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Abstract. With 73 % of all NMR-active nuclei being quadrupolar, there is great interest in the
development of NMR experiments that can probe the proximity of quadrupolar spins. Here,
pulse sequences for magic angle spinning (MAS) "B-170 Resonance-Echo Saturation-Pulse
DOuble-Resonance (RESPDOR) and dipolar Heteronuclear Multiple Quantum Correlation (D-
HMQC) solid-state NMR experiments were investigated. In these pulse sequences, Rotational-
Echo Double-Resonance (REDOR) recoupling with central transition (CT) selective m-pulses
were applied to either the !'B or 17O spins to recouple the 'B-7O dipolar interactions. 'B {!"O}
RESPDOR experiments on '’O-enriched boric acid and benzene diboronic acid showed that
application of dipolar recoupling on the ''B channel yielded more signal dephasing than when
recoupling is applied on the '’O channel; however, short effective !'B transverse relaxation time
constants (72’) hinders the acquisition of dephasing curves out to long recoupling durations.
Application of REDOR recoupling to 7O spins was found to produce significant dephasing
without compromising the 1B 7>’. Comparison of experimental ''B{!’O} RESPDOR curves to
that of numerical simulations enabled the ’O isotopic enrichment to be estimated. 2D "B {!’O}
D-HMQC spectra were recorded with either !'B or 1’0 REDOR recoupling at a variety of radio
frequency field conditions. Lastly, 2D "B{!’O} and »*Na{!’0} D-HMQC spectra of a 1’O-
enriched sodium borate glass were acquired to demonstrate the practical application of these

heteronuclear correlation experiments to probe structural connectivity between two quadrupolar



spins. Importantly, the high-field 2D !'B-!70O D-HMQC NMR spectrum revealed two unique 7O
sites correlating to 4-coordinate BO4 (14/B), which were attributed to the [*/B-O-*/B and [*/B-O-
[4IB bridging O atoms. The heteronuclear correlation experiments outlined here should be

applicable to a variety of quadrupolar spin pairs.

Introduction.

High-resolution magic-angle spinning (MAS) solid-state NMR (SSNMR) spectroscopy is
a powerful technique to determine molecular structure within crystalline and amorphous solids.
Dipolar-based heteronuclear correlation (HETCOR) SSNMR experiments, such as Dipolar
Heteronuclear Multiple-Quantum Correlation (D-HMQC), Transferred-Echo Double-Resonance
(TEDOR) and Dipolar Refocused Insensitive Nuclei Enhanced through Polarization Transfer (D-
RINEPT), are commonly used to probe through-space connectivity between two heteroatoms.!!3
In MAS SSNMR spectroscopy, rotation of the sample about the magic angle (54.74°) with
respect to the external magnetic field (Bo) will either partially or fully average the dipolar
interaction between two dipolar-coupled spins. Therefore, heteronuclear dipolar recoupling
techniques, such as Rotational-Echo Double-Resonance (REDOR),> '+!® symmetry-based C-type

(general formula: CNY) and R-type (general formula: RNY) sequences,'®?

etc., are used to re-
introduce the dipolar interaction during parts of the NMR experiment to enable through-space
polarization transfer or to generate dipolar dephasing. Heteronuclear dipolar recoupling schemes
are routinely applied to spin / = 1/2 nuclei to recouple interactions with other spin /= 1/2 or
quadrupolar nuclei (1 > 1/2).6-7-9 11-12,26-36

SSNMR spectroscopy of quadrupolar nuclei is a growing field; approximately 73% of all

NMR-active nuclei are quadrupolar, with the majority having half-integer spin (i.e., / = 3/2, 5/2,



7/2 or 9/2). Furthermore, many materials of interest that benefit from SSNMR structural

37-40 41-45 46-50

characterization, such as metal-organic frameworks, nanomaterials, oxide glasses,

51-56 11, 36, 57-64

heterogenous catalysts®'~° and pharmaceuticals, contain abundant quadrupolar spins.
Therefore, HETCOR NMR experiments between two quadrupolar nuclei could be useful to
better elucidate chemical structure in many systems. Previously, 2’Al-170 2D correlation
SSNMR spectra were obtained by using HMQC experiments with coherence transfers mediated
by scalar (J-) couplings.®>-%® Such experiments are essentially directly analogous to the 7= 1/2
case because scalar couplings are not averaged by MAS and no radio frequency (RF) pulses are
required during the J-evolution periods. J-based experiments are very powerful to determine
molecular structure because they directly probe through-bond structural connectivity and have
high theoretical efficiencies. For optimal efficiency, J-based experiments require one bond J-
couplings (1) that are approximately larger than the inverse of the refocused transverse
relaxation constant (7). However, as shown here for 'B-!70, dipolar-based experiments are
much more efficient than J-based experiments because dipolar coupling constants are
significantly larger than J-coupling constants (~ 2125 Hz compared to ~ 35 Hz, respectively) and
"B 7%’ are much shorter than the inverse of 'J(''B-!70).

Multiple groups have previously demonstrated that 2D dipolar-HETCOR NMR spectra
between two half-integer quadrupolar spins can be recorded via cross-polarization (CP) under
MAS conditions.%®7 Unfortunately, spin-locking half-integer quadrupolar nuclei is often
challenging and highly sample and site dependent.”>7* Studies applying heteronuclear dipolar
recoupling schemes to half-integer quadrupolar spins are relatively rare and have been primarily

limited to obtain one-dimensional (1D) REDOR-type spectra.*6-43:71-75-78 Tg the best of our

knowledge, there have only been two reports of 2D dipolar-based HETCOR NMR spectra



between two half-integer quadrupolar nuclei obtained by applying heteronuclear dipolar
recoupling to one of the quadrupolar spins (**Na-?’Al and 'B-?’Al).7°-% In these examples, 2D
BNa{?’Al}/¥Al{*Na} D-HMQC and D-RINEPT spectra were acquired with either Rotary
Resonance Recoupling (R?), R21 or SR4 applied to either the *Na or 2’Al spins,’® while 2D
UB{27A1} /27 Al{!'B} D-HMQC and D-RINEPT spectra were recorded with synchronous phase
inversion R (SPI-R%; €2} symmetry) applied to either the ''B or ?’Al spins.®® Throughout this
manuscript, the X{Y} notation indicates that the X spin is directly observed and the Y spin is
indirectly detected.

