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Abstract

Through-space heteronuclear correlation (D-HETCOR) experiments based on
heteronuclear multiple-quantum correlation (D-HMQC) or refocused insensitive nuclei
enhanced by polarization transfer (D-RINEPT) sequences prove to be useful
approaches for the NMR detection of the spatial proximity between half-integer
quadrupolar nuclei in solids under magic-angle spinning (MAS) conditions. These
sequences employ coherence transfers mediated by heteronuclear dipolar interactions,
which are reintroduced under MAS by radiofrequency irradiation of only one of the
two correlated nuclei. We investigate herein using numerical simulations of spin
dynamics and solid-state NMR experiments on magnesium aluminoborate glass how
the choice of the channel to which the heteronuclear dipolar recoupling is applied
affects the transfer efficiency of D-HMQC and D-RINEPT sequences between !'B and

27Al nuclei. Experimental results show that maximum transfer efficiency is achieved



when the recoupling scheme is applied to the channel, for which the nuclear

magnetization points towards the By axis in average.

1. Introduction

Half-integer quadrupolar nuclei, such as ?’Al (I = 5/2), 70 (I =5/2), "B (I = 3/2),
2Na (I = 3/2), 7/'Ga (I = 3/2) and ®’Zn (I = 5/2), represent about two thirds of stable
NMR-active nuclei and are present in a broad range of materials, including zeolites, !
supported catalysts, geopolymers,®> ceramics,*> glasses,>’ energy materials,
pharmaceuticals, biological molecules.® Over half a century, considerable effort has
been oriented towards methodological developments for the NMR observation of these
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quadrupolar nuclei in solids, which have provided new insights into atomic scale

structure of materials.!6->?

In particular, proximities between distinct half-integer quadrupolar isotopes, such as
27Al and ''B, ?Al and 'O or "B and ?*Na, in solids have been probed using cross-
polarization under magic-angle spinning (CPMAS) transfer using continuous-wave
(CW) irradiation?*?® or a train of a rotor-synchronized pulses.?” However, these
techniques lack of robustness owing to the difficulty to spin lock the magnetization of
the two quadrupolar isotopes under magic-angle spinning (MAS) conditions.?3-*! More
recently we have demonstrated that proximities between distinct half-integer
quadrupolar isotopes in solids can be probed using dipolar-based heteronuclear
multiple-quantum coherence (D-HMQC) and dipolar-based refocused insensitive
nuclei enhanced by polarization transfer (D-RINEPT) methods®?, which have
previously been successfully employed to correlate the NMR signals of spin-1/2 and
quadrupolar nuclei. !> 33-4 These sequences benefit from improved robustness with
respect to CPMAS transfer since the dipolar interactions between distinct half-integer
quadrupolar nuclei are reintroduced by the application of radiofrequency (rf) fields to
only one of the correlated isotopes, instead of two in the case of CPMAS technique.

These D-HMQC and D-RINEPT techniques have been applied to correlate the central

transitions (CTs) of two distinct half-integer quadrupolar nuclei, >*Na (/ = 3/2) and ?’Al



(I = 5/2), having close Larmor frequencies in heterogeneous catalysts Na>COs/y-
AlbO3.3? The 2’Na-?’Al dipolar interactions have been reintroduced by the application
of low-power symmetry-based heteronuclear dipolar recoupling schemes, such as
SR4,2,% R2,!4% and synchronous phase inversion rotary resonance recoupling (SPI-R?)
4748

In this contribution, we investigate how the choice of the channel to which the
heteronuclear dipolar recoupling is applied affects the efficiency of coherence transfer
of D-HMQC and D-RINEPT schemes between two different half-integer quadrupolar
spins. This study is performed in the case of "B (I = 3/2) and ?’Al (I = 5/2) using
numerical simulations of spin dynamics as well as solid-state NMR experiments on
magnesium aluminoborate glass. The "B-2’Al dipolar interactions are reintroduced
under MAS conditions using SPI-R® scheme, for which the nutation frequency of the
CT is equal to the MAS frequency, vr. This recoupling scheme corresponds to the C2,!
symmetry.*
2. Methods
2.1 Pulse sequence

In the S{I} D-HMQC sequence, shown in Fig. 1, the dipolar recoupling sequence
can be applied to the detected spy spin S (Fig. 1a, denoted as DS-HMQC) or indirectly
detected spin 7 (Fig. 1b, denoted as D’-HMQC)?® to restore the heteronuclear dipolar
dephasings under MAS. Fig. 1c displays the SPI-R? heteronuclear recoupling scheme.
This scheme consists of a train of CT-selective 2r pulses with opposite phases (v and
—y) with a nutation frequency of the CT, vy, equal to vr.

