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Estimating internuclear distances between half-
integer quadrupolar nuclei by central-transition
double-quantum sideband NMR spectroscopy

Andreas Brinkmann and Mattias Edén

Abstract: We demonstrate the estimation of homonuclear dipolar couplings, and thereby internuclear distances, between
half-integer spin quadrupolar nuclei by central-transition (CT) double-quantum (2Q) sideband nuclear magnetic resonance
(NMR) spectroscopy. It is shown that the rotor-encoded sideband amplitudes from CT 2Q coherences in the indirect dimen-
sion of the two-dimensional NMR spectrum are sensitive probes of the magnitude of the homonuclear dipolar coupling, but
are significantly less affected by other NMR parameters such as the magnitudes and orientations of the electric field gradient
tensors. Experimental results of employing the R2§R22’ ! recoupling sequence to the !'B spin pair of bis(catecholato)diboron
resulted in an estimation of the internuclear B-B distance as (169.6 & 3) pm, i.e., with a relative uncertainty of +2%, and
in excellent agreement with the distance of 167.8 pm determined by single-crystal X-ray diffraction.

Key words: solid-state NMR, quadrupolar nuclei, central transition, double-quantum coherence, sideband spectroscopy, dis-
tance estimation.

Résumé : Faisant appel a la spectroscopie de résonance magnétique nucléaire (RMN) a transition centrale (TC) avec une
bande latérale a double quantum (2Q), on montre qu’il est possible d’évaluer les couplages dipolaires homonucléaires, et
ainsi les distances internucléaires, entre des noyaux quadripolaires de spin une demie. On montre que les amplitudes des
bandes latérales encodées par un rotor, obtenues a partir des cohérences de la TC 2Q dans la dimension indirecte de spectre
RMN bidimensionnel, sont des sondes sensibles de I’amplitude de couplage dipolaire homonucléaire, mais qu’elles sont
moins influencées par d’autres parametres de la RMN, tel les amplitudes et les orientations des tenseurs du gradient du
champ électrique. Les résultats expérimentaux obtenus en employant la séquence de recouplage R2§R22’ ! 3 la paire de spin

B du bis(catécholato)dibore a permis de faire d’évaluer la distance internucléaire B-B a (169,6 + 3) pm, c’est-a-dire avec
une incertitude relative de +2 %, et en excellent accord avec la distance de 167,8 pm déterminée par diffraction des rayons-

X sur un cristal unique.

Mots-clés : RMN a I’état solide, noyau quadripolaire, transition centrale, cohérence a double quantum, spectroscopie des

bandes latérales, évaluation de la distance.

[Traduit par la Rédaction]

Introduction

The utilization of through-space dipolar interactions is of
pivotal importance for determining order, structure, and dy-
namics by solid-state nuclear magnetic resonance (NMR) spec-
troscopy.'=3 The anisotropic (orientation-dependent) dipolar
interactions may provide both geometric and interatomic dis-
tance-related structural information; the latter feature stems
from the inverse cubic relationship between the separation (7;)
of two NMR-active nuclei and their dipolar coupling constant
(D). Solid-state NMR experimentation is generally performed
on powdered samples undergoing magic-angle spinning
(MAS) to emphasize isotropic (orientation-independent) nu-
clear spin interactions by reducing, or even eliminating, the

anisotropies. However, during one or several segments of the
MAS NMR experiment, the effects of the dipolar interactions
may temporarily be reactivated: this process is referred to as
“dipolar recoupling” and is typically arranged by application
of radio-frequency (rf) pulse sequences.!—3

This work exploits “homonuclear” dipolar interactions (i.e.,
couplings involving nuclei of the same type) among half-integer
spin quadrupolar nuclei*20 for estimating internuclear dis-
tances. Half-integer spins dominate among all existing
NMR-active nuclei; examples include !'B, 170, 23Na, 27Al,
and *3Ca. Following the advent of high-resolution solid-state
NMR techniques, to eliminate the broadening from second-
order quadrupolar interactions of the central transitions
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(CTs),21-2* half-integer spins have become indispensable
probes of local structure in widely diverse materials of tech-
nological and geological importance.?>-27