In this contribution, we show that REDOR recoupling can be applied to either !'B (/= 3/2) or
70 (1= 5/2) to re-introduce the ''B-!7O dipolar interactions and allow 'B{!’0O} Resonance-Echo
Saturation-Pulse DOuble-Resonance (RESPDOR) and D-HMQC NMR experiments (Figure 1A
and 1B, respectively). First, ''B{!’0} RESPDOR NMR experiments were used to confirm the
successful re-introduction of the dipolar interaction and estimate the '’O-labeling percentages in
70-enriched boric acid and benzene diboronic acid (BDBA). 'B{!’O} J-Resolved experiments
were also performed to determine the 1-bond ''B-!"O J-coupling constants and estimate the 'O
isotopic abundance. 2D "B{!’O} D-HMQC NMR spectra were recorded by applying first-order
R3 or REDOR heteronuclear dipolar recoupling to either the !'B or 17O spins. Numerical
simulations of ''B{!’O} D-HMQC suggest that the experiments are relatively robust to both the
"B and "0 quadrupolar coupling constant (Co) and also predict that the experiments operate
with similar efficiencies at a variety of MAS frequencies (viot = 10 — 50 kHz). Lastly, 2D
"B {70} and »*Na {70} D-HMQC spectra of a !’O-enriched sodium borate glass were acquired
to demonstrate the practical utility of these heteronuclear correlation experiments to probe the

structure of amorphous materials.
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Figure 1. (A) "B{'70O} RESPDOR and (B) ''B{'70} D-HMQC NMR pulse sequences with (C)
R? or REDOR heteronuclear dipolar recoupling (denoted Rec.) applied to either ''B or 7O.

Methods.

Materials. Benzene diboronic acid (BDBA, also referred as 1,4-phenyldiboronic acid;
Oakwood Chemical — ACS Reagent) was !’O-enriched via recrystallization in 39.3 % H>'70O
(Cortecnet). 45.1 mg of BDBA and 106.8 mg of 39.3 % H>!70 were mixed in a capped vial and
heated to 70 °C in an oven for ca. 2 days. There was ca. 8 mg (corresponding to ca. 7 %) of
H>!"0 lost during the heating process. The vial was then placed in a Schlenk flask where excess
water was removed at room temperature under a dynamic vacuum for ca. 1 day.

70-enriched boric acid was synthesized via the hydrolysis of borane (BH3) with 39.3 %

70-enriched H,O (Cortecnet). An oven-dried 50 mL round bottom Schlenk flask with a micro



stir bar was cooled under vacuum on a Schlenk line and then filled with N». The flask was
charged with 1 M BH3-THF solution (9.7 mL, 9.7 mmol; Sigma Aldrich) which was added by
syringe under a N> purge. The BH3-THF solution was cooled to —78 °C in a dry-ice/acetone bath
for five min. 39.3 % H>'70 (0.59 mL, 31.1 mmol, 3.2 equiv.) was added dropwise by syringe
over two min. Slight bubbling was observed. Upon full addition of the H>!7O, the solution was
allowed to stir for 30 min at =78 °C, then it was warmed to room temperature and stirred for 2 h.
The volatiles were removed in vaccuo overnight to yield a white powder (0.607 g), which was
used without further purification. The !"O-enrichment of boric acid was determined to be 30 %
from solution 'O NMR spectroscopy (see Supporting Information for more details).

A 7O-enriched sodium borate glass was synthesized with a composition of 41.5Na>O—
58.5B»03 (values given in mol %). Appropriately weighed amounts of sodium carbonate (99.999
% trace metals basis, Sigma-Aldrich) and 30 % '"O-enriched boric acid were mixed and
thoroughly ground in a porcelain mortar and pestle. The mixed reagents were transferred to a
95/5 Pt/Au crucible which was topped with a Pt lid. The crucible and lid were placed in a 1050
°C furnace for approximately 40 minutes. The melt was quenched by dipping the bottom of the
crucible in a room-temperature water bath. The resulting glass was clear, colorless and free of
any observable bubbles. The glass was stored in a desiccator and was ground to a powder
immediately before measurement by NMR spectroscopy.

Solid-State NMR Spectroscopy at 9.4 T. Solid-state NMR spectroscopy experiments were
performed on a 9.4 T (vo(*H) = 400 MHz) Bruker wide-bore magnet equipped with a Bruker
Avance III HD console and a 2.5 mm triple-resonance MAS NMR probe. 'H chemical shifts
were referenced to 1% tetramethylsilane (TMS) in CDCIs by using solid adamantane (5('H) =

1.71 ppm) as a secondary standard. !'B, 170 and **Na shifts were indirectly referenced using the



previously published [UPAC recommended relative NMR frequencies.®! The same shift
referencing procedure was also used for 14.1 T NMR experiments. All NMR spectra were
processed with the Bruker Topspin 3.6.1 software. 2D "B MQMAS analytical simulations were
performed with the ssNake NMR software.®?

All experimental NMR parameters (magnetic field strength (Bo), MAS rate, recycle delay
(Trec delay), nUmMber of scans, #1 TD points, 71 dwell (At1), ¢1 acquisition time, dipolar recoupling
duration and total experimental times) are given in Table S1. 2D !'B split-#; multiple-quantum
MAS (MQMAS) experiments were performed with previously described pulse sequences.?*-%
The ''B 3Q excitation and 1Q reconversion pulse lengths were 3.45 ps and 0.98 ps in duration
and applied at RF fields of ca. 186 kHz. 10 ° tip-angle single-pulse ''B NMR experiments were
performed with a 0.833 ps pulse length, corresponding to a 8.3 kHz radio frequency (RF) field
and 16.7 kHz central-transition (CT) nutation frequency. *Na{!’0} D-HMQC experiments were
performed with Rotor Assisted Population Transfer (RAPT) applied + 250 kHz off resonance to
the 2*Na spins prior to the start of the experiment to enhance overall sensitivity.®’-® 2Na CT-
selective /2 and 7 pulse lengths were 10 us and 20 ps in duration, corresponding to a 12.5 kHz
RF field and 25 kHz CT nutation frequency. The 'O CT-selective nt/2 pulse length was 10 us in
duration, corresponding to a 8.3 kHz RF field and 25 kHz CT nutation frequency. 100 kHz 'H
RF field of SPINAL-64 heteronuclear decoupling was performed throughout all NMR
experiments.®

Solid-State NMR Spectroscopy at 14.1 T. Solid-state NMR spectroscopy experiments
were performed on a 14.1 T (vo('H) = 600 MHz) Bruker wide-bore magnet equipped with a
Bruker NEO console and either a 4 mm triple resonance magic-angle spinning NMR probe

(M"B{'70O} experiments) or a 2.5 mm triple-resonance MAS NMR probe configured in double



resonance mode (1’0 MQMAS and ''B DQ-SQ experiments). The 'H, !'B and !’O channels of
the 4 mm NMR probe were isolated with either bandpass ("H and ''B) or lowpass (}7O) filters.
All NMR spectra were processed with the Bruker Topspin 3.6.1 software. 2D 17O MQMAS
analytical simulations were performed with the ssNake NMR software.*?