In the case of S{/} D-RINEPT sequence, the recoupling schemes can be applied
either to the S or / spins during the defocusing and refocusing delays independently.
The corresponding four D-RINEPT variants, denoted /7, SS, IS and S/, are displayed in
Figs. 2a to d, respectively.

In addition, for both D-HMQC and D-RINEPT sequences, the S spin could be
either ''B or 2’Al. Furthermore, the initial CT polarization of S spins could be enhanced
by the saturation or inversion of their satellite transitions by the application of schemes,

such as double frequency sweep (DFS) scheme,>’-3! hyperbolic secant (HS) pulse,’>?



fast amplitude modulated (FAM) pulses, also named rotor-assisted population transfer

(RAPT)**3¢ and quadruple frequency sweep (QFS)*’.

2.2 Numerical Simulations

Simulations of spin dynamics during D-HMQC and D-RINEPT sequences were
performed using the SIMPSON software (version 4.2.1)® and a ''B-2’Al spin pair. The
powder averaging was accomplished using 3384 Euler orientations: 376 {omr, PMRr}-
pairs and 9 ymr-angles. The 376 {amr, Pmr }-pairs, which relate the molecular and rotor
frames, were selected according to the ZCW algorithm.>*-%° For all D-HMQC and D-
RINEPT sequences, the RF amplitudes of CT selective pulses were equal to 7 kHz on
both "B and ?’Al quadrupolar channels, corresponding nutation frequencies of the CT
equal to 14 kHz and 21 kHz, respectively. For all simulations, By was equal to 9.4 T,
and vr = 13.986 kHz. The quadrupolar parameters of !'B and ?’Al were Cq = 2 MHz
and 3 MHz with ng = 0, respectively, expect in Figs. 3c,d, 4c,d, 6b,d and 8b,d, where
the Cq value was varied. The quadrupolar interactions of both isotopes were considered
up to the second order. The '"B-27Al internuclear vector was aligned with the Z axes of
the electric field gradient tensor of both nuclei, and the chemical shift anisotropies of
both nuclei were null. The ''B-?’Al dipolar coupling constant was fixed to |bss/(2w)| =
370 Hz corresponding to an usual '"B->’Al distance of 300 pm. We simulated the
transfer efficiency of both D-HMQC and D-RINEPT sequences. The rf pulses on both
channels were applied on resonance, except in Figs. 3a,b, 4a,b, 6a,c and 8a,c. The
simulated transfer efficiencies of D-HMQC and D-RINEPT sequences were normalized
to the intensity of CT of the S spin measured after a CT-selective /2 pulse. Note that
Simpson software does not account for the Boltzmann distribution of the populations
of the different energy levels, hence for signal enhancement equal to y//ys, where y; and
vs are the gyromagnetic ratios of the / and § spins, in the case of a magnetization transfer

from 7 to S isotope, like in S{/} D-RINEPT sequence.