An important subclass of recoupling methodology exploits
dipolar interactions for generating double-quantum coher-
ences (2QC) under MAS conditions.2? Such recoupling tech-
niques targeting the CTs of half-integer spins, i.e., employing
rf fields that are weak compared with the quadrupolar fre-
quency, have primarily been utilized in two-dimensional 2Q-
1Q NMR correlation spectroscopy that reveals all pairs of
spatially nearby homonuclear spins in the structure.!l:12.15.19
A double-quantum filtering (2QF) stage in a 2Q-1Q NMR
experiment involves two events, one for creating 2QC from
longitudinal magnetization and one for driving the reverse
process.?3 Such “excitation” and “reconversion” intervals are
often of equal duration: T, = 7. (Fig. 1a). They are inter-
leaved by an evolution period (#;), during which each 2QC
acquires a phase factor involving the frequency sum of the
two spin resonances within the pair. Each 2QC frequency,
appearing along the indirect (w;) dimension of the 2D spec-
trum, becomes correlated with its two respective CT single-
quantum coherence (1QC) frequencies along the direct (w»)
spectral dimension.!1:12.15.19

It is normally desirable to sample the #; evolution such that
it is synchronized with the rotational period 7, = 27/w, of the
sample, where w, denotes the angular rotation frequency;
then, all spinning sidebands fold onto the centre-band fre-
quency. Besides improving signal-to-noise in the NMR spec-
trum and eliminating ambiguities in assigning the 2D NMR
peaks, this avoids formation of intense sidebands along the
2QC dimension because of the orientation dependence of the
(re)coupled dipolar Hamiltonian.?9-34 Such “rotor-encoded”
spinning sidebands arise unless the 2QC excitation and re-
conversion processes are initiated at exactly the same rotor
position. However, as the spinning-sideband amplitudes de-
pend on the magnitudes of the anisotropic interaction tensors
relative to the spinning frequency, they provide a vehicle to
estimate dipolar coupling constants, and thereby internuclear
distances, as introduced for spin-1/2 applications by Spiess
and co-workers.2%-34 Here, we demonstrate the possibility of
using such 2Q-1Q NMR correlation protocols for estimating
internuclear distances between dipolar-coupled homonuclear
half-integer spins. The dipolar recoupling and 2QC genera-
tion employed herein invokes symmetry-based pulse
schemes,334 as introduced by us for recoupling homonu-
clear quadrupolar spins,!5-17-1942 under both MAS and dou-
ble rotation (DOR)?2! conditions.

We present one of very few techniques for estimating ho-
monuclear dipolar couplings among half-integer spin quadru-
polar nuclei. Previous options include monitoring the 2QF
signal buildup versus ...,* as is well-established for spin-1/2
applications,?3 or using magnetization transfers under a 2Q
Hamiltonian®1% such as 2Q-HORROR.3> In that case, one
spectral dimension reveals a ‘“Pake-like” pattern (whose
width is proportional to bj) and may be implemented either
as a 2D!0 or 3D? experiment, the latter incorporating triple-
quantum MAS (3QMAS)?3 for improved NMR signal separa-
tion. Duer presented a strategy for homonuclear distance
measurements by analyzing the spinning sideband formation
originating from the evolution of triple-quantum coherences
under homonuclear dipolar interactions in a 3QMAS experi-
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Fig. 1. (a) Radiofrequency pulse sequence to record two-dimensional
homonuclear double-quantum correlation spectra on half-integer
quadrupolar nuclei. The subscript “sel” indicates central-transition-
selective pulses. A frequency sweep (FS) may be used to enhance
the central transition population difference. The rotor-synchronized
pulse sequence R2)R2;" achieves homonuclear recoupling.'?

(b) Coherence transfer pathway diagram?® for the 7 spins.
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ment, coupled to multi-spin simulations based on the known
crystal structure.* This approach did not invoke explicit dipo-
lar recoupling but rather exploited spontaneous recoupling
owing to the noncommutation of homonuclear dipolar and
first-order quadrupolar interactions of half-integer spins.*844

As isolated quadrupolar spin-pairs are rarely encountered,
recoupling applications aiming at obtaining quantitative inter-
nuclear distances must generally consider large spin systems.
To avoid such multi-spin effects and communicate the proof-
of-principle, we here estimate the 'B-!!B dipolar coupling
and hence the internuclear B-B distance of the (isolated)
pair of magnetically equivalent !B in the bis(catecholato)di-
boron molecule by 2Q-1Q correlation NMR spectroscopy. To
support the analysis of the CT 2Q sideband NMR spectro-
scopy results, we calculated the !'B chemical shift and
quadrupolar tensors in bis(catecholato)diboron using gauge-
including projector-augmented wave (GIPAW) density func-
tional theory (DFT).*> Our results are compared with those
obtained by Weiss and Bryce* from various monoboronic
acids and esters by DFT computations of isolated monomers
and dimers.

