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ABSTRACT. Various two-dimensional (2D) homonuclear correlation experiments have been proposed
to observe proximities between identical half-integer spin quadrupolar nuclei in solids. These
experiments select either the single- or double-quantum coherences during the indirect evolution period,
ti. We compare here the efficiency and the robustness of the 2D double-quantum to single-quantum
(DQ-SQ) and SQ-SQ homonuclear correlations for two half-integer spin quadrupolar isotopes subject
to small chemical shift anisotropy (CSA): "B with a nuclear spin 7 = 3/2 and ?’Al with /= 5/2. Such a
comparison is performed using experiments on two model samples: Li.B4O7 for !'B and AIPOs-14 for
27Al For both isotopes, the DQ-SQ homonuclear correlations are recommended since they allow probing
the proximities between nuclei with close or identical frequencies. In the case of small or moderate
isotropic chemical shift differences (e.g. ''B) the [SR2}]or [BR21] bracketed DQ-SQ recoupling
schemes are recommended; whereas it is the BR21 un-bracketed one otherwise (e.g. 2’Al).

I. Introduction

Half-integer spin quadrupolar nuclei, such as "B with spin 7 = 3/2, or 'O and *’Al with I = 5/2,
represent more than 66% of isotopes detectable by NMR [1]. However, the observation of proximities
between identical half-integer spin quadrupolar nuclei is more challenging than between identical spin-
1/2 isotopes since quadrupolar nuclei (i) have a higher number of energy levels, equal to (2/+ 1), leading
to a larger size of the density matrix, and (ii) are subject to the quadrupolar interaction, which is an
anisotropic NMR interaction with a magnitude much larger than the radiofrequency (rf) field and the
magic-angle spinning (MAS) frequency. Therefore, the spin dynamics of quadrupolar nuclei is more
complicated than that of spin-1/2 isotopes under MAS and rf-field irradiation. As a result, proximities
between identical half-integer spin quadrupolar nuclei have been initially probed without the application
of rf-field [2—8]. These approaches rely on (i) rotational resonance (R?) [8], (ii) cross-terms between
dipolar interactions between the nuclei and their first-order quadrupolar interaction [4—7], or (iii) their
heteronuclear dipolar couplings with protons [2,3]. However, the efficiency of these recoupling
approaches is often small and it strongly depends on the MAS frequency, the internal spin interactions
and the presence of protons.

To circumvent these issues, homonuclear dipolar couplings between half-integer spin quadrupolar
nuclei have been reintroduced using rf irradiation of the central transition (CT) between energy levels
m; = —1/2 and +1/2, which is not subject to first-order quadrupolar interaction [9-21]. Initially,



continuous rf irradiation relying on the rotary resonance recoupling (R*) has been employed [9-11]. In
particular, the homonuclear rotary recoupling (HORROR) [12], for which the nutation frequency of the
CT, ver = (I + 1/2)vy, is equal to half of the MAS frequency, vr,

vi=w/(2[+1) (D)

This recoupling is advantageous since it employs a weak rf-field, which limits the excitation of the
satellite transitions (STs, m; <> my - 1 with m;# 1/2) and the related losses. However, this weak rf-field
leads to a high sensitivity to the carrier frequency, and moreover the HORROR condition is highly
sensitive to the rf-field amplitude. Therefore, multi-pulse recoupling schemes using the same rf-field
amplitude, including SR4} and SR2L = R2LR2;* with n =2 or 4 and BR231 sequences, were introduced
to improve the robustness to offset and rf-field inhomogeneity [13-21]. These recoupling schemes
reintroduce the double-quantum (DQ) operators and hence, can be employed to excite and reconvert the
DQ coherences between distinct quadrupolar nuclei in two-dimensional (2D) correlations between DQ
and single-quantum (SQ) coherences. Recently, symmetry-based sequences using the same rf-field
amplitude, such as (SR23)4, (SR23)4 and (SR23})4, have been proposed to correlate the SQ coherences
of distinct CTs [17,18].

We compare here the performances of 2D SQ-SQ and DQ-SQ through-space homonuclear
correlation (D-HOMCOR) experiments for two half-integer spin isotopes subject to small chemical shift
anisotropy (CSA): "B with I = 3/2 and ?’Al with [ = 5/2. This comparison is carried out on two model
samples: Li,BsO7 for "B and AIPO4-14 for Al

IL. Theory and pulse sequences
II-1. Dipolar recoupling

The SR4% and SR21 sequences with n = 2, 4 or 8, which have been identified as the most efficient
symmetry-based dipolar recoupling between half-integer quadrupolar nuclei [14,15,17,18,20,21], are
displayed in Fig.1. The SR23 and SR4} recouplings employ single 180° square-pulse, whereas the SR21
and SR2} variants are built from composite inversion pulses, 900270150 and 3601527009050,
respectively, where & denotes a CT-selective pulse with flip-angle & and phase 6. The SR4% and SR21
sequences employ a phase inversion supercycle to improve their robustness.
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Fig.1. (a) SR2%, (b) SR2}, (c) SR2%, (d) SR41, and (e) BR2} homonuclear dipolar recoupling schemes. In (a-c,e), the pulses
with phase of 0 and 180° are displayed as white and grey rectangles, respectively, whereas in (d) the pulses with phases of 45°
and 315° are displayed as yellow and green colors. In all cases, the integer number indicated in each square is the & flip-angle
of the CT-selective pulse.