2.3 NMR measurements

Solid-state NMR experiments were carried out on glass samples with molar



composition 40%Mg0O-50%B>03-10%A1,0; prepared by melt-quenching procedure. A
mixture of reagent grade magnesium carbonate, aluminum hydroxide and boric acid
was melted at 1300 °C during 20 min before being quenched. This type of glass was
proposed as a sealing glass.®! The NMR experiments were recorded at 9.4 T on 400
MHz Bruker NMR spectrometer equipped with a 4 mm triple-channel HXY probe, for
which 'H, "B and 2’Al Larmor frequencies are equal to 400.1,128.3 and 104.3 MHz,
respectively. The MAS frequency was equal to 13.986 kHz. Quantitative 1D ''B and
27TAI NMR spectra were acquired by averaging 1024 transients with a recovery delay of
1 s using single-pulse NMR experiments with a pulse length of 0.78 and 0.62 ps,
respectively, and an rf field strength of 50 and 40 kHz corresponding to a short tilt angle.
For '"B{?’Al} and *’Al{''B} D-HMQC and D-RINEPT experiments, the C2!
recoupling scheme was applied on either 1B or ?’Al channels, as shown in Figs. 1 and
2. The CT polarization of S spins was enhanced using QFS scheme. Typically, a sweep
of 14 kHz was applied at offsets of the order of 90 to 200 kHz, depending on the scheme,
during 400 ps to 4 ms and power ranging from 12 kHz to 32 kHz depending on scheme
and pulse length. The CT selective /2 and 7 pulses applied to ''B and ?’Al nuclei lasted
Tw2, 11B = T, 11B /2= 11 s and tr2,27a1 = Tr27a1/2= 14 ps, respectively. The 11 and 12 delays
are indicated in the figure captions. The number of transients and #; increments as well
as the recovery delay for the 2D "B{?’Al} and ?’Al {!'B} D-HMQC and D-RINEPT
experiments are indicated in Table S1. ''B and 2’ Al NMR shift are referenced to NaBH4

solid (8iso = —42.05 ppm) and an 1 M solution of AI(NO3)3 (3iso = 0 ppm), respectively.

3. Results and discussions
3.1 Numerical simulations
3.1.1 "B-?’A1 D-HMQC
Direct observation on !''B
We first investigate the case that !'B nucleus is directly observed in "B {>’Al} D-
HMQC experiments. According to the pulse sequence in Fig. 1, the recoupling pulse

C2," could be employed on either observed spin channel (1B, DS-HMQC, Fig. 1a) or



indirect spin channel (*’Al, D'-HMQC, Fig. 1b). Therefore, for an isolated spin pair
1B-27Al, only the quadrupolar spin irradiated by the dipolar recoupling pulses will be
taken into account in next simulations. Fig. 3 clearly indicates that the D'-HMQC
scheme yields a higher maximal transfer efficiency (ca. 16%) than DS-HMQC scheme
(for which the maximal transfer efficiency does not exceed 12%). The 11B{?’Al} D'-
HMQC sequence is more sensitive to offset than the DS-HMQC scheme (compare Figs.
3a,b). The maximal transfer efficiency is achieved for Cq = 3 MHz for both *'B{*’Al}
DS- and D'-HMQC experiments (see Figs. 3c,d). Finally '"B{?*?Al} D!-HMQC
experiments is more robust to rf field inhomogeneity than its D5-HMQC counterpart,

as shown in Figs. 3e.f.

Direct observation on 2’Al

In order to investigate the effect of the spin quantum number (spin-3/2 and spin-
5/2) of irradiated nucleus to the polarization transfer efficiency in D5- and D'-HMQC
schemes, we perform numerical simulations on ?’Al {!'B} D-HMQC experiments as
well, in which the 2’Al spin is directly observed. In that case, D'-HMQC variant again
provides the highest maximal transfer efficiency: 24%, instead of 18% for DS-HMQC
variant. Furthermore, DS-HMQC sequence is again more robust to the RF offset (Figs.
4a and b) as well as quadrupolar broadening of the irradiated quadrupolar spin (Figs.
4¢ and d) than the D’-HMQC sequence. For 2’Al observation, D'-HMQC technique
benefits from higher robustness to rf inhomogeneity than DS-HMQC method, like for
B observation (see Figs. 4e and f). Therefore, these simulation results suggest that the
spin quantum number of quadrupolar spins has no essential influence on the

performance of D°- and D'-HMQC schemes.

3.1.2 'B-2Al1 D-RINEPT
Direct observation on ''B

In a first step, we simulated the transfer efficiency of the four variants of 'B{?’Al}
D-RINEPT sequence shown in Fig. 2 as function of 11 (defocusing) and 12 (refocusing)

periods (see Fig. 5). These simulations indicate that maximal transfer efficiency is



achieved for 11 = 12 = 2.6 and 1.3 ms for Il and SS variants (see Figs. 5a and d),
respectively, whereas the optimal 11 and 12 delays differ for IS and Sl variants of
"B {?7Al} D-RINEPT sequence. The DSS-RINEPT scheme yields the highest 2’Al—11B
transfer efficiency (ca. 9%). The robustness of "B{?’Al} D-RINEPT sequences to rf
offset and Cq values has also been assessed using optimal t1 and 12 values (Fig. 6).