Materials and methods

Solid-state NMR experiments

Figure 1 shows the pulse scheme used to obtain two-
dimensional central-transition double-quantum (2D-CT-2Q)
spectra of half-integer quadrupolar nuclei. At the start of the
pulse sequence, the CT magnetization may optionally be en-
hanced;!3 possibilities include frequency sweeps as in Fig. 1a,
encompassing double-frequency sweeps,*” hyperbolic secant
pulses,*®49 and WURST single-frequency sweeps.? Other al-
ternatives include the fast amplitude modulated (FAM)>! and
the equivalent rotor-assisted population transfer (RAPT)
schemes,’2 or pulse shapes derived from optimal control
theory.®> The CT longitudinal magnetization is converted
into homonuclear 2QC by a CT selective R2;R2, " pulse se-
quence!d of duration 7., that is bracketed by two CT 90°
pulses; alternatively, for samples involving large spreads in
resonance frequencies, it may be beneficial to employ the re-
coupling schemes of ref. 16. The 2QC are next subjected to a
Hahn echo of total duration T,!5 adjusted so that the sum of
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the CT 90° pulses and T equals an even multiple of rotational
periods (here, 2t7,). The CT selective 180° refocusing pulse
combined with phase cycling selects the coherence transfer
pathway?® shown in Fig. 15.12 After the subsequent evolution
interval ¢, the 2QC are reconverted into longitudinal CT
magnetization by a second R2)R2," block of duration T,
which is also sandwiched by CT 90° pulses. Finally, observ-
able CT transverse magnetization is created by a CT selective
90° read pulse.

A powdered sample of bis(catecholato)diboron (molecular
structure shown in Fig. 2) was purchased from Sigma-
Aldrich and used for all experiments. The experimental re-
sults shown in Figs. 3-6 were obtained at a "B Larmor
frequency of —160.5 MHz in a static magnetic field of
11.75 T, by using a Bruker Advance-III console and a
Varian 3.2 mm double-resonance standard-bore MAS pro-
behead. The sample was rotated at a spinning frequency
of 25 kHz, which corresponded to an rf nutation frequency
of 6.25 kHz during dipolar recoupling, i.e., to a CT nuta-
tion frequency equal to half the MAS frequency,! as for
the HORROR condition.*-1935 The selective 90° and 180°
pulses operated at 9.0 kHz CT nutation frequency. All rf am-
plitudes were calibrated by complete 2D rf nutation experi-
ments. To enhance the CT population difference, a single-
frequency sweep was performed at the same rf field
strength, by using a frequency offset and sweep band-
widths of 500 and 800 kHz, respectively, where the begin-
ning and end of the sweep-pulse shape were attenuated by
a sin? and a cos? function, respectively. The States-TPPI
scheme was employed to obtain 2D pure absorption line
shapes and to distinguish positive and negative 2Q coher-
ences.>%

Numerical spin dynamics simulations

All B spin-pair simulations were performed using version
3.0.1 of the SIMPSON package.>® The experimental parame-
ters given in the preceding subsection were used, together
with the experimentally estimated values of the "B quadru-
polar coupling constant and asymmetry parameter listed in
Table 1. In addition, the parameters of the CSA tensor and
the orientation of the quadrupolar tensor were employed as
obtained by GIPAW-DFT calculations (see Table 1). For all
cases, powder averaging was accomplished by using a set of
triplets of Euler angles, selected according to the ZCW
scheme.”-5% This set consisted of 1154 angles for simulating
the CT 2Q build-up curves shown in Fig. 3, whereas the cal-
culations of the CT 2Q sideband patterns displayed in Figs. 5
and 6 employed 6044 orientations. All pulses were taken ex-
plicitly into account in the simulations, except for the CT
population enhancement and the 90° read pulse. The initial
density operator and the detection operator were both set to
represent CT z-magnetization. The CT 2QC were selected by
setting all other elements in the density matrix to zero before
and after the 180° spin-echo pulse. The CT 2Q sideband
amplitudes were simulated by incrementing #; in 35 steps of
duration 7,/35 and combining the results of the +2QC and
—2QC time-dependent signal amplitudes to form the cosine
and sine components required by the States procedure.>*
The resulting complex 7, time signal was subjected to a com-
plex Fourier transformation to obtain the integrated CT 2Q
spinning sideband amplitudes.
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Quantum chemical calculations