The "B CT-selective /2 and = pulse lengths were 15 ps and 30 ps in duration,
corresponding to a 8.3 kHz RF field and 16.7 kHz CT nutation frequency. The 7O CT-selective
n/2 and &t pulse lengths were 10 ps and 20 ps in duration, corresponding to a 8.3 kHz RF field
and 25 kHz CT nutation frequency. 2D '"B{!’0} D-HMQC experiments were performed with
our recently described Arbitrary Indirect Dwell (AID) #1 acquisition mode and a 25 ps #; dwell.”
Rotor Assisted Population Transfer (RAPT) was applied to the !'B spins with a transmitter offset
of £ 550 kHz and a 10 kHz RF field prior to the start of NMR experiments.?’-88 'B{170Q}
RESPDOR experiments were performed with a 1.5 rotor period saturation pulse (150 us for a 10
kHz MAS frequency) with a ca. 33 kHz 70 RF field. 2D 7O split-ti MQMAS experiments were
performed with previously described pulse sequences.?-%° The 'O 3Q excitation and 1Q
reconversion pulse lengths were 5.75 ps and 1.25 ps in duration and applied at RF fields of ca.
68 kHz. A 2D ''B dipolar double-quantum-single-quantum (DQ-SQ) homonuclear correlation
NMR spectrum of the '’O-enriched sodium borate glass was recorded with the BR2}
homonuclear dipolar recoupling sequence.’’ A CT-selective 7 pulse was applied during the ''B
DQ # evolution to ensure only CT DQ coherences between two ''B spins were observed.”?
Either 83.3 (!'B-'70 experiments) or 100 kHz (''B DQSQ and 70O MQMAS) 'H RF field of
SPINAL-64 heteronuclear decoupling was performed throughout all NMR experiments.®

Solid-State NMR Spectroscopy at 18.8 T. Solid-state NMR spectroscopy experiments

were performed on an 18.8 T (vo('H) = 800 MHz) mid-bore magnet equipped with a Bruker



Avance III HD console and a 3.2 mm Low-E triple-resonance MAS NMR probe. ’O chemical
shifts were referenced to tap water (8iso = 2.83 ppm) with respect to D20 (8iso = 0.0 ppm). ''B
shifts were indirectly referenced using the previously published [UPAC recommended relative
NMR frequency.?! All NMR spectra were processed with the Bruker Topspin 3.6.1 software.
The "B CT-selective 7/2 and & pulse lengths were 6 ps and 12 ps in duration,
corresponding to a 20.8 kHz RF field and 41.6 kHz CT nutation frequency. The 7O CT-selective
7/2 and © pulse lengths were either 10 ps and 20 ps, or 15 us and 30 ps in duration,
corresponding to either a 8.3 or 5.6 kHz RF field and 25 or 16.7 kHz CT nutation frequency,
respectively. 2D "B{!7O} D-HMQC experiments were performed with our recently described
Arbitrary Indirect Dwell (AID) #1 acquisition mode and either a (boric acid) 40 us or (sodium
borate glass) 12.5 us 71 dwell.”® Rotor Assisted Population Transfer (RAPT) was applied to the
!B spins with a transmitter offset of + 500 kHz and either a 83.8 (boric acid) or 46.5 (borate
glass) kHz RF field prior to the start of NMR experiments.®’-#® 100 kHz 'H RF field SPINAL-64
heteronuclear decoupling was performed throughout all NMR experiments of boric acid.*
Solid-State NMR Spectroscopy at 35.2 T. 1D ''B and 'O NMR spectra were recorded at
35.2 T using a 36 T Series-Connected Hybrid (SCH) magnet (built and stationed at the National
High Magnetic Field Laboratory in Tallahassee, FL) equipped with a Bruker Avance NEO
console and a 2.0 mm HXY MAS NMR probe.” "B shifts were referenced to the BOs ''B NMR
signal observed at 18.8 T because the quadrupolar induce shift (QIS) is negligible when Cq < 0.5
MHz at high field. 7O shifts were indirectly referenced through ''B shifts using the previously
published IUPAC recommended relative 'O NMR frequency.®! All NMR spectra were recorded

with a 20 kHz MAS frequency. Quantitative !'B and 70O NMR spectra were recorded with 15° or



30° single pulse experiment, respectively, and RF fields of 25 kHz (50 kHz ''B CT nutation
frequency) or 8.3 kHz (25 kHz '"O CT nutation frequency), respectively.

HB-70 RESPDOR, J-Resolved and D-HMQC Error Analysis. Error bars were added to
the experimental data points for all !'B-7O RESPDOR and J-Resolved curves and the ''B{!’O}
D-HMQC efficiencies to illustrate the level of uncertainty in the measurements. For all ''B{!70O}

RESPDOR and J-Resolved curves, error bars are given by:

\/So,norm + Snorm X SO,l
2 XSNRy; X Sonorm

Error(r) =

where So,norm and Snorm  are the normalized control and dephased intensities for a given t period
(i.e., dipolar recoupling or J-evolution duration), So,1 (So,1 = 1) is the control point that all control
and dephased points are normalized to (i.e., maximum intensity, which will be the first time
point), and SNRy, is the signal-to-noise of the first control point (i.e., point So,1). 'B{!’0O} D-
HMQC efficiency error bars were determined based on the SNR of the 1D '"B{'’0} D-HMQC

NMR spectrum:

2 .
Error = SNR X Ef ficency

2D "B{70} D-HMQC integral error bars were determined based on the SNR of a !70 slice

extracted at a frequency where the !'B signal intensity was largest:

Error = £><Ini:eg1"al
SNR

Solid-State NMR Numerical Simulations. Numerical solid-state NMR simulations of
B {70} RESPDOR and D-HMQC experiments were performed using SIMPSON v4.2.1.94-9
All simulations were performed at Bo= 14.1 or 18.8 T with the rep168 crystal file, either
(RESPDOR) 10 or (HMQC) 8 y angles, and a 1 pus maximum time duration where the

Hamiltonian was considered time independent. 2D heatplots of the 'B{!’O} D-HMQC



efficiency as a function of !'B and 1’0 Cq were obtained by running 2D SIMPSON simulations
in which the ''B Cq was stepped from 0.5 — 4.5 MHz in steps of 0.25 MHz for each 'O Cq value
(4 — 9 MHz, in steps of 0.25 MHz). The ''B and 7O isotropic shifts were updated for each
individual simulation such that the ''B/!7O center of gravity peak position was at 0.0 ppm by
calculating the quadrupolar induced shift for each Cq value. Two ''B-170 D-HMQC SIMPSON
simulations were performed for each 'B/!7O Cq value, where the phase of the second 170 /2
pulse was incremented by 180°. The HMQC intensity for each 'B/!’O Cq value was obtained by
subtracting the intensity of the HMQC recorded with a 180° phase inversion with the HMQC
recorded with 0° phase and dividing the total signal by 2 (to account for addition of “two

scans”). This phase cycling procedure was performed to obtain only the HMQC-filtered signal.
The "B{'70} D-HMQC efficiency was then obtained by comparing the overall D-HMQC signal
intensity to the signal intensity of an !'B spin echo with identical pulse parameters and spin-
system parameters. The 2D heatplots were then constructed by importing the SIMPSON
simulation output files into a matrix using MATLAB R2019a. 2D HMQC SIMPSON
simulations used ''B and ’O Euler angles of boric acid that were obtained from plane-wave DFT
calculations (vide infra, Figure S1). General 2D HMQC and RESPDOR SIMPSON input files, in
addition to the MATLAB codes to generate the 2D heatplots, are available in the Supporting
Information.

