3Q (between mI

and mI+3 with mI of −5/2, −3/2, and −1/2),
(iv) quadruple-quantum (4Q) (between mI and mI+4

FIGURE 7 Calculated norm of coherences (a–c) and Iz magnetization (d–f) as a function of νoffset for a powder of an isolated 27Al

nucleus after a BR212 (a, d), S3 (b, d), or [S3] (c, f) recoupling of τexc = 1.15ms. For (a–c), the coherences are: SQST2 (black squares), SQST1 (red

circles), SQCT (blue triangles up), DQSTs (green triangles down), 3Q (magenta diamonds), 4Q (cyan triangles left), and 5Q (dark cyan

triangles right). For (d–f), the Iz magnetization (dashed orange line), as well as the population differences between the energy levels mI and

−mI with mI=1/2 (dark green triangles), 3/2 (yellow circles) and 5/2 (green triangles up) are presented. Calculations were performed at

B0 = 9.4 T with νR=13.889 kHz and νRF= 2.32 kHz. The 27Al isotropic chemical shift and CQ are 0 kHz and 3.0MHz, respectively. The lines

joining the points are used as a guide
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with mI of −5/2 and −3/2), and (v) quintuple-quantum
(5Q) (between energy levels mI=−5/2 and mI=+5/2).

At an on-resonance condition (νoffset = 0 kHz), BR212
creates 3Q coherences. For νoffset =±0.25 kHz, SQCT

coherences are also produced. The creation of these
unwanted coherences is associated to a decrease of the
longitudinal magnetization (see Figure 7a,d), which
results in a reduction of the DQCT efficiency for the on-
resonance irradiation of an excited (dipolar coupled)
nucleus. This effect explains the trough in DQCT effi-
ciency for a cross peak when the offset is on-resonance
with one (or both) of the two half-integer-spin
quadrupolar nuclei (Figures 2b,d, S1, and S2). Further-
more, it also further reduces the DQCT efficiency for on-
resonance irradiation of an autocorrelation peak for half-
integer-spin quadrupolar nuclei. As the STs are broad,
they are not efficiently excited by the BR212 scheme and
the norms of the related SQ coherences are low. For
jνoffsetj≥ 3 kHz, the effective RF-field during the CT-
selective π pulses of the BR212 scheme deviates from the
y-axis, leading to an incomplete inversion of the CT mag-
netization. Consequently, SQCT coherences are created,
which further reduces the longitudinal magnetization,
and thus the DQCT efficiency of BR212 recoupling.

For comparison, similar simulations were carried out
for small CQ values (see Figure S13). In this case, the
application of the BR212 scheme on-resonance does not
produce the unwanted SQCT and 3Q coherences,
explaining the absence of the trough in DQ efficiency for
on-resonance irradiation of the excited nucleus (see
Figures S9c,d and S10). Furthermore, as the width of the
STs is comparable to the excitation bandwidth of the
pulses, SQ coherences of the two STs are excited besides
that of the CT, in contrast with the case of large CQ

values (compare Figures 7a and S13).
For the S3 and [S3] sequences, the amount of 3Q

coherences created with on-resonance irradiation is
much smaller than for BR212 and the longitudinal magne-
tization is accordingly preserved (see Figure 7b,c, respec-
tively). Therefore, they do not exhibit a trough at the on-
resonance frequency of the excited nucleus. However,
both S3 and [S3] schemes create a substantial amount of
3Q and SQCT coherences for jνoffsetj≥ 1 kHz. The creation
of these unwanted terms goes with a decrease of the lon-
gitudinal magnetization and hence, of the DQCT effi-
ciency. In particular, the local minima of the longitudinal
magnetization at νoffset =±1 and ±2.5 kHz for S3 rec-
oupling explain its troughs in DQ efficiency seen in
Figure 2b (taking into account the QIS due to the second-
order quadrupolar interaction, which is not considered in
Figure 7).

Figure 7 clearly shows that for large CQ values, the
BR212 scheme is more efficient than S3 and [S3] for the

creation of 3Q coherences at νoffset = 0 kHz, which con-
tributes to the difference in DQ efficiency for the on-
resonance irradiation of the excited (dipolar coupled)
nucleus. It must be noted that for all recoupling
sequences, the created 3Q coherences almost exclusively
correspond to those between energy levels mI=−3/2 and
mI=+3/2 (simulations not shown), that is, between the
two ST1. Therefore, the creation of these 3Q coherences
when the BR212 sequence is applied on-resonance is asso-
ciated with the decrease of the population differences
between energy levels +3/2 and −3/2 as well as +1/2 and
−1/2, owing to the irradiation of the ST1 (see Figure 7d).
This process is analogous to the creation of DQ coher-
ences for a spin-1 nucleus, such as 14N, by applying the
R212 scheme on-resonance (see Section S2.4 of the SI).[49]