The SR2} and SR4} schemes shown in Fig.1a-d are periodic, and the contribution of the homonuclear
dipolar coupling to the average Hamiltonian (AH) is [14,20]

HI® = by fF2Bir Vi) T TE + T I + 1T T + I = 41,0} /2 2)
where « = 3/(8v2) ~ 0.265 is the dipolar scaling factor, b is the dipolar coupling constant in rad.s™,
f(2Bjk,vji) = sin(2Bji) cos(v;, ), where (Bi,yjx) are the Euler angles relating the ry inter-nuclear vector
to the MAS rotor-fixed frame, Iji and | ki are the ladder operators of the spins j and k. The Hamiltonian



of Eq.2 contains (1;'1,:' + IJ-_I,;), which is a DQ operator, as well as (Ij+1k' + Ij_I,:' - 41jzlkz), which is
a zero-quantum (ZQ) operator. This recoupling is non-y-encoded since the norm of the Hamiltonian
depends on ;i as seen in Eq.2 [22,23].

The DQ and ZQ operators can interfere leading to a decreased efficiency. The DQ operator can be
removed in Eq.2 using an M-quantum phase cycles, denoted (SR21 )y, with M > 3, which consists of M
successive SR21 blocks with an overall phase shift of 360°/M between consecutive blocks. It has been
reported that quadruple-quantum phase cycle employing phase shift of 90° performs slightly better than
its triple-quantum counterpart [ 17]. After this supercycling, the contribution of the homonuclear dipolar
coupling to the AH only contains the ZQ operator:

.k o
Hitsay = bjic* f 2B v ) U I + ITIE = 41,/ 3)
The SR2. and SR4} sequences can also be bracketed by 90° CT-selective pulses to convert the ZQ

operators into DQ ones. These bracketed recoupling schemes are denoted [SR2] and [SR4}] hereafter.
The homonuclear dipolar term in their AH is equal to

H[]SI; = kbjj * f(zﬁjk’ ij) { I}'+I; + Ij_lk_} “4)
The build-up of DQ coherences between distinct CTs is twice faster during [SR21] and [SR41] than
their unbracketed variants.

The BR23} scheme shown in Fig.1e corresponds to the sequence (RZ%)p(Rzgl)p built from single
180° pulses, where p is the number of loops. It employs a phase inversion at the midpoint of the
recoupling delay, tmix = 4pTr, which was initially employed for the HORROR scheme [12]. This
sequence is not periodic, which prevents the straightforward application of AH theory [19,21].
Nevertheless, using a Magnus expansion, an effective Hamiltonian for the BR21 scheme can be derived
in the offset-toggling frame and is equal to [19]

ik 1 - -
Hion = 1bjic * £ (28510 Vi) {(1-315) = SO U} I + 1) = [S@) + S2j ey
+[CE) + C(D)]21jy I, + [C(Z) — C(A)] 21,1y
1 -
+(1+305) = SO G I + 171} /2 5)
where S(¥) = sin(8p¥WTg)/(8p¥WTg) and C(¥) = {cos(8pW¥Tr)/(8p¥Tg) — 1}, with ¥ = X or A, the sum
and difference of isotropic shifts for nuclei j and k. This Hamiltonian contains ZQ (I, and Ij+1 r Tt
I,'{Ij'), SQ (Ijy Iy, and I, I}) as well as DQ (IJ-*'I,'(F + Ij" Ii) operators. It depends on the length of the
BR21 recoupling, tmix = 4pTx, but also on X and A, and hence, on the offset values. In the case of two
distinct resonances (A # 0), which are not irradiated in the middle (X # 0), the functions S(¥) and C(Y¥)
are close to 0 for long recoupling, 4pTx >1/(2A) and 1/(2%), and the effective BR23 Hamiltonian
simplifies into
.k _ ~ .
HéRz% ~ Kby * f(2Bji Vi) WU Tic + IEID) + U7 I + 17 1) /2 (6)
The same coefficient for the DQ operator is obtained for any recoupling time in the case of on-resonance
irradiation of one of the two resonances, i.e. £ = +A, whereas in the case of long recoupling, this
coefficient is 50% lower when irradiating the middle of two distinct resonance frequencies (X = 0 and
A # 0) and 50% higher for the off-resonance irradiation of an autocorrelation peak (X # 0 and A = 0).
Therefore, the build-up of DQ coherences during the BR21 sequence depends on the offset values.
In the present article, we also employ the [BR23] recoupling, in which the BR21 sequence is
bracketed by two 90° CT selective pulses with phases shifted by 90° with respect the 180° pulse of the
BR21 sequence. Its effective Hamiltonian can be derived from Eq.5 and is equal to

Hon = 19bj % F (2B v ) {(1 = 3 1S@) + SOT) U} e + 1 17) = [S() = S@2Ujs i
+[CE) + C(D)]2Ij,1yy + [C(X) — C(A)]215y 1y,

+(1430s@) +s@) arrp + 710} /2. %)