Periodic Plane-Wave DFT Calculations. The gauge-including projector-augmented wave
(GIPAW)®7 approach as implemented in CASTEP version 2017 T2% was used for all periodic
plane-wave density-functional theory (DFT) calculations. Only H atoms, if applicable, were
geometry optimized while all other atomic coordinates were fixed to the positions determined

from X-ray diffraction. Geometry optimizations of the H atom positions, when applicable, were



converged to an energy threshold of 5.0x10° eV/atom, a maximum force threshold of 0.01 eV/A
and a maximum displacement threshold of 5.0x10* A, using the BFGS geometry optimization
method.” All calculations utilized the Generalized Gradient Approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional,'®’ Tkatchenko-Scheffler (TS)
dispersion corrections,'”! On-the-Fly ultrasoft Pseudopotentials (default settings in CASTEP),!%*-
103 zeroth-order regular approximation (ZORA) relativistic treatments,'** a 0.07 A" k-point
spacing and a 630 eV kinetic energy cutoff. Select DFT calculations were also performed with a
0.03 A'! k-point spacing to confirm that the 7O isotropic shieldings (ciso) converged with a 0.07
A-! k-point spacing (the difference in shielding was between 0.00 and 0.04 ppm). DFT calculated
170 oiso were converted to 17O isotropic chemical shifts (8is0) via a previously published
calibration plot utilizing identical DFT calculation parameters.>* All crystal files (.cif) and NMR

calculation output files (.magres) are available in the Supporting Information.



Results/Discussion.

HB{70} RESPDOR. ''B-170 dipolar HETCOR SSNMR experiments were performed on
BDBA and boric acid '"O-labeled to ca. 10 % (determined via ''B {70} J-Resolved) and 30%
(determined via solution 'O NMR), respectively, via either recrystallization in water (BDBA) or
hydrolysis of BH3 (boric acid). The 7O isotopic enrichment of the water used in synthesis was
39.3% in both cases. Molecular structures of boric acid and BDBA are shown in Figure S1.

B {70} RESPDOR NMR experiments were initially performed to confirm the successful re-
introduction of the ''B-!"O dipolar interaction under MAS (Figure 1A and 1C). As mentioned
above, REDOR type experiments have been performed for several quadrupolar nuclei
combinations (!'B-170, ''B-?*Na, ''B-?’Al and >*Na->1V).46-48, 71.75-78 'We note that a RESPDOR
experiment performed with REDOR dipolar recoupling is essentially the same as the Rotational-
Echo Adiabatic-Passage DOuble-Resonance (REAPDOR) experiment introduced by Gullion and
co-workers,26-28. 30

In a '"B{'70} RESPDOR experiment (Figure 1A) increasing the recoupling duration
converts a larger fraction of in-phase ''B magnetization (e.g., Ix) to non-detectable, anti-phase
B-170 magnetization [e.g., 21,S,sin(tk®pt)]. The anti-phase magnetization is not refocused
when a saturation pulse is applied to the 'O spins, causing a loss of signal (dephasing). The rate
at which the "B NMR signal dephases is dependent on the strength of the dipolar coupling
frequency which is proportional to the gyromagnetic ratio (y) of both nuclei and the inverse cube

Yivj

of their inter-nuclear distance (wp & > ). Note that ®p depends upon the orientation of the
ij

dipolar vector with respect to the external magnetic field. The requirement of generating anti-
phase magnetization in a RESPDOR experiment serves as an ideal test if the dipolar interaction

between two quadrupolar spins can be efficiently recoupled.
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Figure 2. (A, B) ''B{!70} RESPDOR curves of (A) boric acid and (B) BDBA recorded with
either (green) 8.3 kHz RF field REDOR recoupling applied to the 17O spins or (orange) 6.25 kHz
RF field REDOR recoupling applied to the !'B spins. (C) !'B T>” measurement of boric acid
under (orange) ''B (6.25 kHz RF field REDOR) or (green) 7O (8.3 kHz RF field REDOR)
dipolar recoupling. (D) ''B{!"O} J-Resolved curve of boric acid recorded with a CT-selective
170 inversion (r) pulse. Experimental data points are shown as circles and (A-B) numerical
simulations or (C-D) analytical fits are shown as solid lines. NMR experiments were performed
at either (A, C-D) 18.8 T or (B) 14.1 T with a 10 kHz MAS frequency.



""B{70} RESPDOR curves of boric acid and BDBA were recorded with either By = 18.8
T or 14.1 T, respectively, and a 10 kHz MAS frequency (Figure 2A-B). REDOR heteronuclear
dipolar recoupling was applied either to the 7O spins with a 8.3 kHz RF field (central transition
(CT) nutation frequency = 25 kHz) or to the ''B spins with a 6.25 kHz RF field (CT nutation
frequency = 12.5 kHz). The ''B{!70} RESPDOR curves recorded with REDOR applied to the
!B spins yielded more signal dephasing and a faster build-up to maximum dephasing than when
REDOR was applied to the 170 spins. The faster build-up to maximum dephasing when applying
recoupling to the !'B spins is attributed to recoupling !'B CT spins to 7O spins residing in both
CT spin states (m1 = £1/2) and satellite transition (ST) spin states (m; = £3/2, £5/2). In
comparison, CT-selective REDOR recoupling 7 pulses applied to 'O likely only recouples the
170 spins residing in CT states effectively, leading to a slower build-up and lower extent of
dephasing. While applying recoupling to the observed !'B spins yields faster build-up and a
higher extent of dephasing, the intensity of the control signal (So) more quickly reaches zero due
to a decrease in the "B 7%’ (Figure 2C). Hence, the acquisition of curves out to longer durations
of heteronuclear dipolar recoupling is challenging with 'B recoupling. In addition, when ''B
REDOR recoupling is applied to boric acid the dephasing curve (1 —.5/So) tends toward zero at
longer durations of recoupling (Figure 2A, orange). The decrease in the dephasing curve
observed at longer durations of recoupling likely arises because fluctuations in the experimental
MAS frequency will result in improper refocusing of the !'B quadrupolar interaction and
chemical shift anisotropy (CSA). ''B recoupling may also partially scramble the spins between
all states/coherences and will also recouple !'B homonuclear dipolar couplings between CT and
ST !B spins. Consistent with our results Zheng and co-workers recently showed that the 7>’ is

significantly reduced when dipolar recoupling is applied to the directly detected channel in !'B-



27A1 D-HMQC experiments.®® A similar trend in !'B 7> was observed for BDBA (~ 5.5 ms
under 7O recoupling and ~ 1.5 ms under !'B recoupling, Figure S2A).