It easily finds that the RF offsets from both B and 2’Al channels should have
apparent influences on the transfer efficiencies of Sl and IS variants. While Sl variant
scheme (Fig. 6¢) seems to be less sensitive to the RF offset of 2’Al channel on which
the recoupling pulses irradiate during refocusing period, and also have a better
performance on the maximal transfer efficiency than Il and IS variants. The optimal
Co(''B) value is approximately equal to 3 MHz for the three SS, IS and SI variants,
whereas the optimal Cq(*’Al) value is equal to 5.5 MHz for the IS and I variants.
Similar to above D-HMQC simulations, the smaller and larger Cq values will be
detrimental to the dipolar recoupling between two half-integer quadrupolar spins (Figs.

6b and d).

Direct observation on 27Al

Similar simulations were performed for 2’Al {}!B} D-RINEPT experiments by using
above four variants as well. As shown in Fig. 7, the best *'B—27Al transfer efficiency
(ca. 13%) can be achieved by using the D"-RINEPT scheme, which is seemingly
contrary to above B {?’Al} D-RINEPT results, in which the SS variant yields the
highest maximal efficiency. Notably, both 2’Al {#'B} D"-RINEPT and B {#’Al} D-
RINEPT schemes apply the recoupling pulses to the same isotope channel (}'B), thus it
probably suggests that recoupling on spin-3/2 should be more efficient than recoupling
on spin-5/2 (¥’Al) in 'B-?’Al D-RINEPT measurements when ignoring effects of
relaxations (T1 and T2). This can be further evidenced by the simulation results of 2Na
{*B} D-RINEPT on an isolated 'B-?®Na (two spin-3/2) spin pair, and no apparent
difference is observed between Il and SS variants (Fig. S1).

Interestingly, apart from the SS variant, the Sl variant still has a better performance

than Il and IS variants (Fig.7 and Fig. 8), although the isotope channels irradiated by



recoupling pulses in Z7Al {1!B} DS-RINEPT are completely reversed with respect to

1B {2’Al} DS-RINEPT.

3.2 NMR experiments

Since it is difficult to find a sample with isolated ''B-?’Al spin pairs, the glass
sample 40%MgO/ 50%B203/ 10%A1>03 is used to assess the overall performance of
D-HMQC and D-RINEPT experiment with different recoupling channels. There are
two kind of boron sites (Bur and By, Fig. 9a) and three kind of aluminum sites (Alyv,
Av and Alyy, Fig. 9b) in the sample, whose NMR parameters deduced by 2D ''B and
27TA1 MQMAS experiments (not shown) as well as corresponding T and T values are
listed in Table 1.

Usually the theoretical sensitivity (S/N) of heteronuclear correlation experiments
between two half-integer quadrupolar isotopes can be expressed as follow by ignoring
the transverse relaxation of the spin and the efficiency of the dipolar recoupling (assume

keeping the same t1 points),52-64

—T
S s ( 1 )1/2 [1—exp( TfD)]
NJT,.. = YexcVaet €PT 2FWHM,,

Where, T,,, is the total experimental time, y,,. and y,., are the gyromagnetic ratios of

TRD

the initially excited nucleus and the directly observed nucleus, respectively. ¢, is the
enhancement factor of the initial CT signal of excited nucleus by saturating/inversing
its satellite transitions, FWHM,,, represents the linewidth at half maximum of the
directly observed resonances, and 7, is the relaxation delay used in the experiment.
Therefore, Table 2 provides the relative NMR sensitivities of 1'B->’ Al HMQC/RINEPT
experiments with the consideration of the experimental parameters in our
measurements. For the glass sample, it clearly shows that the B {#’Al} RINEPT
experiment can obtain the maximal theoretical sensitivity due to the shorter T1 of 27Al,
higher Larmor frequency and narrower FWHM of 1B resonances.

