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Magic-angle spinning (MAS) NMR spin-echo dephasing is systematically investigated for the spin
| = 3/2 B nucleus in lithium diborate, Li,0.2B,05. A clear dependence on the quadrupolar
frequency (a)gAS 121 = 3Cq/[4l (21 —1)]) is observed: the B3 (larger Cyp) site dephases more slowly
than the B4 site at all investigated MAS frequencies (5 to 20 kHz) at 14.1 T. Increasing the MAS
frequency leads to markedly slower dephasing for the B3 site, while there is a much less evident
effect for the B4 site. Considering samples at 5, 25, 80 (natural abundance) and 100 % *'B isotopic
abundance, dephasing becomes faster for both sites as the !B isotopic abundance increases. The
experimental behaviour is rationalised using density matrix simulations for two and three dipolar-
coupled B nuclei. The experimentally observed slower dephasing for the larger Cq (B3) siteis
reproduced in all simulations and is explained by the reintroduction of the dipolar coupling by the
so-called “ spontaneous quadrupolar-driven recoupling mechanism” having a different dependence
on the MAS frequency for different quadrupolar frequencies. Specifically, isolated spin-pair
simulations show that the spontaneous quadrupolar-driven recoupling mechanism is most efficient
when the quadrupolar frequency is equal to twice the MAS frequency. While for isolated spin-pair
simulations, increasing the MAS frequency leads to faster dephasing, agreement with experiment is

observed for three-spin simulations which additionally include the homogeneous nature of the
homonuclear dipolar coupling network. First-principles calculations, using the GIPAW approach,
of the 2J;15 115 couplings in lithium diborate, metaborate and triborate are presented: a clear trend
is revealed whereby the 2J;;5.115 couplings increase with increasing B-O-B bond angle and B-B
distance. However, the calculated 2J;45.115 couplings are small (0.95, 1.20 and 2.65 Hz in lithium
diborate), thus explaining why no zero crossing due to J modulation is observed experimentally,
even for the sample at 25 % !B where significant spin-echo intensity remains out to durations of

~200 ms.

I ntroduction

Solid-state magic-angle-spinning (MAS) NMR experiments,
that use J couplings to establish two-dimensional through-
bond homonuclear correlations, e.g., TOBSY,*? refocused
INADEQUATE,*® and double-quantum (DQ) filtered- or
sensitive absorptive refocused (SAR)- COSY®’ are being
increasingly widely utilised for spin | = 1/2 nuclei, e.g., *C,
BN, F, 25j, and 3'P. Spectra have been presented for a
variety of organic and inorganic systems, e.g., celluloses,®®
phosphates,®° a Cq, fullerene,'* molecules exhibiting NH...N
hydrogen bonding,**® a surfactant-templated silicate layers,**
and afluorinated hydroxy-silicate.®

While approximately two-thirds of all NMR-active nuclei
are quadrupolar (I > 1), there are very few examples of solid-
state NMR experiments that utilise, observe or probe J
couplings between two half-integer quadrupolar nuclei.’®

50 SpeCIflcaHy, Spllttlngs due to l‘]llB»llBi 1JllB-l4N and 1J55Mn-
sswn couplings have been observed in MQMAS spectra,'’
while heteronuclear 2’Al-Y'O spectra have been presented for
experiments that rely on J;70.074 couplings for coherence
transfer,’®® and the 270170 coupling in O-labelled

ss glycine.HCl has been determined from MAS spin-echo
experiments.”® To the best of our knowledge, there are no
published examples of two-dimensional MAS homonuclear J
correlation experiments for quadrupolar nuclei. It is to be
noted, however, that through-space dipolar couplings between

e quadrupolar nuclei have been used to establish two-
dimensional homonuclear correlations, e.g., spin-diffusion
exchange experiments or double-quantum or higher multiple-
quantum (MQ) experiments.??

This paper sets out to determine whether J homonuclear

es correlation  experiments are feasible for half-integer
quadrupolar nuclei by investigating, both experimentally and
in simulation, spin-echo dephasing for the half-integer
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quadrupolar nucleus, ™B (I = 3/2), in the model
polycrystalline compound, lithium diborate, Li,0.2B,0;. 'B
is an important nucleus for solid-state NMR applications to
materials science with MAS as well as high-resolution
methods such dynamic-angle spinning (DAS), double rotation
(DOR) and MQ MAS experiments and 2D exchange and
heteronuclear experiments having been performed for, e.g.,
vitreous B,03°*?® borate and borosilicate glasses,?"%
including potential hosts for nuclear waste immobilisation,®
%2 BN and BCN ceramics and precursors, organoboron
compounds®**8 and boranes of interest for hydrogen storage.®