Applying REDOR recoupling to the 7O spins enabled application of longer durations of
heteronuclear dipolar recoupling without any clear decrease in the extent of dephasing at longer
recoupling durations (Figure 2A, green). The observation that recoupling on the indirectly
detected channel is more robust to MAS fluctuations is consistent with prior work from Garbow
and Gullion, where they showed that  pulse mistiming of a few us lead to significant intensity
losses when applying REDOR recoupling to the observed spins.!? In summary, based on the
longer "B 7>’ and robustness to MAS fluctuations, application of REDOR recoupling to the
indirectly detected spins (i.e., !70O) is generally preferred for RESPDOR type experiments.

Measuring 'O Isotopic Enrichment. From the X-ray crystal structures of BDBA and
boric acid, it is known that a B-O bond length is ca. 1.35 A.!%-197 Therefore, by scaling the
intensity of two-spin (i.e. !'B-170) SIMPSON numerically simulated !'B{!’0O} RESPDOR
curves to match a B-O internuclear distance of 1.35 A (dipolar coupling constant = 2125 Hz), the
70-labeling percentage can be estimated. This is because the maximum dephasing of the ''B
NMR signal is dependent on the 170 isotopic abundance (see Supporting Information for more
discussion). Following this procedure, !"O-labeling percentages were determined with ''B{!70O}
RESPDOR to be ca. 30 —33% and 8 — 13% for boric acid and BDBA, respectively (Figure 2A-
B). The estimated '’O isotopic enrichment of 30 — 33% determined for boric acid matches well
to that determined from solution ’0O NMR spectroscopy (~ 30%, Figure S3). We note that the
experimental ''B{!’0O} RESPDOR curves recorded with REDOR recoupling applied to the !'B

spins shows higher than expected dephasing (before decreasing due to MAS fluctuations), which



is likely due to recoupling of intermolecular 'B-17O spin pairs from nearby molecules within the
crystal lattice.

The 70 isotopic abundance was also estimated via ''B{!’O} J-Resolved NMR
experiments recorded with a CT-selective 7O inversion (1) pulse to selectively invert only the
70 CT (Figure 2D and S2B). Analytical fits that take into account the statistical probability of
having an attached 7O atom residing in the CT spin state suggests that the 7O isotopic
abundance of boric acid and BDBA is 30% and 10%, respectively, in excellent agreement with
solution NMR and the '"B{!70O} RESPDOR results (see Supporting Information for J-Resolved
fitting procedure). The 1-bond ''B-'70 J-coupling constants (/o) were determined to be 35 Hz,
similar to that of B-O containing small molecules previously observed via solution NMR

108 Euler angles used in the numerically simulated RESPDOR curves were obtained

spectroscopy.
from periodic plane-wave DFT calculations of BDBA or boric acid (Figure S1), however, the
Euler angles had a minimal effect on the simulated RESPDOR curves (Figure S4A). Numerical
simulations also suggest that the rate and extent of signal dephasing in a ''B{!’0} RESPDOR
experiment performed with !'B recoupling are nearly identical to that of a *C {70} RESPDOR
experiment with REDOR recoupling applied to the *C spins, suggesting that both experiments
exhibit similar mechanisms for dipolar recoupling, i.e., recoupling is driven by rotor-
synchronized inversion or refocusing of the CT of the coupled or observed spin, respectively
(Figure S4B).

2D "B{770} D-HMQC Experiments. 2D "B{"70} D-HMQC NMR spectra of boric acid
and BDBA were recorded at either Bo = 14.1 or 18.8 T with a 10 kHz MAS frequency and first-

order R* (!B only) or REDOR heteronuclear dipolar recoupling applied to the !'B or 7O spins

(Figure 3 and S5-10). Rotor Assisted Population Transfer (RAPT) was applied to the !'B spins at



the beginning of all HMQC experiments (Figure 1B).87-%% We note that application of RAPT to
the 170 spins concurrent with !B recoupling could theoretically improve sensitivity and the rate
of coherence build-up,!®-11% however, this strategy was not implemented here as the '’O channel
of the NMR probe at 14.1 T exhibited a high Q, preventing efficient off-resonance 'O
saturation.

2D "B {70} D-HMQC spectra of boric acid (30 % "O-enrichment, ''B T; ~ 7-10 s) were
acquired in ca. 0.7 or 1.4 hours at Bo = 18.8 or 14.1 T, respectively, while 2D "B{!70O} D-
HMQC spectra of BDBA (10 % '"O-enrichment, !'B T ~ 10 s) were acquired in ca. 4 hours at
Bo=14.1T. All 2D ""B{'70} D-HMQC spectra showed the expected correlations between !'B
and 70O (Figure 3). The "B projections extracted from the 2D HETCOR NMR spectra match
relatively well to their ideal quadrupolar powder patterns, illustrating the ability to extract
accurate "B Cq and n values (Figure S11-13). The breadth of the extracted !’O projections
matches well to the breadth of their ideal quadrupolar powder patterns, suggesting the magnitude
the 170 Cq can be accurately determined. However, the shape of the extracted 'O projections all
resemble that of n = 0, limiting the ability to accurately determine the 7O 1 from the 2D NMR
spectra (Figures S11-13). We also recorded a 2D '"B{!’0O} J-HMQC NMR spectrum of boric
acid at Bo = 18.8 T that reveals similarly distorted !'B and "0 projections, suggesting that the
dipolar recoupling sequences are not necessarily the origin of the lineshape distortions (Figure
S6D and S11). The 2D "B{!’0} J-HMQC spectrum required a significantly longer acquisition
time to acquire a spectrum with a similar signal-to-noise ratio as the 2D D-HMQC NMR spectra.
All 2D "B{70} D-HMQC spectra display a diagonal like contour pattern: ''B low frequency
horn — 70 low frequency horn and !'B high frequency horn — 7O high frequency horn. In both

boric acid and BDBA, planewave DFT calculations predict that the V33 component of the !'B



EFG tensor is perpendicular to both the 'B-!7O dipole vector and V33 component of the 70O EFG

tensor (B Euler angle with respect to ''B EFG ~ 90 °).
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and 70 spin echo NMR spectra are displayed above the 2D projections. Molecular structures of

boric acid and BDBA are shown within the NMR spectra.
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The overall 'B{!70} D-HMQC NMR efficiencies were determined by comparing 1D
HMQC spectra to that of an !'B spin echo NMR spectrum where the total !'B echo duration in
both experiments were the same to account for !'B 7>’ relaxation (0.8 ms, Figure 4A-C and S14).
Note that the !'B 7>’ is significantly shortened when REDOR recoupling is applied to the ''B
spins, further reducing the observed HMQC efficiencies (Figures 2C and S2A). For boric acid
"B {70} D-HMQC efficiencies were ca. 1.7 — 6.3 % at By = 14.1 or 18.8 T (Figure 4A-B). At
18.8 T, application of REDOR recoupling to the 17O spins yielded the greatest HMQC efficiency
(6.3 %), while at 14.1 T application of REDOR recoupling to the !'B spins was most efficient
(6.3 %). However, at both magnetic field strengths, the difference in HMQC efficiencies only
varied by ca. 1 % between recoupling on the ''B or 7O channels. Numerical simulations (2 spin-
system) of "B{!7O} D-HMQC with "B REDOR recoupling suggest an efficiency of ca. 10 % as
compared to an ''B spin echo, which is only slightly lower than that for 3C{’O} D-HMQC with
13C REDOR recoupling (ca. 14 %, Figure S4C). Considering that the overall probability of
having an attached ’O to !'B in 30 % 7O enriched boric acid is ~ 66 %, the experimental
B {70} D-HMQC experiments are operating with similar efficiencies to those predicted by
numerical SIMPSON simulations. Similar trends were observed for ''B{!’0} D-HMQC
experiments on BDBA (10 % !"O-enrichment) at Bo = 14.1 T, where efficiencies were ca. 1.1 —
2.5 % (Figure 4C). The decrease in HMQC efficiency for BDBA as compared to boric acid is
due to lower 70O enrichment levels.