Experimentally, the fast transverse relaxations (T2) of !B (< 22 ms) and ?’Al (ca.
50 ms) species must be taken into account for the choice of recoupling channels, which

should seriously impact the polarization transfer efficiency between 1B and ?’Al as



well.

3.2.1 D-HMQC experiment

As shown in Fig. 10, the 1D D-HMQC build-up curves unambiguously illustrate
that the D'-HMQC scheme could achieve significantly higher maximal efficiency (ca.
a factor of 4) than that of DS-HMQC scheme, no matter it is the "B {?’Al } or 27Al
{!"B } HETCOR experiment, which seems beyond the expectation of the simulations
in Section 3.1.1. Actually, there are many parameters that can affect the maximal
transfer efficiencies between ''B and ?’Al in the glass sample, including different
quadrupolar interactions, RF offsets with respect to different sites, inaccurate selective
7/2 and 7 pulse lengths as well as the dipolar network in the multiple-spin system. Note
that, the R3 variant used here should also reintroduce chemical shift anisotropy (CSA)
and homonuclear interactions of irradiated spins,*’-*® particularly the latter cannot be
refocused by the middle n pulse in an echo-like experiment. In the investigated glass
samples the homonuclear interactions can be significant, therefore such homonuclear
interactions could result in a much faster dephasing of the CT magnetizations of
observed spins on the transverse (X-Y) plane (see simulations in Fig. 2S), which are
thus responsible for the marked attenuation of NMR signals from "B-?’ Al polarization
transfer in DS-HMQC scheme. While in D'-HMQC scheme the spin magnetizations
(operators) of irradiated spins pointing towards the By axis (along Z axis) does not
commute with CAS and homonuclear interactions Hamiltonian. These could also
explain such a big difference in the experimental efficiency between D’- and D'-HMQC
schemes (Fig. 11c and Fig. 11f), compared to simulation results.

The 2D 1'B-?’ Al HETCOR spectra acquired by using 1B {?’Al} and 2’Al {*'B} D-
HMQC with different recoupling channels (Fig. 1) are also displayed in Fig. 11. It
shows that the three aluminum sites are all in close proximities with the three-
coordinated boron site in the glass samples, however the severely overlapping of the
lineshapes of two B resonances makes it difficult to identify the existence of the
affinity between tetrahedral boron site and aluminum sites. Indeed, the 'B observed

D'-HMQC scheme can achieve the best sensitivity in the four 2D spectra, however,



there is an obvious artifact (ca. -40 ppm in Fig.7b) observed in F1 (*’Al) dimension,
which might be ascribed to the ti; noise originated from the insufficient relaxation
recovery of 1B CT magnetizations before each scan.®> Meanwhile, the D-HMQC could
yield somehow distortion of quadrupolar lineshape of indirectly observed spins owing

to its multiple-quantum coherence evolving during t; period.

3.2.2 D-RINEPT experiment

Since the implementation of recoupling pulses can be divided into defocusing and
refocusing parts (11 and T2 in Fig. 2) in the D-RINEPT sequence, we explore the
experimental buildup curves versus 11 and T2, respectively. Interestingly, the optimal
recoupling times (11 and 1) for defocusing and refocusing are not the same in D'!- and
DSS-RINEPT experiments (Fig. 12 and Fig. 13). This could be attributed to distinct
orientations of the CT magnetization of the irradiated spin evolving during defocusing
(Ixy and S;) and refocusing (l; and Sx.y) periods, thus one of recoupling periods will
suffer from the effect of transverse relaxation decay. Despite simulations (section 3.1.2)
suggest that applying the recoupling pulses to ''B (spin-3/2) could achieve higher
polarization transfer efficiency than applying it to 2’Al, experimental results in Fig. 12
(SS variant) and Fig. 13 (/I variant) demonstrated the short T» of "B species (Table 1)
critically affects the practical polarization transfer efficiency in 'B-2’Al D-RINEPT
experiments. It should emphasize that in DS’-RINEPT scheme the recoupling pulses
always irradiate on the nuclear spins whose CT magnetizations are along Z axis, thus
the S7 variant can obtain a better maximal signal compared to other three variant (also
see Fig. 14d and Fig. 15d). On the contrary, D'-RINEPT scheme exhibits the worst
efficiency, in which nuclear spins irradiated by the recoupling pulses evolve in the X-
Y plane during both excitation and refocusing periods. The 2D ''B-?’Al D-RINEPT
spectra obtained by using different recoupling pathways are displayed in Fig. 14 and
Fig. 15. Because single quantum coherence evolves during #; period, D-RINEPT
experiment can alleviate the influence of #; noise compared to D-HMQC experiment.
In addition, it can be found that the quadrupolar lineshape of three-coordinated !'B