Hence, contrary to [SR21] and [SR4}], the effective [BR23] Hamiltonian recoupling also contains ZQ,

SQ and DQ operators, like that of the BR2} scheme. Nevertheless, for the on-resonance irradiation of
an autocorrelation peak, i.e. A =X = 0, the effective Hamiltonian of the [BR2}] scheme simplifies into
Eq.4 and the scaling factor of the DQ operator is two-fold higher than that of BR2} under the same
conditions, which results in faster build-up of DQ coherences. When irradiating the middle of two
distinct resonance frequencies (X = 0 and A # 0), the coefficient of the DQ operator for a long [BR21]
recoupling is reduced by 50%, but remains three-fold higher than for BR21. Hence, the [BR23] scheme
still benefits from faster build-up of DQ coherences. Conversely, the same coefficient of the DQ operator
is obtained for the off-resonance irradiation of the autocorrelation peak (X # 0 and A = 0). In that case,
[BR21] and BR2} recouplings produce similar build-up of DQ coherences.

It is important to remind here that the mathematical descriptions made in this section, are based on the
RN}, schemes, which follow symmetry considerations not accounting for the quadrupolar interactions,
which are often much larger than the rf-field. Therefore, it is difficult to foresee in advance their
advantages and limitations; and only the experimental results allow a real comparison between them.

I1-2. 2D through-space homonuclear correlations

As mentioned in the introduction, the proximities between half-integer spin quadrupolar nuclei have
been probed using either 2D through-space SQ-SQ or DQ-SQ D-HOMCOR experiments.

The SQ-SQ variant shown in Fig.2a is identical to the NOESY sequence. The first CT-selective 90°
pulse excites the SQ coherences, which evolve during the # delay. The second 90° pulse stores the
magnetization related to the CTs along the By field direction during the mixing time, Tmix, during which
a ZQ recoupling, such as (SR21)4, exchanges the magnetization between the different spins. The last
90° pulse converts the longitudinal magnetization related to CTs into a transverse magnetization, which
is detected during the acquisition period, £.

ZQ mixing
a) ti: SQ evolution , , t
i - (f?)a (S)QD ('5)130 (3)27[1
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Fig.2. Pulse sequences used for 2D through-space (a) SQ-SQ and (b) DQ-SQ D-HOMCOR experiments between half-integer
spin quadrupolar nuclei along with their coherence transfer pathways. All pulses are CT-selective with vi ~ vr/(2/ + 1). The
90° and 180° pulses are displayed as black and blue rectangles, respectively. In (a), (S) denotes a SR2} recoupling displayed
in Fig.1a-c. In (b), d and ¢ are integer numbers, and a [RNy] bracketed recoupling is then employed. In the case of an un-
bracketed recoupling, only the last reading n/2-pulse is used. The RN}, recoupling blocks are represented as grey rectangles.

The DQ-SQ technique allows the observation of proximities between nuclei with close or identical
resonance frequencies, contrary to SQ-SQ correlations. The DQ-SQ sequence is shown in Fig.2b and it
employs a DQ dipolar recoupling scheme, such as SR2}, [SR21], BR21 and [BR21]. The first recoupling
block converts the longitudinal magnetization into DQ coherences, which evolve during the #; period.
The second recoupling block reconverts these coherences into longitudinal magnetizations, which are
transferred into CT transverse magnetizations by the last /2 reading pulse. Signals passing through DQ
coherences are selected using a four-step phase cycle of the initial recoupling scheme. Furthermore, a
CT-selective m-pulse (in blue) is applied just before the #; period and the +2Q — F¥2Q coherence transfer
pathways are selected using an eight step phase cycle to only keep the DQ coherences between CTs of
distinct nuclei and to remove those between energy levels m;and m;+ 2 of a single nucleus [12]. This



n-pulse is bracketed by two identical T delays to cancel all DQ dephasing. To limit the losses, the t value
should be as small as possible, and thus equal to (Tr - Tiso - Te0)/2 or (Tr - Tis0}/2, for bracketed or
unbracked recoupling, respectively [24]. As the employed dipolar recouplings are non-y-encoded, the
starts of the excitation and reconversion blocks must be separated by an integer number of rotor periods.
As a result, the delay between the end of the first and the beginning of the second recoupling parts must
also be rotor-synchronized. The # period is also often rotor-synchronized, #; = g7k, to fold back all
sidebands along F; onto the center-band, which simplifies the spectrum and enhances the sensitivity.
The spinning speed may not be sufficient for the frequency spread along Fi, which is the double of that
along F». In that case, the position of the m-pulse should be changed to decrease the required indirect
spectral-width by redistributing the evolution time before and after this pulse [24].

1. NMR experiments
I11-1. Samples and experimental section

Crystalline Li2B4O7 was synthetized using the procedure detailed in the Supporting Information,
whereas AIPO4-14 was prepared as described in ref. [25].