For the GIPAW-DFT calculations of the 1B quadrupolar
and chemical shift tensors in bis(catecholato)diboron, CA-
STEP% and CASTEP-NMR#3-61.62 (version 4.4) were used to-
gether with Accelrys’ Materials Studio. The generalized
gradient approximation with the Perdew—Burke—Ernzerhof
exchange correlation functional®® and “on-the-fly” pseudopo-
tentials were chosen. The plane-wave cutoff energy was se-
lected to be 550 eV and the k-point grid was set to 5 X 2 X 4.
Starting from the structure determined by single-crystal X-ray
diffraction (XRD),% initially, only the proton positions were
optimized, whereupon the NMR parameters were calculated.

Results and discussion

UB NMR parameters in bis(catecholato)diboron

To use the full set of /B NMR parameters for bis(catecho-
lato)diboron in the numerical simulations of the dipolar re-
coupling experiments, in a first step, we determined the "B
isotropic shift, quadrupolar coupling constant Cq = e?qQ/h
and the quadrupolar asymmetry parameter 7 experimentally;
the results are shown in Table 1. In a second step, we
derived the "B quadrupolar and chemical shift tensors in
bis(catecholato)diboron by GIPAW-DFT calculations. Weiss
and Bryce*® recently reported ''B NMR parameters in vari-
ous monoboronic acids and esters by using DFT computa-
tions of isolated monomers and dimers. Since a crystal
structure of bis(catecholato)diboron has been determined us-
ing single-crystal XRD,%* we chose GIPAW-DFT calculations
that explicitly account for the periodicity of the crystal.*> The
results of these computations are displayed in Table 1 and
Fig. 2. Since the two boron sites in the bis(catecholato)di-
boron molecule are related by inversion symmetry through
the centre of their internuclear vector, the chemical shift ten-
sors, as well as quadrupolar tensors, are identical for both
boron sites (magnitudes and orientations). The experimentally
determined isotropic chemical shift and quadrupolar coupling
constant of d;,, = 28.6 ppm and Cy = 2.71 MHz, respectively,
fall into the same range as that found for monoboronic es-
ters,*® whilst the present value 1q = 0.745 is larger than those
of the esters. Figure 2 shows the principle axis systems of the
tensors, as obtained from GIPAW-DFT computations. The z
principal axes of both tensors are approximately perpendicular
to the molecular plane and the y axes are nearly collinear with
the B-B bond. Whilst the calculated value ng = 0.77 is in
good agreement with the experimentally determined one, the
computed value Cy = 3.18 MHz is significantly larger (by
~0.5 MHz) than the experimentally measured value. In
the Haeberlen notation®® the calculated anisotropic chemical
shift and asymmetry parameter are given by (s, M) =
(-22.6 ppm, 0.67), which corresponds to a span and skew
of (2, ¥) = (41.5 ppm, 0.27) in the Maryland notation.®
We note that the calculated span is slightly higher than the
largest one found in monoboronic acids,*® whereas the skew
is smaller.

Central-transition double-quantum NMR spectroscopy

A common approach to determine homonuclear dipolar
couplings is to monitor the buildup of 2QC as a function of
the excitation interval 7. of the recoupling sequence. This
approach was launched by Mali et al.!2 in the present context
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Table 1. "B NMR parameters of bis(catecholato)diboron as determined experimentally and by GIPAW-DFT calculations. The reported

values of the anisotropic chemical shift (8aniso) and the asymmetry parameter (1) conform to the Haeberlen notation.

60

CQ 8iso 8zmiso
(MHz)  no Q% © {0, 0. 022} (ppm)  (ppm)  (ppm) 7 2 ©)
Expd. 271 0745 28.6
DFT 318 077  {-87.7,89.8, 179.9} {48.2, 63.4, 89.7} 226 067 {-873,85.8, —178.6)

Note: The Euler angles QQM give the relative orientation of the principle axis system of the interaction tensor A and a molecule fixed frame with its
7 axis along the B-B internuclear vector and its x axis perpendicular to the O-B-O plane (compare Fig. 2). Cq, quadrupolar coupling constant; 1,
quadrupolar asymmetry parameter; {o,,, 0,,, 0..}, principal components of the chemical shielding tensor; 3, isotropic chemical shift.