Signal integrations over the 2D contour plots were performed to better assess the relative
D-HMQC efficiencies (Figure 4D-F). The trends in the 2D signal integrations with respect to the
different recoupling sequences/conditions match near identically to the trends observed in the 1D

"B {70} D-HMQC efficiencies. Importantly, the relative 2D signal integrations are similar



regardless of which spin REDOR recoupling was applied to. This observation is important

because it implies that 2D D-HMQC experiments should be feasible for many different types of

quadrupolar spin pairs.
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Figure 4. (A-C) Experimental ''B {0} D-HMQC efficiencies for (A, B) boric acid and (C)
BDBA. Efficiencies were determined by comparing 1D 'B{!0} D-HMQC NMR signal
integrals to that of an ''B spin echo spectrum. (D-F) Relative 2D ''B{!’0} D-HMQC contour
integrations for (D, E) boric acid and (F) BDBA. 1% order R* or REDOR heteronuclear dipolar
recoupling schemes were applied to either the !'B or 17O spins (!B R* = blue, !'B REDOR =
orange, 70O REDOR = green). NMR spectra were recorded at either (A, D) 18.8 T or (B-C, E-F)
14.1 T with a 10 kHz MAS frequency and 0.8 ms of total heteronuclear dipolar recoupling.



The effect that the 'B and 'O Cq have on the overall 'B{!’O} D-HMQC efficiencies
was numerically investigated using the SIMPSON program.”* Simulations of 'B{!’0O} D-
HMQC NMR experiments were performed with either 6.25 kHz, 12.5 kHz or 25 kHz RF field
REDOR recoupling applied to the !'B spins, or 8.3 kHz, 16.7 kHz or 33.3 kHz RF field REDOR
recoupling applied to the 7O spins (Figure 5). The 6.25 kHz RF field for ''B REDOR recoupling
is essentially the lowest achievable RF field before the recoupling becomes R* (5 kHz RF field).
Numerical simulations were performed at Bo = 14.1 T with a 10 kHz MAS frequency and a two
spin ''B-!70 spin system. ''B{!70} D-HMQC efficiencies were determined by comparing
numerically simulated "B {0} D-HMQC to that of an ''B spin echo with the same spin system
(Figure S15). We note that the ''B and 7O transmitters were placed on resonance with the center
of gravity of each MAS powder pattern in all simulations (see Methods).

Comparison of the numerical simulations suggest that application of REDOR dipolar
recoupling to the !'B spins is the most efficient recoupling scheme, in agreement with the
experimental data discussed above (Figure 5). However, the numerical simulations do not
account for 7>’ relaxation, which explains why 7O recoupling offered similar efficiencies in the
experiments. In general, the ''B {0} D-HMQC experiments are predicted to be relatively robust
to both the "B Cq (ranging from 0.5 — 4.5 MHz) and "0 Cq (ranging from 4.0 — 0.9 MHz). But,
the overall HMQC signal intensity does decrease with increasing 17O Cq. Some of the smaller
"B Cq values also show lower D-HMQC efficiency, likely because the !'B recoupling and spin
echo p-pulses are no longer operating in the CT-selective regime. Additional ''B{!’0O} D-
HMQC numerical simulations were also performed with a 25 kHz or 50 kHz MAS frequency
(Figure S16). Interestingly, the overall HMQC efficiency is predicted to increase at faster MAS

frequencies when REDOR recoupling is applied to the 17O spins but is relatively constant at all



MAS frequencies under ''B recoupling. The prediction that ''B{!’O} D-HMQC experiments are
feasible at a range of MAS frequencies further suggests the broad applicability of these

experiments to a variety of systems. Lastly, we numerically investigated the effect that the offset
of the REDOR recoupling pulses have on the overall !'B{!’0O} D-HMQC efficiency for a variety
of RF fields (Figure S17). As expected, the tolerance to offset increases with increasing RF field.
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Figure 5. SIMPSON numerically simulated heat plots comparing the effects of !B and 70O Cq
on the overall ''B{!’O} D-HMQC efficiency under REDOR heteronuclear dipolar recoupling
applied to either the (upper) !'B or (lower) 'O spins with the indicated RF fields. All simulations
were performed at Bo = 14.1 T with a 10 kHz MAS frequency and 0.8 ms of total heteronuclear
dipolar recoupling. The white @ symbols indicate the ''B{!’O} D-HMQC efficiency for a given
set of ''B and 70O Cq values.

70-labeled Sodium Borate Glass. The practical utility of the dipolar heteronuclear
correlation experiments between two quadrupolar spins was demonstrated by recording 2D
"B{70} and **Na{'’0} D-HMQC spectra of a !’O-labeled sodium borate glass with a

composition of 41.5Na,0-58.5B,0;3 (amounts given in mol%). The '"O-enrichment of the glass



is estimated to be 15-20 % because 30 % "O-enriched boric acid was used in the synthesis. An
"B MQMAS spectrum of the sodium borate glass shows two BO3 (I*'B) ''B NMR signals that
were previously assigned to B(OB);3 (8iso = 19.6 ppm, Cq = 2.6 MHz, 1 = 0.3) and B(OB),(O")2-«
(Oiso = 18.5 ppm, Cq = 2.5 MHz, n = 0.6) containing 1 or 2 non-bridging O atoms (Figure
S18).!11-115 The observation that the site with a higher 8iso(!'B) exhibits a lower n is consistent
with results previously reported by Stebbins and co-workers for a glass of similar composition.!!!
There is also an intense, sharp ''B NMR signal near 0 ppm that can be assigned to BO4 (11B)
species. 1D "B NMR spectra recorded at Bo = 9.4, 18.8 or 35.2 T further confirmed the
identification of all !'B sites (Figure S17D).

Feller and co-workers previously described expressions for predicting the population of
allowed borate units for different glass compositions; the glass composition is given by the
parameter R = mol% Na,O/mol% B»03.!1® R = 0.71 for the 41.5Na,0-58.5B,03 sodium borate
glass used in this study. Following their expression for the region of 0.7 < R < 1.0, the sodium
borate glass is predicted to contain 20 % triborate, 25 % metaborate, 30 % diborate and 25 %
loose BO4 units (Table 1, see Supporting Information for more details). The predicted population
of 1B (45 %) is slightly higher than that determined experimentally (39 %). Consequently, the
predicted population of metaborate units (25 %) is lower than that determined experimentally (40
%). Nevertheless, the experimentally determined populations of [*'B and [*1B (61 and 39 %,
respectively) are in reasonable agreement with theoretical predictions (55 and 45 %,

respectively).