All experiments were recorded on Bruker AVANCE NEO spectrometers operating at By = 9.4 and
18.8 T, with 3.2 mm MAS probes at v =20 kHz. However, we only present the spectra obtained at 18.8
T, with a HX MAS probe, since this high field scales by 16 the 2D resolution and doubles the required
spectral width and hence, is more demanding in term of robustness to offset. The 2D "B and 2’Al SQ-
SQ and DQ-SQ D-HOMCOR spectra were acquired using the pulse sequences shown in Fig.2a and 2b,
respectively. For the SQ-SQ variant, we employed as ZQ recoupling (SR21)4, (SR21)4 or (SR2}) for
"B nuclei and (SR21), and (SR21), for ?’Al isotope. For DQ-SQ experiments, the employed recoupling
schemes were SR21, [SR21], BR21 and [BR21] for "B and BR21 and [BR21] for ¥’Al. The rf field
amplitude of the CT-selective /2 and = pulses, which do not belong to the recoupling blocks, was equal
to ca. 5 kHz for "B and ?’Al. To reduce the experimental time, the 2D spectra were acquired using non-
uniform sampling (NUS) along the indirect dimension with an exponentially biased sampling [26,27].
1B isotropic chemical shifts were referenced to (C2Hs)O-BFs3 (0 ppm) using solid NaBH; (8iso = —42.05
ppm) as a secondary reference, whereas ?’Al isotropic chemical shifts were referenced to 1 mol.L™!
[AI(H20)6]** solution. Other experimental parameters are given in the figure captions.

IV.1. "B homonuclear correlations

B is a spin-3/2 isotope with a natural abundance of 80 % and a Larmor frequency of vy = 256.8 MHz
at 18.8 T. Borate materials contain tri- (BOs) and tetra-coordinated (BO4) B sites, denoted B and B"Y
hereafter. At 18.8 T, the difference in isotropic chemical shifts between these sites do not exceed 5 kHz.
We investigated herein crystalline Li,B4O7 as a model sample, for which the chemical shift separation
between B and B! signals is approximately equal to A ~ 4.2 kHz at 18.8 T [28]. The quantitative 1D
MAS and 2D MQMAS spectra of this sample are shown in Fig. S4 and S5. These spectra are dominated
by the BI! and B'"Y signals assigned to B" and BV sites of Li,B4O7 phase. The 2D ''B MQMAS spectrum
shows the presence of an additional B™ signal, denoted BY!, which is assigned to a-LiBO, impurity
based on the analysis of X-ray diffraction pattern [29-31]. The simulation of the quantitative 1D ''B
spectrum shown in Fig.S4 indicates that the integrated intensity of the B} signal amounts to 10% of the
total integrated intensity and that the NMR parameters of BI!, BI and BV sites are (i (ppm), Cq
(MHz), ng) =(18.4, 2.63, 0.18), (16.5, 2.36, 0.60) and (2.1, 0.48, 0.51), respectively.

It must be noted that the two B! resonances are narrow and well separated in the MQMAS spectrum
(Fig.S5), which means that the two different compounds (Li.B4O7 and a-LiBO,) are well-crystallised
and thus phase separated in the sample, hence leading to the lack of spatial proximity between the BL!
species and the B! and B'Y ones.

In the following, the two B! and BL! resonances are considered as a single one, and the sample will be
called Li»B4O7, neglecting the a-LiBO, impurity. We will call B* and B* the auto-correlation peaks of
(B! + BI) and B'Y species, and B> and B* the cross-peaks observed along the F» dimension at (B}I' +
B and B! frequencies, respectively.



IV.1.a. SQ-SQ

Figure 3 shows the 2D "B SQ-SQ D-HOMCOR spectra of Li,B4O; sample acquired using (SR23)a,
(SR21). and (SR2%)4 recouplings for a given offset and different recoupling times. These spectra are
dominated by uninformative diagonal peaks, B® and B*, which subsume the contributions of
magnetization that has not been transferred and magnetization transferred between nuclei with identical
resonance frequencies. The spectra obtained using (SR21)4 exhibits two cross-peaks B3 and B#. These
cross-peaks stem from the transfer of magnetization between BI' and B'V sites in Li,B4O; phase.
According to the crystal structure (Fig.S2), the closest distance between these sites is equal to 2.46 A,
which corresponds to a !'B-!'B dipolar coupling constant of 848 Hz. The intensity of the B cross-peak
is always smaller than that of the B** one since the "B nuclei, which are subject to a larger quadrupolar
interaction than ''B!V sites, exhibit a faster decay of their SQ coherences. Furthermore, for (SR2})4 and
(SR2})4 recouplings, the intensities of these cross-peaks is reduced. In particular, the B* peak is not
detected for both sequences, whereas the B3 one is negative for (SR2})4. The comparison of the 1D
slices shown in Figure 5a,c,e indicates that (SR23)4 produces twice more intense B3 cross-peaks than
the other recoupling schemes, which is consistent with the numerical simulations for diborate unit shown
in Fig.S7.

It must be noted that at vk = 20 kHz the mixing step of these (SR21)4 sequences is long: Atmix = 8nTr =
0.8, 1.6 and 3.2 ms with n =2, 4 and 8§, respectively.
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Fig.3. 2D "B SQ-SQ D-HOMCOR spectra of Li2B4O7 acquired at 18.8 T with vk = 20 kHz using (SR23)4 (first column),
(SR2})4 (second column) and (SR2%)4 (third column) ZQ recoupling schemes recorded with Tmix = 3.2 (first line), 6.4 (second
line) or 9.6 ms (third line) and an optimized offset value Vomet = 3 kHz (11.7 ppm) indicated by an arrow in the top middle
spectrum. These spectra were acquired using NUS retaining 50% of the points with respect to uniform sampling [26,27]. The
negative cross-peaks are shown in green. Each 2D spectrum results from averaging NS = 48 transients for each of N1 = 120 #-
increment with a recovery delay trp = 1 s, yielding an experimental time Texp ~ 48 min.