signal was well preserved in indirect dimension in 2’Al {!!B} D-RINEPT experiments



(Fig. 15a-c). As shown in Fig. 16, 1!B{?’Al} D'-HMQC scheme seems to exhibit a
higher sensitivity than 1'B{?’Al} DS-RINEPT scheme, however, the total acquisition
time of the former is about four times that of the latter under the same number of scans.
This is because the initial magnetizations in *B{?’Al} D-HMQC and D-RINEPT
experiments come from !B spins and 2’Al spins, respectively, while B has a much
longer T1 than 27Al in the glass sample (Table 1). Therefore, it means the 1B{?’Al} DS!-
RINEPT scheme actually have a better performance than 1:B{?’Al} D'-HMQC scheme
when keeping the same experimental times, which is also in agreement with the

theoretical calculations in Table 2.

Conclusions

Despite a variety of NMR parameters can affect the practical polarization transfer
efficiency between two half-integer quadrupolar hetero-nuclei in D-HMQC and D-
RINEPT sequences, here we focus on a detailed study on the influence of recoupling
channels selected in *'B->’ Al HETCOR experiments by using above sequences. Both
simulations and experiments suggest that employing the dipolar recoupling pulses on
the indirectly observed spin channel (no matter spin-3/2 or spin-5/2) rather than directly
observed spin channel could achieve efficient polarization transfer between B and
27Al in D-HMQC measurements, where the indirectly observed spin does not evolved
on the X-Y plane during recoupling periods (Fig. 1b). Although simulations show the
recoupling pulses that always irradiate on the spin-3/2 (!B) channel can obtain a higher
sensitivity in both 1B {#Al} and 2’Al {}!B} D-RINEPT measurements, experimental
results clearly indicate that applying the recoupling pulses to the spin channel where
the magnetization does not dephase (along Z axis) will help to maintain the polarization
coherence, that is recoupling on observed channel S during excitation and on indirectly
observed channel | during refocusing (Fig. 2d). Hence, it means the transverse
dephasing of the spin evolving on the X-Y plane plays a leading role to the practical
transfer efficiency in both 'B->’Al D-HMQC and D-RINEPT measurements. In
addition to the recoupling pathways, the longitudinal relaxation (T1) of the initial

polarized spin as well as the absolute sensitivity of directly observed spins should be



also taken into account for the selection of pulse sequences in practical applications of
such B-?’Al HETCOR experiments. Conclusively, we believe the in-depth
understanding of the D-HMQC and D-RINEPT sequence allow to a better
implementation of such HETCOR experiments between two half-integer quadrupolar
hetero-nuclei, which should become very useful and provide detailed insight to the

structure and properties of many relevant materials.
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Figure 1. (a) D*- and (b) D'-HMQC sequences, in which the polarization of CT of S spin
is enhanced before the first /2 pulse by the application of QFS scheme. The black solid
squares represent the CT-selective n/2 and it pulses, while the heteronuclear dipolar
recoupling blocks are displayed as grey rectangles. These recoupling blocks must be
rotor-synchronized and we employed equal defocusing and refocusing periods t; =
2NTg, where N is an integer and Tr = 1/vg is the rotor period. (c) The employed