Edén and Frydman have previously shown how the
interplay of dipolar and quadrupolar interactions affect 'B
lineshapes*® and two-dimensional B-"B spin-diffusion
experiments.*! For two dipolar-coupled spin | = 1/2 nuclei, the
well-known rotational-resonance phenomena arise from the
non-commutation (and hence incomplete refocusing under
MAS) of the homonuclear dipolar coupling and the chemical
shift anisotropy (CSA).*** In analogy to this, Edén and
Frydman have introduced the term “spontaneous quadrupolar-
driven recoupling” for the incomplete removal by MAS of the
homonuclear dipolar coupling between two quadrupolar (I >
1/2) nuclei that arises from the non-commutation of the
dipolar and quadrupolar couplings. This analysis builds upon
work by Gan and Robyr* and Facey et al.* for the case of a
dipolar coupling between two 2H (spin | = 1) nuclei.

Specifically, Edén and Frydman have shown by simulation
and experiment that the central-transition linewidth can
depend on the MAS frequency, and can even be observed to
increase as the MAS frequency is increased (see Fig. 3 of
Ref.% for Li (spin | = 3/2) NMR of Li,SO,, LiOH.H,0 and
Li,C,0, and ™Br (spin | = 3/2) NMR of KBr). Facey et al.
have shown that line broadening is also observed in 2H (spin |
=1) MAS NMR spectra of strongly dipolar coupled deuterium
pairs in transition metal dihydrides.”® (Note that for the case
of an isolated half-integer quadrupolar nucleus experiencing
only the quadrupolar interaction, the linewidth is independent
of the MAS frequency.) Defining the quadrupolar frequency*®
as wy" = 3n Col[2l (21 —1)],i.e., 0™ /2n = Cgl4 for | =3/2,
maximum experimental line broadening in the 'Li MAS
spectra presented in Fig. 3 of Ref.*’ is observed when g™ /o
~ 2. (Note that Edén and Frydman use a parameterisation in
terms of yo = 21 Co/[21 (21 — 1)1, i.e., xq = (2/3) wy™, hence
Ref.*® states that the maximum line broadening is observed
when yq /o, =1.2-1.3.)

This lineshape broadening due to quadrupolar-driven
recoupling is most pronounced for two coupled nuclei with
identical isotropic chemical shifts (e.g., see Fig. 6 of Ref.*°).
This is analogous to n = 0 rotational-resonance as observed in
spin | = 1/2 MAS experiments for the case where two dipolar-
coupled nuclei have the same isotropic chemical shifts.4"-°
The simulations in Ref.*° also show a dependence on the
relative orientation of the three tensors (the quadrupolar
tensors for the two spins and the internuclear vector that
defines the dipolar coupling), with an enhanced effect for a
mutually perpendicular arrangement. Note that a quadrupolar-
driven recoupling effect is observed for the case of parallel
quadrupolar tensors (that are not colinear with the dipolar
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coupling); this is different to the spin | = 1/2 n=0 rotational
resonance effect, where no effect is observed if the two CSA
tensors are parallel 4243

In this study, the effect of *'B-'B dipolar couplings on *'B
spin-echo dephasing is investigated using samples of
polycrystalline lithium diborate, Li,0.2B,0O;, with three
different degrees of *'B depletion/enrichment: 5%, 25% and
100%. (At natural abundance, 80% of boron nuclei are !B,
with the remainder (20%) being °B.). The experimental
results are complemented by two- and three-spin density-
matrix simulations and first-principles calculations of the 2Jgg
couplings.

Experimental and computational details
Synthesis of lithium dibor ate samples

Polycrystalline lithium diborate, Li,0.2B,0O; a natura
abundance in 'B was prepared by mixing together 4.369 g of
lithium carbonate (Alfa Aesar #013418, 99 %) and 8.233 g of
boron oxide (Alfa Aesar #089964, 99.98 %). After agitating the
mixture to ensure homogeneity, the reactants were transferred to
a platinum-rhodium crucible and placed in a normal-atmosphere
electric furnace at 100 °C. The temperature was ramped at 5 °C/
min for 3 h to 1000 °C. This temperature was chosen as it is
above the congruent melting temperature of lithium diborate (917
+ 2 °C).%! After 20 min at 1000 °C, the melt was poured onto a
room-temperature steel plate.