Figure 4 shows the 2D ''B SQ-SQ D-HOMCOR spectra of the same sample acquired using the same
ZQ recouplings for three different offset values. For each offset, the tmix value was optimized to
maximize the intensity of the B> cross-peak. As already noticed in Fig.3, (SR23)4 recoupling produces
the most intense B* cross-peak, whereas they are hardly visible for (SR21)s and not detected for
(SR2})s. Furthermore, the 1D slices corresponding to B** cross-peaks shown in Fig.5b,d,f show also
that for all offset, (SR21). recoupling yields the most intense cross-peaks.
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experimental parameters are identical to those given in the caption of Fig.3. The negative cross-peaks are shown in green.
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Fig.5. 1D slices along the F2 dimension corresponding to the B** cross-peak of "B SQ-SQ D-HOMCOR spectra of LizB4O7
shown in Figures 3 and 4 acquired at 18.8 T with vr = 20 kHz using (SR21)4 (first column), (SR21)4 (second column)
and (SR2})4 (third column) and (a,c,e) Voiset = 3 kHz and Tmix= 1.6, 3.2, 6.4, 9.6 ms as well as (b,d,f) vomet =0, 1.5, 3, 4.5, 6
kHz and tmix = (b) 3.2, (d) 1.6 and (f) 6.4 ms.
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Fig.6. 1D slices along the F2 dimension corresponding to the B* diagonal peak and B3* cross-peak (top) and B diagonal peak
and B* cross-peak (bottom) of 2D "B SQ-SQ D-HOMCOR spectra of Li2B4O7 shown in Figure 3 acquired at 18.8 T with vr

=20 kHz using (SR21)4 (blue), (SR2})4 (red) and (SR2%)4 (green), with Vofget = 3 kHz (11.7 ppm) and Tmix = 3.2 ms.



Nevertheless, even in the case of the (SR21)4 recoupling, the intensity of the cross-peaks remains small
with respect to the diagonal peaks, as seen in Fig.6. Therefore, the diagonal peaks can mask cross-peaks
between nuclei with close resonance frequencies. Furthermore, the intensity of the diagonal peaks is
dominated by the magnetization that has not been transferred. As a result, the magnetization transfer in
the SQ-SQ variant cannot be optimized by acquiring 1D spectra corresponding to the first row of the 2D
experiment, i.e. t; = 0.

IV.1.b. DQ-SQ

Following Edén’s conclusions [17,18,20,21], we have compared the efficiency and robustness of the
2D "B DQ-SQ D-HOMCOR experiments using SR23, [SR21], BR21 and [BR21] recouplings. An
advantage of the DQ-SQ variant over its SQ-SQ counterpart is that the magnetization that is not
transferred is eliminated by the phase cycling and the transfer can be easily optimized by recording 1D
spectra corresponding to the first row (#1 = 0) of the 2D experiment. As expected, the build-up of DQ
coherences is faster for bracketed recouplings than the unbracketed versions. In practice, we found Tmix,opt
=200 and 400 ps, for [SR21]/[BR21] and SR21/BR21, respectively (not shown). This faster build-up
during bracketed recoupling is also observed in simulations (Fig.S8). It must be noted that these mixing
times are much smaller than for SQ-SQ experiments.

In Fig.7, we compare the robustness to offset and rf field of the three most efficient recoupling: [SR23],
BR21 and [BR21].

a) * b) s
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Fig.7. Experimental 1D "B DQ-filtered signal of Li2B4O7 corresponding to the first row (#1 = 0) of DQ-SQ D-HOMCOR
experiment using [SR23], [BR2}] and BR2} recoupling versus (a) vi and (b) Vofrer. The SR23 scheme is not shown because it
is much less efficient than these three schemes (Fig.8). The optimum values are indicated with *. Each 1D spectrum results
from averaging NS = 64 transients with trp =1 s.

The spectra shown in Fig.7a indicate that the experimental optimum rf-fields are slightly smaller than
the theoretical value of vi = 5 kHz (Eq.1). This is due to the fact the transmitter must be applied off
resonance from each peak. Therefore, the offset is added to the transverse rf-field (vi), which
significantly increases the total nutation frequency. Moreover, the two bracketed schemes exhibit similar
robustness to rf inhomogeneity, whereas the unbracketed one is more sensitive to deviation of the rf
field from its optimum value. Conversely, BR21 recoupling benefits from the highest robustness to
offset, whereas [SR21] and [BR23] exhibit similar robustness to offset. Furthermore, the optimum offset
values are equal to ca. 2 and 6 kHz (7.8 and 23.4 ppm) for the bracketed and un-bracketed versions,
respectively, which means in the middle of the two resonances in the first case and off-resonance in the
second case. The drop in DQ efficiency at the center of the two resonances for the BR23 recoupling
stems the contribution of offset to the reintroduction of the homonuclear dipolar coupling (Eq.5).
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Fig.8. (a) F2 and (b) F1 sum projections of 2D ''B DQ-SQ D-HOMCOR spectra of Li2B4O7 using [SR23], [BR2}], SR2} and
BR2} recouplings recorded at 18.8 T with vr = 20 kHz. The 2D spectra were acquired using NUS retaining 33% of the points
with respect to uniform sampling. The 2D spectra resulted from averaging NS = 64 transients for each of N1 = 120 #i-increment
with a recovery delay trp = 1 s, yielding an experimental time Texp & 43 min. The rf amplitude during the recoupling was equal
to vi = 3.7 and 4.1 kHz for BR2} / SR2} and [BR2}] / [SR21], respectively.