4.5 | Excitation profiles of recoupling
sequences

In order to investigate further the excitation of the STs by
BR212 and S3 recoupling, we analyzed the excitation pro-
file of these schemes by calculating the Fourier Trans-
form (FT) of the RF-field νRF(t) in the rotating frame (see
Figure 8). The R212 scheme can be described as the sum of
two trains of π pulses with opposite phases and shifted in
time by τR, that is, two interleaved DANTE trains.[49,50]

Hence, the FT of each DANTE train with a period 2τR is
a train of RF spikelets separated by νR/2. Whereas the
spikelets of the first DANTE train are all in phase, those
of the second DANTE train alternate because of the time
shift by τR. As the two DANTE trains have opposite
phases, the centerband and all even sidebands vanish.
Solely the odd sidebands separated by νR remain. In the
case of the BR212 scheme, the phase shift by 180� at the
midpoint of the sequence produces an additional modula-
tion at 2/(τmix)≈ 1.74 kHz for τmix = 1.15ms (see
Figure 8a). Furthermore, as the RF-field νRF(t) is an even
function for BR212, its FT is an even real function. The cal-
culated excitation profile of BR212 indicates that this
scheme excites STs in a symmetric manner when it is
applied on-resonance. It has been shown that a symmet-
ric irradiation of the STs in the manner of fast amplitude
modulated (FAM) pulses can efficiently convert the lon-
gitudinal magnetization of a single quadrupolar nucleus
with I≥ 3/2 into 3Q coherences.[51] In fact, the R212
scheme is a particular case of the FAM-II pulse.[52]

The excitation profile of the S3 scheme is shown in
Figure 8b. Since νRF(t) is a real function, which is neither
odd nor even, its FT is the sum of an even real function
and an odd pure imaginary function, which both exhibit
modulations at 2νR = 27.8 kHz and νR/8 ≈ 1.7 kHz asso-
ciated to the lengths of the π/2 pulses and R218 scheme,
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τR/2 and 8τR, respectively. The largest RF spikelets at
±3νR/16 and ±5νR/16 are imaginary and those at positive
and negative frequencies are antiphase. Hence, when
applied on-resonance, the S3 scheme mainly achieves an
antisymmetric irradiation of the STs, which does not cre-
ate 3Q coherences. Therefore, the S3 and [S3] schemes
are less efficient than the BR212 scheme to create 3Q

coherence with on-resonance irradiation. Furthermore,
when a RF spikelet of S3 irradiates the CT, SQCT are
excited. This phenomenon explains the maxima in SQCT

for νoffset =±νR/16=±0.9 kHz and ±3νR/16=±2.5 kHz
in Figure 7b and the oscillation of the population differ-
ence between energy levels 1/2 and −1/2 as function of
offset in Figure 7e.

FIGURE 8 Excitation profiles of the

(a) BR212 and (b) S3 sequences with a length of

1.15ms at νR= 13.889 kHz. The νRF(t) functions
for BR212 and S3 are shown in the insets of

(a) and (b), respectively. The time t=0 was

chosen as the middle of (a) BR212 and (b) S3
schemes. The imaginary part of the BR212
excitation profile is not displayed since it is null
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Furthermore, in order to investigate the influence of
MAS frequency on the spin dynamics during the BR212, S3
and [S3] schemes, we also simulated the norm of the
coherences, the longitudinal magnetization and popula-
tion differences between energy levels mI and −mI for a
powder of a single 27Al nuclear environment as a func-
tion of νoffset at νR= 60 kHz (see Figure S14). In order to
interpret these simulations, we also calculated the excita-
tion profile of these recoupling schemes at this MAS fre-
quency (see Figure S15). These results discussed in
Section S2.5 of the SI explain why higher MAS frequen-
cies decrease the DQ efficiency of the S3 and [S3]
sequences but barely affect that of BR212 recoupling.