Li2C03 + 28203 b d LI2028203 + C02

Polycrystalline lithium diborate samples with varying
degrees of !B depletion/enrichment were prepared by mixing
lithium carbonate (Sigma-Aldrich #255823, 99 %), boric-'°B
acid (Sigma-Aldrich #426156, 99%) and boric-''B acid
(EaglePicher  #BI-EV-95-10, 99.3%) in the correct
stoichiometric ratio: for 100% !B, 3.651 g !B(OH); & 1.087
g Li,COs; for 25% B, 1.486 g 'B(OH)3, 4.388 g 1°B(OH); &
1.771 g Li,CO;g; for 5% 'B, 0.299 g 'B(OH),;, 5.584 g
19B(OH); & 1.779 g Li,CO;. The reagents were thoroughly
mixed in a gold (5%)-platinium crucible and placed in a
normal-atmosphere electric furnace at 1000 °C. After 15 min,
the crucible was removed and weight-loss measurements were
performed to check that the expected reaction had occurred.
The crucible was returned to the furnace at the higher
temperature of 1100 °C to decrease the viscosity of the melt
before pouring. After 5 min, the melt was poured onto a room-
temperature steel plate and allowed to crystallise.

Li,CO; + 4B(OH); — Li,0.2B,05 + CO, + 6H,0

For al samples, crystallinity and phase purity were checked by
Raman spectroscopy and powder X-ray diffraction (see Fig. S1in
the ES).

Solid-state NM R experiments

1B MAS experiments were performed on a Bruker Avance
I+ spectrometer at a Larmor frequency of 192.53 MHz
(corresponding to a *H Larmor frequency of 599.98 MHz),
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using a 3.2 mm probe. 1'B chemical shifts were referenced to
the primary reference, boron trifluoride diethyl etherate,
BF,.Et,0,% using sodium borohydride, NaBH,, (-42.06 ppm)
as a secondary reference.®

Spin-echo experiments were performed using a 90° — 1/2 —
180° — 1/2 — tyq pulse sequence, where the t/2 durations are
an integer number of rotor periods. Except where otherwise
stated, the central-transition selective 90° and 180° pulses
were of duration 12.5 and 25 ps, respectively. The selection of
the +1 to —1 coherence-transfer pathway was achieved by a
16-step phase cycle that selected Ap = +1 (4 steps) and Ap =
+2 (4 steps) on the 90° and 180° pulses, respectively. The
application of the pulse sequence was preceded by a pulse
comb, consisting of thirty-three 90° pulses of duration 2.1 ps
separated by free-precession periods of 11 us, followed by a
relaxation delay of 32 s.

For all spin-echo experiments, the magic angle was set by
maximising the number of spinning sidebands in a "°Br
spectrum of KBr. This enables the angle to be set to within
better than 0.1° of the magic angle.® While more accurate
setting of the magic angle can be achieved, that is important
for, e.q., satellite-transition (ST) MAS experiments®™>® or the
observation of very-narrow *C CP MAS resonances,” this is
sufficient to avoid noticeable effects on spin-echo dephasing
times due to changes in satellite transition rotational
resonance conditions® or the introduction of residua dipolar
couplings.>-¢°

The spin-echo intensities were obtained by taking, after
Fourier transformation, integrals over the chemical shift
range: 20 to 6 ppm for the B3 site and 6 to —3 ppm for the B4
site. Integration is necessary to ensure that, for the case of
modulation by a J coupling, only in-phase lineshapes with a
cosine spin-echo (t) modulation are considered, i.e., there is
no contribution from anti-phase lineshapes which have a sine
spin-echo (t) modulation. The first recorded integrated spin-
echo intensity, corresponding to one rotor period, was
normalised to one. Errors on the fitted parameters are

determined from the covariance matrix, as described in Ref.
61

Density-matrix simulations

Spin-echo  dephasing curves were simulated using
pNMRsim.%? Evolution under the combined effect of the
dipolar coupling and the quadrupolar coupling (with zero
asymmetry parameter) during the rotor-synchronised spin-
echo periods was simulated explicitly in the density-matrix
formalism using the Liouville-von Neumann equation,®%
starting with an initial state of x magnetisation on the two-
coupled spins. (The ESI shows that second-order quadrupolar-
dipolar and quadrupolar-CSA cross terms*’®”® gre small, and
they are thus not included in the simulations.) Evolution
during the 180° pulse was not explicitly considered, rather
perfect +p to —p coherence transfer was simulated by simple
exchange of density matrix elements. This ensures that the
block diagonal nature of the density matrix is maintained
throughout, allowing time-efficient simulation.®*®® The
resulting signal was read out by using a detection operator
corresponding to central-transition single-quantum coherence

a

=}

=}

<}

(p = -1). Powder averaging was performed over a tota of
2400 different values of the a, B and y angles according to the

00 ZCW scheme.”®"? The details of the approach used for the

efficient simulation of spin-echo signals, together with a
sample input file, are presented in the ESI.