Fig.S6a shows the 2D DQ-SQ D-HOMCOR spectrum of Li,B4O; acquired using the BR23}
recoupling. This spectrum displays two cross-peaks B** and B* showing the spatial proximity between
BI" and B! sites. This proximity was already observed in 2D "B SQ-SQ D-HOMCOR spectra.
However, the presence of autocorrelation B* and B* peaks also indicates that B™ and B' sites are close
to other B and B! sites, respectively. Fig.8 presents a comparison of the Fy and F, projections of the
2D DQ-SQ D-HOMCOR spectra of Li,B4O7 acquired with the four different recoupling sequences. The
two bracketed recoupling sequences yield the highest intensities for all the signals. The B*
autocorrelation peak is less intense when using the BR23 recoupling, while the intensities of the other
peaks remain similar to those achieved using [SR21] and [BR21]. The SR21 recoupling is much less
efficient than the other schemes.

IV.1.c. Comparison of SQ-SQ and DQ-SQ results

Fig.9 compares the slices along the F» dimension of 2D "B D-HOMCOR spectra using SQ-SQ with
(SR23})s and DQ-SQ with [BR21], [SR21] and BR2}. The 2D DQ-SQ spectra were sheared by a factor

of two so that they can be displayed with the same scales along the F1 dimension as the SQ-SQ spectrum
(Fig.S6b).

a) B b) B3
x4
BR2] 5
[BR2}] g
[SR21]
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Fig.9. Comparison of 1D slices of Li2B4O7 acquired at 18.8 T with vk = 20 kHz along the F2 dimension corresponding to (a)
B* diagonal peak and B3 cross-peak and (b) B diagonal peak and B* cross-peak of 2D "B D-HOMCOR spectra using SQ-
SQ with (SR23)4 and sheared DQ-SQ with [BR21], [SR21] and BR23. An expansion of the cross-peaks is also shown. The SQ-
SQ spectrum was acquired with Tmix = 3.2 ms and Vofset = 3 kHz. The other experimental parameters for the acquisition of this
spectrum are given in the caption of Fig.3, whereas those used to record DQ-SQ spectra are indicated in the caption of Fig.8.
The intensities of the slices were normalized with respect to the NS values.

This comparison shows that the SQ-SQ spectrum using the (SR23)4 recoupling exhibits a B3 cross-peak
with a two-fold higher intensity than the DQ-SQ counterparts, but that its B+ cross-peak is less intense
than for DQ-SQ spectra. This difference stems from the much faster decay of SQ coherences of ''B™"
nuclei with respect to "B, The B* and B* autocorrelation peaks are more intense in the SQ-SQ variant,
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but they do not provide information on '"B-'"B proximities, contrary to those detected in the DQ-SQ
spectra.

As a conclusion for spin-3/2 nuclei with small or moderate CSAs and chemical shift differences, such
as ''B, the DQ-SQ sequences using [BR23] and [SR21] bracketed recouplings represent the best choice
since they provide information on the nuclei with close or identical resonance frequencies, while
providing good efficiency.

IV.2. YAl-*’Al D-HOMCOR of AIPO414.

27Al is a spin-5/2 isotope with a natural abundance of 100% and a Larmor frequency of vo = 208.6 MHz
at 18.8 T. A1 NMR spectra exhibit a larger chemical shift range than !'B. As an example, the chemical
shift difference between tetra- (Al') and hexa-coordinated (A1") aluminum nuclei is approximately 2.5
times larger than that between ''B™ and '"B'Y nuclei and reaches A ~ 10 kHz at 18.8 T. For such large
A value, (SR23) and (SR21) recouplings have been recommended for the acquisition of 2D SQ-SQ D-
HOMCOR spectra [17,18]. Therefore, we will compare hereafter the performances of SQ-SQ D-
HOMCOR experiments using (SR23) and (SR2}) recouplings and the DQ-SQ variant using [BR21] and
BR23 recouplings.

This comparison will be done for AIPO4-14, which contains four crystallographically inequivalent
aluminum species: two tetra- (AlYY and AlYY), one penta- (A1Y) and one hexa-coordinated (A1) sites
with the following NMR parameter (diso (ppm), Co (MH2z), 1q) = (42.7, 1.72, 0.57), (43.5, 3.90, 0.83),
(27.1, 5.61, 0.93) and (-1.3, 2.55, 0.67), respectively [32]. The diagonal peaks of Al}Y and AlYY are not
resolved in the recorded spectra. The diagonal peaks are labeled as Al with j the coordination number
of Al atoms. The cross-peaks are labeled as AU, where j and k denote the coordination number of the
correlated 2’Al signals in F, and F; dimensions, respectively. Moreover, our sample contained an extra
framework aluminum impurity at ca. 10 ppm indicated with a star in Figs.10,12 and 13.