Table 1. Predicted populations of borate units and experimentally determined populations of
boron species in the sodium borate glass

) Experimentally
. Predicted . .
Borate Units Labels _ Boron Species Determined
Populations (%)* _
Populations (%)”
Triborate
y BO;=T° 15
Q O/
/B_O\ ~\O_ \B_O 20
\_ro— —0
B-O BO4=T* 5
(0]
\
Metaborate
o@ o@ BOs = M? 25 o
| | 0
~~-Bo B~ [ 41
(@) (@) (0]
o B. o~
Diborate
BOs; = D? 15
C|)/
\ /O—B; 0
O—B\ ,O B—0O
O0-B-10 BO4 = D* 15
|
LS
Loose BO4 o B;(')O 39
~0 /
é V4 BO4 = L4 25
o ;(')O
/

¢ Populations were predicted based on the work of Feller e al. for 0.7 <R < 1.0, where R =
mol% Na>O/mol% B»03.!!¢ » Determined from the quantitative ''B NMR spectra.

Comparison of 1D 7O direct excitation NMR spectra recorded at either By = 14.1, 18.8 or

35.2 T with a 2D 70 MQMAS spectrum recorded at Bo = 14.1 T reveals two main groups of

signals centered at ca. 57 ppm (Cq = 4.8 or 5.8 MHz) and 82 ppm in the 35.2 T spectrum (Cq =

4.8 MHz; Figure 6B and S19). Due to the significant CT quadrupolar line narrowing provided at

35.2 T, each group of 17O NMR signals required two sites to analytically simulate the

experimental 35.2 T 70 NMR spectrum (Figure 6B, S19C and Table S2, see the Supporting



Information for more discussion). Previous 2D 7O MQMAS NMR spectra of a similar sodium

borate glass identified two 'O NMR signals with isotropic shifts of ca. 56 ppm (Pq = Cy ’1 + 77?2

= 5.6 MHz) and 82 ppm (Pq = 5.0 MHz) that were assigned to non-bridging B-O" and bridging
B-0-B species, respectively.!!! We note that 17O SSNMR has been used to investigate other
borate systems (sodium borate with more sodium, barium borate, crystalline NaBO.), and in all
cases, the bridging O atoms exhibit 17O isotropic chemical shifts greater than 80 ppm.!!!
Specifically, for crystalline NaBO», bridging and non-bridging O atoms were determined to have

isotropic chemical shifts of ca. 92 ppm and 80 ppm, respectively.!!!



A)
Direct BE N‘H
85| |s,=188T "B REDOR
58 2 Ve = 125 kHz |
x
L

?

L L e e
20 10 0
"B SQ Frequency (ppm)

Direct
Erotaton 2NN\

C)

~22.7 hours [

B,=141T I

BU.O-B .~
K
R

.~ BBLO-BEI
-7 ~ 3.5 hours

e

20 10 0
"B SQ Frequency (ppm)

-10

70O SQ Frequency (ppm)

"B DQ Frequency (ppm)

B) BELO-B3VH4)

' BY-O-&
B“.O-B“I

Direct
Excitation

Direct \_I
Excitation

"B{170}
D-HMQC

BE-O-
Projection
over BO,

- - Bi“-0-BH!
A .
"B{70} | Projection
D-HMQC , anersm
| 1
T I T I T I T I T T T T T T T
120 100 80 60 40 20 0
70O SQ Frequency (ppm)
D) Experimental 7O Isotropic Shifts
@ B4-O-BM
BELO-BBEI1H4 ®BP-O-
@
DFT Calculated 'O Isotropic Shifts
B4-0-B4I
A AA A A A
O3 3 @
BR.QO-BE
e oOo® )
T T T T T T T T T T T T T T T T T T T [ T 11
100 80 60 40 20

70 Isotropic Chemical Shift (ppm)

Figure 6. (A) 2D "B{!’0} D-HMQC spectrum of a !’O-enriched sodium borate glass recorded
at Bo = 18.8 T with a 10 kHz MAS frequency and 12.5 kHz RF field REDOR heteronuclear
dipolar recoupling applied to the ''B spins. (Purple) Direct excitation !'B and 'O NMR spectra
are overlaid above the 2D projections. (B) Comparison of (upper) direct excitation 17O NMR
spectra (Bo = 35.T or 18.8 T) to the 7O NMR spectra obtained from projections from the 2D D-
HMQC spectrum: (middle) projection over [*'B ''B NMR signals (~ 22 — 12 ppm) and (lower)
projection over /B "B NMR signals (~ 2 — 0 ppm). Experimental and analytically simulated
spectra are shown as (solid) black and (dashed) red lines, respectively. (C) 2D ''B dipolar
double-quantum-single-quantum (DQ-SQ) homonuclear correlation NMR spectrum recorded at
Bo=14.1 T with a 25 kHz MAS frequency and 320 ps of total BR23 homonuclear dipolar
recoupling. (D) Comparison of (lower) periodic plane-wave DFT calculated 7O isotropic
chemical shifts of boron oxide-based materials with known crystal structures (Table S3) to that
of (upper) 170 isotropic chemical shifts of the sodium borate glass determined experimentally.



A 2D "B{'70} D-HMQC NMR spectrum of the sodium borate glass was recorded at By
= 18.8 T with a 10 kHz MAS frequency and 12.5 kHz RF field REDOR recoupling applied to
the "B spins (Figure 6A). This 2D NMR spectrum was acquired in just under 1 day, illustrating
that HETCOR experiments between two quadrupolar spins should be feasible for a variety of
materials. The 2D "B{!”0O} D-HMQC spectrum displays multiple correlations between !’O and
B, The BIB ''B NMR signals centered at ca. 17 ppm mainly show correlations to 7O NMR
signals centered at ca. 75 ppm which were previously assigned to bridging O atoms (I*/B-O-
BVMHIB; Figure 6B, projection over [*IB). There are additional, weak correlations to the 70O NMR
signals centered at ca. 45 ppm that were previously assigned to non-bridging O atoms (F1B-O;
the center of the signal is much less than the isotropic chemical shift of 65 ppm due to
quadrupolar signal broadening and the quadrupole induced shift). Interestingly, the /B ''B NMR
signal shows strong correlations to both 70O NMR signals centered around 45 ppm and 75 ppm
(Figure 6B, projection over 4B ). The correlation between [*/B and the 'O NMR signal centered
at 75 ppm arises from BFIB-O-*IB units. The correlation of [*IB to the 70O NMR signal centered at
45 ppm is intriguing. It is perhaps unexpected that [*/B contains a non-bridging O atom because
the 1B unit would then formally possess a net charge of —2. However, as discussed above, Feller
and co-workers predicted abundant diborate species for this glass composition and the diborates
contain a [“IB-O-*'B unit.