5 | CONCLUSION

We have numerically compared three similar yet differ-
ent homonuclear dipolar recoupling sequences: BR212, S3,
and [S3]. Their efficiencies for exciting DQ coherences
between the CTs of two dipolar-coupled 27Al nuclei
under MAS were evaluated. The numerical results were
supported by experiments performed on m-Al2O3 and it
was shown that, compared to S3 and [S3], BR212 is a favor-
able choice owing to its higher achieved DQ efficiency
and robustness to offset variations and isotropic shift dis-
tributions. The better performance of this sequence origi-
nates from the involvement of chemical shifts in
facilitating the magnetization transfer. For a better
understanding of this particular magnetization transfer
mechanism, theoretical treatments were employed.
Under a hard-pulse regime (relatively small quadrupolar
interaction), a similar pattern of offset effects for a
27Al–27Al pair under BR212 is also observed for spin-1/2
systems. An AHT approach cannot straightforwardly be
applied to BR212 owing to the absence of a basic periodic
unit, thus we rewrote the dipolar coupling Hamiltonian
in an offset-toggling interaction frame where an analyti-
cal approximation can be derived. This expression, whose
viability was verified by numerical simulations at specific
conditions (small isotropic chemical shifts and without
CSA terms), not only explains the trough in DQ effi-
ciency at the center of two resonances, but also clarifies
the relationship between offset and DQ efficiency for a
pair of spin-1/2 nuclei. It shows that for maximum DQ
transfer efficiency, νoffset should be set away from the cen-
ter of the two isotropic shift resonances. The applicability
of the analytical approximation can also be extended to
half-integer-spin quadrupolar nuclei in the CT subspace.
However, it fails to explain the trough in DQ efficiency at
on-resonance irradiation of an excited quadrupolar
nucleus when subjected to a relatively large quadrupolar
interaction. In this case, density matrix calculations were

used to explain this phenomenon, which is notably due
to the creation of 3Q coherences by BR212 for on-
resonance irradiation of a single 27Al nucleus. Such a fea-
ture is not observed for S3 and [S3] recoupling. We have
shown that BR212 efficiently excites the 3Q coherences
because it irradiates the STs in a symmetric manner,
unlike S3. These unwanted terms interfere destructively
with the build-up of the desired DQCT term between two
coupled half-integer-spin quadrupolar nuclei. The excita-
tion profile of BR212 also explains why its DQ efficiency
does not depend heavily on the MAS frequency, unlike
S3. Owing to the efficient suppression of the offset terms
up to third-order, the supercycled S3 and [S3] schemes
can work well within a given νoffset range for spin-1/2
nuclei. Unfortunately, this feature is not valid for
quadrupolar nuclei with large quadrupolar interactions
since at off-resonance conditions, these recoupling
schemes generate a substantial amount of unwanted
terms (see Figure 7b,c), leading to inefficient DQ transfer.
For the BR212 sequence, on the other hand, the offset is
still retained in the first-order approximation and is
involved in the DQ polarization transfer, with off-
resonance irradiation generating a lower amount of
unwanted coherences (see Figure 7a), enhancing the
overall DQ transfer efficiency and robustness. These find-
ings can potentially lead to novel strategies in designing
pulse sequences where usually-unwanted terms should
be preserved for superior performance in recoupling half-
integer-spin quadrupolar nuclei.

6 | MATERIALS AND METHODS

6.1 | Sample

m-Al2O3 was synthesized by Jean-Phillipe Dacquin at
UCCS, Université de Lille.[45] The sample was used as
received.

6.2 | Simulations

Numerical simulations were performed using SPIN-
EVOLUTION software,[43] and assumed a static magnetic
field of 9.4 T, except in Figure S5, where B0 = 18.8 T. The
powder averaging was calculated using 144 pairs of {αCR,
βCR} angles selected according to the method of Zaremba,
Conroy, and Cheng[53–55] and 25 angles of γCR, which
were equally stepped from 0 to 360�. The {αCR, βCR, γCR}
Euler angles relate the crystal-fixed frame and the rotor-
fixed frame. For the 13C–13C spin system, the distance
between two 13C nuclei (r12) was 1.54 Å, corresponding
to b12/(2π) = −2.0 kHz, except in Figure S7, where
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b12/(2π) = −0.28 kHz and in Figures S9, S11, and S12,
where b12/(2π) = −0.30 kHz. The 13C offset is given in
the figure captions. No 13C CSA was included, except in
Figures S7 and S9. For 13C simulations, the MAS fre-
quency was equal to νR = 66 kHz, except in Figures S7,
S9, S11, and S12, where νR = 13.889 kHz.

The 23Na–23Na spin system was defined as follows:
r12 = 2.94 Å, corresponding to b12/(2π) = −0.3 kHz. The
Euler angles relating the internuclear 23Na–23Na vector
to the crystal-fixed frame were equal to {0�, 0�, 0�}. Both
23Na nuclei were subject to quadrupolar interactions with
the following parameters: CQ = 0 MHz and ηQ = 0
(Figure S11) and CQ = 1.0 MHz (Figure S12a) or
10.0 MHz (Figure S12b) and ηQ = 0.25. For an autocorre-
lation peak (Δ = 0 kHz), the isotropic chemical shifts for
Na1 and Na2 nuclei are both 0 kHz.