IV.2.a. SQ-SQ

Fig.10 shows the 2D SQ-SQ spectrum of AIPO4-14 recorded using the (SR2})s recoupling. All cross-
peaks are observed, even the Al* and A1% ones corresponding to a difference in isotropic chemical shifts
of 10 kHz and a small dipolar coupling of |bry.vi)/(27) = 52 Hz related to the long inter-nuclear distance
of 5.4 A.

AII\/ AIVI
/‘/L_,’_‘_L
—20

Carrier frequency <
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A5S

(wdd) ¢y,

T T T 60
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Fig.10. 2D ?’Al SQ-SQ D-HOMCOR spectrum of AIPOs-14 using (SR21) recoupling acquired at 18.8 T with vg = 20 kHz.
The 2D spectrum was recorded using NUS retaining 33% of the points with respect to uniform sampling. Cross- and auto-
correlation peaks are circled with orange and blue ovals, respectively. The extra framework impurity at 10 ppm is indicated
with a star. The 2D spectrum results from averaging NS = 48 transients for each of N1 =330 #1-increment with a recovery delay
o = 1 s, yielding an experimental time Texp # 90 min. The rf-amplitude during the recoupling was equal to vi = 2.4 kHz,

whereas the offset was equal to Voffset = 4 kHz (19.2 ppm). The length of recoupling is Tmix = 3.2 ms.
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As seen in Fig.11, the intensity of the cross-peaks represents only a few percent of that of the diagonal
peaks, which do not provide information on the proximities. The intensities of the cross-peaks are similar
for the two recoupling schemes.

AP Al

Al® AP

A|45 A|54
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Fig.11. Comparison of 1D slides along F2 dimension of 2D ?’Al SQ-SQ D-HOMCOR spectra of AIPOs-14 using (SR23) and
(SR2})4 recouplings acquired at 18.8 T and vk = 20 kHz. The diagonal peaks, which are not informative, are truncated. The

length of recoupling is Tmix = 4.8 ms and Voffset = 2.82 kHz (13.5 ppm). The other experimental parameters are given in the
caption of Fig.10.

IV.2.b. DQ-SQ

As seen in Fig.12, the 2D *’Al DQ-SQ spectrum is dominated by four resonances: the two
autocorrelation peaks Al® and Al corresponding to AIV-AIY! distance of 2.9 A, i.e. |bvi.vi//(2n) = 333 Hz
and AllV-AlYY distances ranging from 4.3 to 4.8 A, i.e. 73 < |bv.1av2l/(21) < 102 Hz as well as the Al
and Al® cross-peaks corresponding to AlV-Al"! distance of 3.6 A, i.e. |by.vi[/(21) = 174 Hz. The two
other pairs of cross-peaks Al*/A1%* and AI*/Al>* are also detected. The only missing correlation is the
AJ® autocorrelation peak since the distance between the closest AlY sites in AIPO4-14 is equal to 6.7 A,
i.e. a small dipolar coupling constant |by.y|/21 = 27 Hz. Owing to this broad distribution of ?’Al-*’Al
dipolar coupling constants between the different sites, the relative intensities of the correlation peaks
strongly depends on the recoupling time. Here, the recoupling was chosen to optimize the intensity of
the correlation peaks (Al°, AI’®, Al% and Al*) corresponding to the shortest 2’Al-?’ Al distances.
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Fig.12. 2D 27A1 DQ-SQ D-HOMCOR spectrum of AIPOs-14 using BR23 recoupling, acquired at 18.8 T and vr = 20 kHz. The
2D spectrum was acquired using NUS retaining 33% of the points with respect to uniform sampling. Cross- and autocorrelation
peaks are circled with orange and blue ovals, respectively. The 2D spectrum results from averaging NS = 64 transients for each
of N1 =330 #i-increment with a recovery delay trp = 1 s, yielding an experimental time 7exp ~ 120 min. The rf amplitude during

the recoupling was equal to vi = 2.9 kHz, with Voffset =4 kHz (19.2 ppm). The length of recoupling is Tmix = 0.8 ms.
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As seen in Fig.13, the relative intensities of the correlation peaks are highly dependent on the offset as
expected from Eq.5. Nevertheless, Fig.14b shows that the BR23 recoupling is much more robust to
offset than [BR21], as already noticed for ''B isotope. The BR23 recoupling is also more efficient than
the bracketed variant for this sample, even if it is less robust to rf-inhomogeneity, as seen in Fig.14a.