Fig. 2. Molecular structure of bis(catecholato)diboron.®* The princi-
pal axis system of the !'B quadrupole coupling and chemical shift
tensors as determined by CASTEP calculations are indicated in
black and blue colors, respectively.

of distance estimations among half-integer spins. Figure 3
shows experimental and simulated 'B two-spin 2QF efficien-
cies as a function of 7. = T, as determined in bis(catecho-
lato)diboron by using the pulse sequence shown in Fig. 1 at a
spinning frequency of 25 kHz and an external field of
11.75 T. Single-crystal XRD provided the B-B internuclear
distance 73 = 167.8 pm in the bis(catecholato)diboron
molecule,®* corresponding to a 1!B-!"B coupling constant of
by/2r = -2619 Hz. The numerically simulated results in
Fig. 3 account for the !'B natural abundance of 80.1% that
results in a probability of 64.2% to find a 'B-!!B spin pair
in an arbitrarily selected molecule. We achieved an experi-
mental 2QF efficiency of 11%, whereas the simulation em-
ploying a !B-!!B dipolar coupling of —2619 Hz predicts a
maximum 2QF efficiency of 20%. For comparison, Fig. 3 ad-
ditionally displays the results of numerical simulations using
dipolar couplings of —2119 and —-3119 Hz. Minor variations
of the "B 2QC dynamics were observed, despite the large
difference between the dipolar couplings, which makes this
approach an unfavourable choice if accurate determinations
of large homonuclear dipolar couplings are desired. Signifi-
cantly faster sample rotation would allow for finer sampling
of the 2QC buildup, however, at the expense of requiring
higher rf field strengths during recoupling: this compromises
the CT selectivity of the pulses, while also leading to higher
accumulation of rf errors during the 2Q-recoupling events.
For the present experimental conditions, the problem of too
coarse sampling of 7. prevails even for estimates of smaller
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Fig. 3. ''B double-quantum filtered efficiencies as a function of
Texe = Trec Obtained in bis(catecholato)diboron using the pulse se-
quence shown in Fig. 1 at a spinning frequency of 25 kHz and an
external field of 11.75 T. Experimental results are indicated by m,
whereas the outcome of numerical simulations for different homo-
nuclear dipolar couplings constants b;/2m are displayed as

—2619 Hz (@), —3119 Hz (A), and -2119 Hz (v).

T T T T

0.2F
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couplings (by ~ 0.5 kHz) and is accentuated further for ho-
monuclear systems involving higher spin numbers (e.g.,
27A1) because of their accelerated 2QC excitation.!217

Here we propose to instead utilize the spinning sidebands
of the two-spin CT 2QC as a more favourable option for de-
termining homonuclear dipolar couplings between half-integer
quadrupolar nuclei. It offers particular advantages for meas-
urements of strong dipolar interactions. In addition, whereas
the efficiency of exciting CT 2QCs itself depends on the
ability to employ CT-selective rf fields, the CT 2Q sideband
patterns are significantly less influenced by this require-
ment. Although in the case of powdered samples, the rf
fields may not be CT selective for all crystallite orientations
at all time points, in practice this poses no serious limita-
tion to the applicability of CT 2Q spectroscopy.!5-19

Figure 4 shows the experimental !B 2D CT 2Q spectra of
bis(catecholato)diboron, obtained by using the pulse se-
quence in Fig. 1 for three different intervals T = Ty Of
160, 320, and 480 pus at a spinning frequency of 25 kHz.
The NMR spectra comprise strong rotor-encoded odd-order
spinning sidebands in the indirect (2Q) dimension, analogous
to the cases of coupled spin-1/2 nuclei or isolated quadrupo-
lar spins, described by the group of Spiess.2934 If 7, is incre-
mented by a fraction of the rotational period under relatively
fast MAS conditions, these sidebands mainly result from rotor
encoding of the 2Q reconversion process. The rotor-encoded
modulation of the 2QC gives rise solely to odd-ordered
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Fig. 4. Experimental two-dimensional !'B central-transition (CT) double-quantum (2Q) spectra of bis(catecholato)diboron for different time