The 27Al–27Al spin system was defined as follows:
r12 = 3.0 Å, corresponding to b12/(2π) = −0.3 kHz. The
Euler angles relating the internuclear 27Al–27Al vector to
the crystal-fixed frame were equal to {0�, 0�, 0�} unless
stated otherwise. Both 27Al nuclei were subject to
quadrupolar interactions with the following parameters:
CQ = 3.0 MHz and ηQ = 0.25, except in Figures S9–S11 and
S12b where CQ = 0.1 or 1 kHz (Figures S9 and S10) and
0 kHz (Figure S11), both with ηQ = 0, and CQ = 30.0 MHz
with ηQ = 0.25 (Figure S12b). The Euler angles describing
the orientation of the 27Al EFG tensor to the crystal-fixed
frame were equal to {0�, 0�, 0�} for both 27Al nuclei unless
stated otherwise. For an autocorrelation peak (Δ = 0 kHz),
the isotropic chemical shifts for Al1 and Al2 nuclei are both
0 kHz, whereas for a cross peak with Δ = 2.5 kHz, their iso-
tropic chemical shifts are −1.25 and 1.25 kHz, respectively.
No 27Al CSA was included, and the MAS frequency was
13.889 kHz, except in Figures S4 and S5.

We simulated the 13C, 23Na and 27Al DQ-filtered 1D
recoupling sequence given in Figure 1d. For all simula-
tions, the starting operator was I1z or I2z while the
detecting operator was the raising operator associated to
the CT ICTjp = ICTjx + iICTjy of the nucleus j=1 or 2, except in
Figures S9–S11, where the detecting operator was I2p (=
I2x + iI2y), or I1p. The

23Na–23Na and 27Al–27Al DQ effi-
ciencies were calculated by dividing the intensities of the
DQ-filtered simulations by those of single-pulse simula-
tions, in which the starting operator Iz is converted into
the detecting operator ICTp by a 23Na/27Al CT-selective π/2
pulse, except in Figures S9–S11, where a non-selective
π/2 pulse was used and the detecting operator was Ip.
The amplitude of the RF-field during the recoupling
periods was equal to νR/2 for 13C, 23Na, and 27Al in the
case of non-selective pulses (see Figures S9–S11), and
νR/4 for 23Na and νR/6 for 27Al in the case of CT-selective
pulses. Furthermore, the amplitude of π/2 and π pulses
for 23Na and 27Al, which do not belong to the recoupling

and last 8 and 16 μs, respectively, was equal to
νRF= 31.2 kHz for non-selective excitation (see
Figures S9–S11) and νRF= 15.6 kHz (23Na) and 10.4 kHz
(27Al) for CT-selective excitation, respectively.

We also calculated the density matrix of a single 27Al
nucleus after the application of a single BR212 , S3 or [S3]
recoupling block (see Figures 7, S13, and S14). The 27Al
nucleus was only subject to the isotropic chemical shift
and the first-order quadrupolar interaction with
CQ= 3.0MHz and ηQ=0.25, except in Figure S13, where
CQ= 0.1 and/or 1 kHz.

6.3 | Experimental

All experiments were acquired on a 9.4 T widebore Bruker
Biospin NMR magnet equipped with an AVANCE-II con-
sole and a 3.2 mm HXY MAS probe. At such magnetic
field, the 27Al Larmor frequency is 104.3 MHz. νR was set
to 13.889 kHz. The 27Al single-pulse MAS spectrum of
Figure 3a was acquired using a single CT-selective π/2
pulse whose amplitude and length were 10.4 kHz and
8 μs, respectively. Eight scans were accumulated and the
recycling delay was 1.0 s. The 27Al DQ-filtered 1D spectra
were acquired using a sequence depicted in Figure 1d with
τmix = 1.73 ms for BR212 and τmix = 2.30ms for [S3]. Dur-
ing the recoupling, the RF amplitude was �2.3 kHz,
which corresponds to a CT nutation frequency equal to
�6.9 kHz. A CT-selective pulse with a flip angle of 3π
was used to invert the 27Al DQ coherences. The RF
amplitude of other CT-selective π/2 and 3π pulses, lasting
8 and 46 μs, respectively, was νRF= 10.4 kHz. The
recycling delay was 0.5 s and 128 scans were accumulated
for both BR212 and [S3] sequences.
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