A|56 A|46 A|64
Al?
Voffset=3kHZ
4
5
& 4 2 0 -2 -4 -6 -8 40 30 20 10 0 -10 -20 &0 40 20 0 20
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Fig.13. Comparison of 1D slides along the F2 dimension of 2D ?’Al DQ-SQ D-HOMCOR spectra of AIPO4-14 using BR23

recoupling acquired at 18.8 T with vr =20 kHz and Voffset = 3, 4 or 5 kHz. The other experimental parameters are given in the
caption of Fig.12.

ay i 29 -3KHz b) 2-4KkHz

BR2}
[BR2]

] 1
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Fig.14. Experimental 1D 2’Al DQ-filtered signal of AIPO4-14 corresponding to the first row (1 = 0) of DQ-SQ D-HOMCOR
experiment using [BR23] (red) and BR23 (blue) recouplings versus (a) vi with vosiet = 3 kHz and (b) Votet with vi = 2.9 kHz.
Each 1D spectrum results from averaging NS = 64 transients with a recovery delay trp = 1 s. The length of recoupling is Tmix
= 0.4 ms. The rectangle with dashed frame indicates the optimal vi and Vofset values in each panel.

IV.2.c. Comparison of SQ-SQ and DQ-SQ results

Fig.15 compares the 1D slices along the F» dimension of 2D ?’Al SQ-SQ and sheared DQ-SQ D-
HOMCOR spectra of AIPO4-14 using (SR21)s and BR21 schemes, respectively. The low intensity of the
cross-peaks compared to the diagonal peaks of SQ-SQ spectra demonstrates the poor efficiency of the
D-HOMCOR sequences in the case of spin-5/2 nuclei, even in the case of small chemical shift
differences, such as for A1’ and Al cross-peaks. This low efficiency has already been evidenced by
numerical simulations of spin dynamics [19]. The lower signal-to-noise ratio compared to previously
reported spectra acquired with the same NMR magnet on the same sample [16] stems from (i) the use
of a smaller diameter rotor (3.2 instead of 4 mm) and (ii) the lack of schemes to enhance the CT
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population by manipulating the STs at the beginning of the sequence. Although the use of 3.2 mm rotors
reduces the sensitivity, it allows the use of faster MAS frequencies, thus increasing the width of the
indirect spectral dimension and improving the robustness to offset [16].

Furthermore, Fig.15 shows that the DQ-SQ experiment using the BR2 scheme yields cross-peaks
with intensities larger than or equal to those observed for the SQ-SQ variant using (SR2} )4 recoupling.
Therefore, for 2’Al isotope, the DQ-SQ technique based on BR23 recoupling is recommended since it is
more efficient and allows the observation of proximities between nuclei with close or identical
frequencies.

(SR2}), AP {155 % Al 10 %
BR2}
M A|54 A|64

5 40 30 20 10 0 -0 5 40 30 20 1 0 -0 5 4 N 20 O 0 -0
A5 (ppm) “IAI 5 (ppm) “/Al5 (ppm)

Fig.15. Comparison of 1D slices along the F2 dimension of 2?A1 D-HOMCOR 2D spectra of AIPO4-14 at 18.8 T with Vr =20
kHz corresponding to (a) Al°®, (b) A’ and (c) Al* diagonal peaks of SQ-SQ spectrum with (SR21)4 recoupling and sheared DQ-
SQ counterpart with BR23. The experimental parameters for the acquisition of the SQ-SQ spectrum are given in the caption of
Fig.10, whereas those used to record DQ-SQ spectra are indicated in the caption of Fig.12. The intensities of slices were
normalized with respect to the NS values. The diagonal peaks, which are not informative, are truncated.

IV. Conclusion

We have analyzed and compared the performances of SQ-SQ and DQ-SQ D-HOMCOR experiments
for half-integer spin quadrupolar nuclei subject to small or moderate CSA, namely ''B and *’Al. For
both isotopes, we recommend the DQ-SQ sequences, which allow the observation of proximities
between nuclei with close or identical resonance frequencies and are more efficient than the SQ-SQ
variants for Al nuclei. We employed recoupling sequences based on the HORROR condition, with an
rf amplitude slightly smaller than the theoretical one, vr/(2] + 1), owing to offsets, which slightly
increase the nutation frequency.

For ''B nuclei, which usually exhibit small or moderate differences in isotropic chemical shifts (< 5
kHz at 18.8 T), we recommend the [SR21] or [BR21] schemes, whereas for 2’Al isotope, for which the
differences in isotropic chemical shifts are larger and can reach 10 kHz at 18.8 T, the BR2 recoupling,
which is more robust to offset, is recommended. Nevertheless, the case of half-integer spin quadrupolar
nuclei subject to large CSA, e.g. 'O at very high magnetic fields, was not investigated here. Large CSA
can decrease the efficiency of these recoupling schemes.

A limitation of these D-HOMCOR experiments is their low transfer efficiency, notably for high spin
values, owing to the difficulty to control the coherence transfer in large density matrices of quadrupolar
nuclei. The sensitivity can be enhanced by (i) the irradiation of the STs at the beginning of the sequence
to enhance the population difference across the CT [16] and (i1) the use of dynamic nuclear polarization
(DNP) under MAS conditions [33]. Furthermore, the acquisition of these 2D experiments can be
accelerated by using non-uniform sampling (NUS) [26,27,34], a covariance data treatment [35], or both
[36]. In particular, we have introduced adequate covariance data treatment of DQ-SQ spectra, in which
diagonal peaks are added before being subtracted since covariance treatments require the magnitudes of
the diagonal peaks to be larger than those of the cross-peaks [37].
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