intervals Texe = Trec: (@) 160 ps, (b) 320 ps, and (c) 480 ps.
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sidebands along the 2Q spectral dimension, even in scenar-
ios devoid of 2QC evolution during #;.32-33 Ideally, the num-
ber and amplitudes of the sidebands depend only on the
product by, of the homonuclear dipolar coupling constant
and the reconversion interval. On the other hand, the evolu-
tion of the 2QC under all noncommuting spin interactions
during the #; interval produce conventional sidebands in-
volving all orders, owing to the rotor modulation of the
2QC. The very small amplitudes of the even-order side-
bands in the experimental spectra shown in Fig. 4 verify
that hardly any rotor-modulated sidebands are present and
that the rotor encoding of the 2Q reconversion process is
indeed the predominant contribution to the odd-order side-
bands. As expected,?934 a larger number of sidebands ap-
pear along the 2Q dimension of the 2D spectrum as the
interval Te. = T increases (Fig. 4).

The integrated amplitudes of the odd-ordered sidebands of
the experimental !B 2D CT 2Q spectra of bis(catecholato)di-
boron are plotted in Figs. 5a, Sc, and 5e against the sideband
order. For comparison, results of numerical simulations
using the XRD distance-based ''B-!''B dipolar coupling of
by/2w = 2619 Hz are presented in Figs. 5b, 5d, and 5f: the
top row, (a) and (b), compares the experimental and simu-
lated results for Teye = Tree = 160 ps; the middle row, (c¢) and
(d), for 320 ps; and the bottom panel, (e¢) and (f), for 480 ps.
It is evident that the experimental and simulated CT 2Q odd-
order sideband amplitudes are similar overall, except from
those of the +1 sidebands that are more intense in the experi-
ments relative to the simulations. However, the higher order
(£3, +5,...) sideband patterns are reproduced remarkably
well. For internuclear distance measurements, we conse-
quently suggest selecting 7., = T Sufficiently large, so that
at least the +3, +5 and +7 sidebands are present in the CT
2Q-1Q spectra.

To assess the sensitivity of the CT 2Q sideband pattern for
the purpose of estimating the !'B-!'B dipolar coupling by
and hence the B-B internuclear distance ry, we performed a
series of numerical simulations for T, = 7T, = 480 us by
varying the dipolar coupling constants in steps of 20 Hz be-
tween —3619 and —1699 Hz. In each case we fitted one over-
all scaling factor of the complete sideband pattern by
minimizing the sum-square deviation S between the simu-

RIGHTSE LI MN iy

Fig. 5. Integrated odd-order CT 2Q spinning sideband amplitudes
obtained in bis(catecholato)diboron for different time intervals Texc =
Tree: (@) and (b) 160 ps, (¢) and (d) 320 ps, and (e) and (f) 480 ps.
The left column (a), (c), and (e) show experimental integrals,
whereas the right column (b), (d), and (f) display numerically simu-
lated sideband amplitudes for an ''B—!''B dipolar coupling of

bj/2m = -2619 Hz, which corresponds to an internuclear distance of
167.8 pm provided by single-crystal XRD.%

Experiments Simulations
(@) (b)
| L[]
(© @)
I .
(e) f)
| | .

9 -7-5-3-1 1 357 9 9 -7-5-3-1 1 357 9
2Q sideband order

lated and experimental (+3, +5, +7, +9) integrated sideband
amplitudes. The 95% confidence interval was determined by
the set of dipolar couplings for which § < Sy, {1 + F?;25/6},
where Sy, is the sum-square deviation for the best fit and
F*(py,p,) is the upper o probability point of the F' distribution
with p; and p, degrees of freedom.%%-67 We obtained a best fit
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Fig. 6. Odd-order central-transition (CT) double-quantum (2Q)
spinning sideband amplitudes obtained in bis(catecholato)diboron
for Texe = Tree = 480 ps. Left column (a), (¢), and (e): Blue/grey
sticks depict the experimental integrals. Black sticks represent nu-
merically simulated sideband amplitudes for different ''B—''B dipo-
lar coupling constants bj/2m: (a) —2439 Hz, (¢) —2579 Hz, and (e)
—2699 Hz. Right column (b), (d), and (f): Simulated sideband am-
plitudes for bj/2m = —2619 Hz and different quadrupolar coupling
constants Cq: (b) 2.7 MHz, (d) 2.1 MHz, and (f) 3.5 MHz.
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of -2579 (+70, —60) Hz for the '"B-!'B dipolar coupling
constant in bis(catecholato)diboron, which corresponds to
a solid-state NMR-determined distance of 169.6 (+1.6,
—1.3) ppm. These results are in excellent agreement with
the values determined by X-ray diffraction, -2619 Hz and
167.8 pm, respectively. The best fit simulations of the CT
2Q sideband amplitudes are shown in Fig. 6¢ together with
the experimental results.