heteronuclear recoupling is based on C2;' symmetry and consists of a train of CT-
selective 2t pulses lasting Tr
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Figure 2. (a) D"-, (b) D**-, (c) D"*- and (d) D*-RINEPT variants using defocusing and
refocusing delays t1 = 2N1Tg and t2 = 2N, Tg. The polarization of CT of | spin is enhanced
before the first /2 pulse by the application of QFS scheme. The black solid squares
represent the CT-selective i/2 and it pulses, while the heteronuclear dipolar recoupling
blocks are displayed as grey rectangles.
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Figure 3. Simulated transfer efficiency of B{?’Al} (a,c,e) D*- and (b,d,f) D'-HMQC
sequences as a function of T, and (a, b) resonance offset and (c, d) Cq value or (e, f) the
deviation of the rf field of recoupling pulses from its nominal value, (Vi— Vinom)/Vinom
for the nucleus to which the recoupling is applied.
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Figure 4. Simulated transfer efficiency of ?’Al{*’B} (a,c,e) D*- and (b,d,f) D'-HMQC
sequences as a function of T, and (a, b) resonance offset and (c, d) Cq value or (e, f) the
deviation of the rf field of recoupling pulses from its nominal value, (vi—Vinom)/Vinom for
the nucleus to which the recoupling is applied.
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Figure 5. Simulated ?’Al >1B transfer efficiencies of 1B {?’Al} (a) D"-, (b) D*-, (c) D°'-
and (d) D>3-RINEPT sequences as a function of T, and T, delays.
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of (a,b) 11B and (c,d) ?’Al nuclei. The simulations were performed using optimal T, and
T, delays determined from Fig. 5.
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Figure 7. Simulated 11B —27Al transfer efficiencies of ?’Al {*B} (a) D"-, (b) D**-, (c) D*-
and (d) D>3-RINEPT sequences as a function of T, and T, delays.
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Figure 8. Simulated transfer efficiencies of 2’Al {*1B} D"- (yellow), D" (red), D*- (purple)
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of (a,b) 11B and (c,d) ?’Al nuclei. The simulations were performed using optimal T, and
T, delays determined from Fig. 2.
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Figure 9. Peak fitting of 1B (a) and 2’Al (b) MAS 1D spectra with a spinning speed at 10 kHz, small
flip angle of t/6 (0.78us for 1B and 0.62ps for 27Al) with a relaxation delay of 1s. The solid lines
represent the experimental MAS 1D spectra. And the dashed lines represent the fitted peaks. The
NMR parameters obtained by peak fitting are listed in Table 1.
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Figure 10. Build-up curves of 1B — 27Al - 1B and ?’Al - 'B — 27Al polarization
transfer by using D-HMQC sequence in Fig. 1a and 1b, including 1B {?’Al} D-HMQC
spectra with recoupling pulses on B channel (a) and ?’Al channel (b), ?’Al {*B} D-
HMQC spectra with recoupling pulses on ?’Al channel (c) and 1B channel (d). 64, 64,
128 and 128 acquisitions are accumulated for (a), (b), (c) and (d), respectively.



(b) o (c)
g
.Og
o 3 D-HMQC
S /~\_ DS-HMQC
40 20 0  -20 oo 0
- 40 20 0 -20 811B/ppm

(d) _ (e) (f)