To further investigate the correlation between 1B and the 170 NMR signal centered at 45
ppm, we recorded a 2D ''B dipolar double-quantum-single-quantum (DQ-SQ) homonuclear
correlation NMR spectrum at By = 14.1 T (Figure 6C). Intense /B-IB homonuclear correlations
were observed, implying that (1B units linked via bridging O atoms must be common. Abundant

[41B-O-1*IB motifs were recently identified in borosilicate glasses via ''B DQ-SQ homonuclear



correlation NMR experiments.!'!” Periodic plane-wave density-functional theory (DFT) NMR
calculations of crystalline boron oxide-based system containing either *'B-O-FIB, F'B-O-*1B
and/or “IB-O-*1B suggest that [4/B-O-*IB bridging O atoms generally exhibit a lower 1’0
isotropic chemical shift as compared to *'B-O-FIB or BIB-O-*B bridging O atoms (Figure 6D
and Table S3). Therefore, we attribute the observed ''B-!70O heteronuclear correlations between
[4IB and the 70 NMR signals centered at 45 ppm to */B-O-*1B units. As mentioned above, two
O sites were required to analytically simulate the high resolution 35.2 T 'O NMR spectrum for
the group of signals previously assigned to [*'B-O- (centered at ca. 52 ppm at 35.2 T). Assuming
[4IB-O-*IB exhibits a similar 1’0 Cq as the other bridging O atoms (3B-O-13V41B, 4.8 MHz), the
two sites likely correspond to BIB-O- (blue fit; 8iso = 65 ppm and Cq = 5.8 MHz) and B-O-“1B
(brown fit; diso = 47 ppm and Cq = 4.8 MHz, Table S2). The 170 NMR signals of the *'B-O-and
[41B-O-*IB sites are only partially resolved at 35.2 T and overlapping at lower magnetic fields
(i.e., Bo < 18.8 T). The population of each type of O atom was predicted by scaling the calculated
population of the allowed borate units discussed above by the number of O atoms for each group
(see Supporting Information for more discussion). This procedure predicts a glass containing 87
% BIB-O-BVHIB, 5 % “IB-0-*1B and 8 % *'B-0, in excellent agreement with populations

determined from the fits of the 35.2 T 170 NMR spectrum (Table 2).



Table 2. Predicted and experimentally determined population of oxygen species in the sodium
borate glass.

) . . Experimentally Determined
Oxygen Species Predicted Populations (%)* .
Populations (%)’

BIB-Q-BV4IB 87 87
“IB-0-“IB 5 6
PIB-O- 8 7

“Populations were predicted by scaling the predicted boron unit populations in Table 1 by the
number of oxygen atoms for a given group.!!'® ® Determined from fitting of the quantitative 35.2
T 70O NMR spectrum.

Lastly, a 2D 2Na{!’0} D-HMQC NMR spectrum was recorded at Bo = 9.4 T with a 25
kHz MAS frequency and 16.7 kHz RF field REDOR applied to the 7O spins to illustrate the
general applicability of these D-HMQC experiments to probe structural connectivity between
two quadrupolar spins (Figure S20). All 70O NMR signals show correlations to 2*Na. However,

limited structural information can be obtained from the 2*Na{!’0} D-HMQC spectrum due to the

disordered nature of the glass and the low spectral resolution obtained at Bo = 9.4 T.

Conclusions

Here, we showed that application of REDOR heteronuclear dipolar recoupling to either
the ''B or 7O spins can successfully re-introduce the 'B-170 dipolar interaction in ''B{!7O}
RESPDOR and D-HMQC solid-state NMR experiments. ''B{!’0} RESPDOR experiments were
initially performed on boric acid and benzene diboronic acid (BDBA) 7O-labeled to ca. 30 %
and 10 %, respectively. Application of REDOR recoupling to the !'B spins yielded more !'B
signal dephasing than 'O recoupling, however, only a few points in the RESPDOR curve could
be obtained due to short !''B 7> under !'B recoupling. Therefore, 7O recoupling is more
favorable for RESPDOR experiments as the !'B 7>’ is significantly longer and thus more points

at longer durations of recoupling could be obtained which better define the dipolar dephasing



build-up curve. Comparison of the experimental RESPDOR curves to that of numerical
simulations of a two spin 'B-!70O spin system enabled an estimate of the 17O isotopic abundance.
Following this method for boric acid, the 7O isotopic abundance was estimated to be 30-33 %,
which matches well to the 30 % determined from solution NMR spectroscopy. We also recorded
"B {70} J-Resolved curves of boric acid and BDBA with CT-selective !’O inversions pulses to
determine the 1-bond "B-70 J-coupling constants (~ 35 Hz) and estimate the 7O isotopic
abundance.

2D "B{!70} D-HMQC spectra of boric acid and BDBA were recorded at either By =
14.1 T or 18.8 T with REDOR recoupling applied to the !'B or 17O spins. In general, !'B
REDOR recoupling performed better than 70O REDOR recoupling, however, 'O recoupling was
favorable in some cases. The choice of the recoupling channel is likely sample and site
dependent. The effect that the !'B and '"O Cq have on the overall D-HMQC efficiency was
investigated with SIMPSON numerical simulations. At 10 kHz MAS, the D-HMQC efficiency
was relatively robust to both the !'B and 'O Cq (0.5 — 4.5 MHz for !'B and 4.0 — 9.0 MHz for
170). Interestingly, numerical simulations predicted that ''B{!’O} D-HMQC experiments operate
at similar efficiencies at a variety of MAS frequencies (10 — 50 kHz). Lastly, we demonstrated
the utility of using REDOR recoupling to enable HETCOR NMR experiments between two
quadrupolar spins within materials by recording 2D "B {!’O} and *Na{'’0} D-HMQC spectra
of a 7O-enriched sodium borate glass. The 2D '"B{!’0} D-HMQC spectrum revealed
unexpected heteronuclear correlations between “IB and 7O NMR signals previously assigned to
non-bridging O atoms. However, a 2D !''B dipolar DQ-SQ homonuclear correlation NMR
spectrum revealed strong [“/B-[*IB homonuclear correlations, illustrating that (/B units linked via

bridging O atoms must be common in this glass. Furthermore, periodic plane-wave DFT



calculations of boron oxide-based systems suggested that /B-O-*IB bridging O atoms generally
exhibit a lower 7O isotropic chemical shift as compared to F1B-O-FIB or P/B-O-1B bridging O
atoms. The heteronuclear correlations between 1B and lower frequency "0 NMR signals were
assigned to */B-O-*1B units. The 'O NMR signals for BIB-O- and ¥B-O-*IB started to become
slightly resolved at 35.2 T.

We anticipate that REDOR recoupling is generally applicable to an assortment of
quadrupolar spins. The RESPDOR and D-HMQC experiments demonstrated here should be

useful to study a variety of quadrupolar spin systems and materials.
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