In the right column of Fig. 6, the numerically simulated
results from varying the quadrupolar coupling constant reveal
very weak effects on the sideband amplitudes. This also ap-
plies if the quadruplar coupling constants of the two !B sites
are different. Further, omitting the CSA interactions has even
less bearing on the sideband patterns (data not shown). Nu-
merical simulations (to be presented elsewhere) indicate that
the quadrupolar coupling orientations, as well as the magni-
tude and orientation of the CSA tensor, only have relatively
minor influences on the CT 2Q sideband pattern. However,
because of these small effects, we conservatively state a final
confidence interval for the estimation of the 'B-!!B dipolar
coupling constant in bis(catecholato)diboron that is twice the
one found by the least-squares analysis. Therefore, we could re-
liably estimate the 'B-!!B dipolar coupling constant as 2579
(+140, —120) Hz, corresponding to a solid-state NMR deter-
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mined B-B distance of (169.6 + 3) pm. Figures 6a and 6e
show the experimental integrated CT 2Q sideband amplitudes
together with the numerical simulations for the upper and lower
bounds in the estimated dipolar coupling constant, i.e., —2439
and 2699 Hz, respectively. This confirms that the higher or-
der (3, +5, ...) sideband amplitudes clearly constitute sensi-
tive measures of the homonuclear dipolar coupling. The
relative uncertainty of our estimation is about +5% in the
HB-URB dipolar coupling constant and about +2% in the in-
ternuclear B-B distance.

Wi et al.%19 reported a recoupling-derived interatomic dis-
tance in the related bis(pinacolato)diboron complex, which
also features two directly bonded boron atoms. Their ap-
proach utilized magnetization transfers under a 2Q dipolar
Hamiltonian effected by the 2Q-HORROR technique? in the
absence of 2QF. At the expense of significantly reduced
NMR signal-to-noise, the explicit 2QF employed herein is
advantageous for spin pairs where the recoupled isotope is
not 100% naturally abundant (e.g., !'B), as it ensures that
only one pair of the targeted spins need to be considered in
the numerical simulations involved in the distance analysis.
Similar issues apply for Duer’s 3QMAS-based strategy.* Be-
sides this favorable feature of the present technique, we ex-
pect that its accuracy and resolution of the distance estimates
provided will be at least as good as the methods presented in
refs. 4, 10, and 43.

Concluding remarks

In this contribution, we have demonstrated that CT 2Q
sideband NMR spectroscopy has great potential for estimat-
ing the internuclear distances between half-integer spin quad-
rupolar nuclei. We showed that for the !B spin pair of bis
(catecholato)diboron, the amplitudes of higher odd-order
(+3, +5,...) double-quantum rotor-encoded spinning side-
bands could be reproduced very well by numerical simula-
tions and constitute sensitive probes of the homonuclear
BB dipolar interaction. This resulted in an estimation of
the "B-!'B dipolar coupling constant in bis(catecholato)di-
boron to —2579 (+140, —120) Hz (approx. +5%), correspond-
ing to an internuclear solid-state NMR-determined B-B
distance of (169.6 + 3) pm (approx. +2%). This value is in
excellent agreement with the single-crystal XRD-determined
distance of 167.8 pm.®* Our estimation of the uncertainties
is conservative and takes into account that the exact size and
orientation of the quadrupolar tensor has a weak influence on
the CT 2Q sideband amplitudes. As a result, our approach is
directly applicable for readily distinguishing between scenarios
involving (for instance) single or double-bonded B-B motifs.%8

Whereas the present work has provided one of very few
examples of internuclear distance measurements in pairs of
directly bonded quadrupolar spin-3/2 nuclei,”!0 this approach
is neither limited to strong dipolar couplings nor spin-3/2
systems. In a forthcoming publication we will present analyt-
ical expressions facilitating the 2Q spinning-sideband analy-
sis and demonstrate the determination of much weaker
homonuclear dipolar couplings among quadrupolar nuclei,
such as Na and 27Al, in the more commonly encountered
context of inorganic network materials. Further, extensions of
this work for determining heteronuclear dipolar interactions
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involving half-integer quadrupolar nuclei’*%70 are in prog-
ress in our laboratories.
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