< _ AN\~_ DS-HMQC

150 50 -50 -15C
8%7Al/ppm

-20

0
8''B/ppm

20

40

100 50 0 -50 100 50 0 -50
8%7Al/ppm 8%7Al/ppm

Figure 11. 2D '1B-?’Al HETCOR spectra acquired using (a) 11B{?’Al} D>-HMQC, (b)
HB{7Al} D-HMQC, (d) ?7Al {11B} D>-HMQC and (e) ?’Al{*1B} D'-HMQC sequences with t;
= 0.8, 3.2, 0.8 and 1.6 ms, respectively. (c) Comparison of 1D 1B skyline projection
between 2D B{?’Al} (bottom) D*- and (top) D'-HMQC spectra. (f) Comparison of 1D
27Al skyline projection between 2D ?’Al{*1B} (bottom) D*- and (top) D'-HMQC spectra.
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Figure 12. Build-up curves of T, (a) and T, (b) by using four 1B {?’Al} D-RINEPT schemes
in Fig. 2 (from top to bottom, IS, S, Il and SS). When optimizing t,, T, are fixed at 1.2,
2.8, 2.8 and 0.8ms for IS, Sl, Il and SS variants, respectively. While t, is fixed at 1.0, 2.0,
1.6 and 1.6ms for IS, SI, Il and SS variants, respectively, when optimizing t,. 32
acquisitions are accumulated for the measurements of each 1D spectrum.
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Figure 13. Build-up curves of (a) t1 and (b) t2 delays by using four ?’Al {*'B} D-RINEPT
schemes in Fig. 2 (from top to bottom, IS, Sl, Il and SS). When optimizing t,, T, are
fixed at 1.2, 1.6, 1.6 and 1.2ms for IS, Sl, Il and SS variants, respectively. While t, is
fixed at 0.8, 2.0, 1.2 and 2.8ms for IS, SI, Il and SS variants, respectively, when
optimizing t,. NS represents number of scans used in the 1D measurement. Except for
IS variant, 64 acquisitions are accumulated for the measurements of each 1D spectrum.
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Figure 14. 2D 1B-?’ Al HETCOR spectra acquired using 1B{?’Al} (a) D, (b) D>- and (c)
D"-RINEPT sequences with {ti, T2} = (2.0, 2.8), (1.6, 0.8), (1.6, 2.8) ms. (d) Comparison
of 1D 1B skyline projections of the three 2D spectra.
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Figure 15. 2D %’Al-12B HETCOR spectra acquired using >’Al{*1B} (a) D*-, (b) D>*- and (c)
D"-RINEPT sequences with {t1, T2} = (1.2, 1.6), (2.8, 1.2), (2.0, 1.6) ms. (d) Comparison
of 1D ?’Al skyline projections of the three 2D spectra.
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Figure 26. Comparison of optimal 1D 1B {?’Al} D'-HMQC (top) and D*'-RINEPT (bottom)
spectra.



Table 1. NMR parameters of glass MgO/ 50%B203/ 10%AI203

Site 6cs(ppm) Co(MHz) T;(s) T, (ms)
Hpy 0.67 0.6 ~4.1 ~12.7
HB 17.0 2.65 ~3.8 ~21.0
27 ALy 64.6 8.3 ~1.3 ~50
27Aly 36.0 7.2 ~1.3 ~50

27 Aly; 7.8 6.0 ~1.3 ~50




Table 2. Theoretical sensitivities of 2’Al-11B D-RINEPT/D-HMQC experiment according
to the equation 1.7

Detected Excited nucleus

nucleus 1ug 277
11 2.50 5.53
ZTA| 1.00 2.21

The FWHM of 'B and ?’Al signals of the glass sample are 1280 and 2600 Hz, respectively.
The CT enhancement factor €1 (QFS) of 1B and 2’Al are 1.51 and 2.42, respectively. The
T1 of 1B and ?’Al nuclei are 4 s and 1.3 s, respectively. The Trp of 1'B and #’Al nuclei were

set 4 and 1 s, respectively. The theoretical sensitivities are normalized with respect to the
minimal values in Table 2.



Table S1. Number of scans and t; increments as well as t; increment and recovery delay for 2D
1B{27Al} and ZAK{*'B} D-HMQC and D-RINEPT experiments.

sin Scheme NS®  N° At Tro /57
/us¢
UBLRTA} 128 48  23.83 4
27p1{11B} b-AMQc 128 48 71.5 1
UBLR7A|} 128 48 25 1
27p1{11B} D-RINEPT 355 32 100 4

9 Number of scans. ” Number of t1 increments. € t1 increment. ¢ Recovery delay.
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Figure S1 1B > 3Na polarization transfer efficiencies of four 22Na {}B} D-RINEPT schemes, I/ (a),
IS (b), SI (c) and SS(d), as a function of 7; and 7,. The optimal recoupling time of all schemes are
distributed in 1.3-1.6.
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Figure S2. Spin-echo simulations with on an !B-!'B spin pair with different dipolar
interactions, 0 kHz (red), 0.5 kHz (cyan), 1 kHz (purple) and 2 kHz (yellow) by using
C2;'recoupling during echo time. The quadrupolar parameters of !B were Cq = 2 MHz
with nq =0, the RF offset and CSA were neglected in simulations.