First-principles calculation of 2Jgg couplings

First-principles calculations were performed using the
CASTEP software package, which implements density-
functional theory using a plane-wave basis set and the
pseudopotential approach, and is thus applicable to periodic
systems. Magnetic resonance parameters were calculated
using the GIPAW"®7® approach which enables the calculation
of chemical shifts, electric field gradients and J couplings.
Calculations were performed using the experimental X-ray
diffraction crystal structure of lithium diborate (ICSD
reference code: 65930), as well as geometry optimised
(CASTEP) structures (both at X-ray diffraction and optimised
lattice parameters). The resulting NMR parameters were
found to be rather similar — for example, the maximum change
in the calculated isotropic J coupling on performing a full
variable cell optimisation was 0.2 Hz for 2J;3.1;5 and 1 Hz for
1J11.170. Calculated values reported in this article used the
experimental X-ray diffraction crystal structure. All
calculations used the Perdew-Burke-Ernzerhof (PBE)
implementation of the generalized gradient approximation to
the exchange-correlation functional.”” Geometry optimisation
used ultra-soft pseudopotentials,”® and a plane-wave cut-off of
600 eV and a maximum k-point spacing of 0.1 A7l
Calculations of all NMR parameters used Trouiller-Martins
norm-conserving pseudopotentials’® with a plane-wave cut-off
of 1000 eV and a k-point spacing of 0.1 A~%. The J couplings
are computed by considering one nucleus as a perturbation;
this breaks translational symmetry and for small primitive
cells it can be necessary to multiply the size of the original
crystal unit cell until the values of the couplings are
converged. It was found that the primitive cell of lithium
diborate was of sufficient size to give well converged J
coupling without needing to consider such a supercell. The
calculation time for the J couplings was 4 hours on a dual-
quad core Intel E5540 (253 GHz) a the Oxford
Supercomputer Centre.

Experimental results

1B-1B dipolar couplingsin lithium diborate

As shown in Fig. 1, crystalline lithium diborate exhibits
superstructural diborate units.® Each diborate unit consists of
two three-coordinated boron atoms and two four-coordinated

10s boron atoms. Boron—boron distances are presented in Table 1,

which aso lists the corresponding homonuclear 'B-'B
dipolar coupling constants, dj,

2
d, = _L’mgh /2;7 @
Arr,

This journal is © The Royal Society of Chemistry [year]
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Fig. 1 Schematic representation of the diborate units in the crystal
structure of lithium diborate.* Three- and four-coordinated boron atoms
are shown in blue and green, respectively, while oxygen atoms are red.
The labelling of boron and oxygen atoms as used in Tables 1 and 5,
respectively, isindicated.

o

The root-sum-squared dipolar coupling is defined (see egns.
3 and 6 of Ref. 8 as:

d.= /pdek ©
j=k

o where p is the probability that a boron nucleus is the 'B
isotope. For p = 1, corresponding to 100% *'B enrichment, d«
equals 1.613 and 1.818 kHz for the B3 and B4 sites,
respectively (considering boron atoms out to 10 A).

Table 1 Boron-boron distances® and corresponding *'B-"'B dipolar
coupling constants as determined for the crystal structure of lithium
diborate®™

1

o

Nuclei Separation / A di/ Hz
B4(1)-B4(2) 2.36 937
B3(1)-B4(1) 2.44 -848
B4(2)-B3(2) 2.44 -848
B3(1)-B4(2) 2.49 -801
B4(1)-B3(2) 2.49 -801
B3’(1)-B4(2) 2.50 -791
B4(1)-B3°(2) 2.50 -791
B3(1)-B3(2) 3.58 -269

@ Bracketed numbers are used to differentiate between different boron
atoms in the same superstructural diborate group (see Fig. 1). B4-B4 and
B4-B3 distances up to 2.50 A are listed, noting that each B3 has a B-O-B
connectivity to aB4 in adifferent superstructural group and vice versa.
The shortest B3-B3 distance is tabulated.

2

S

In this paper, experimental data is presented for lithium
diborate samples with four different degrees of ‘B isotopic
abundance (5%, 25%, 80% and 100%). Table 2 presents the
probabilities of a B3 B nucleus having 0, 1, 2, or 3 'B
neighbours and a B4 B nucleus having 0, 1, 2, 3, or 4 'B
neighbours for these B isotopic abundances. The reduced
probability of 'B-1'B dipolar coupling for less than 100% B
w0 isotopic abundance is reflected in the Vp scaling in eqn (2):

For 5%, 25% and 80% (natural abundance) 'B, the root-sum-

squared dipolar couplings are reduced to 22% (p = 0.05), 50%

(p = 0.25) and 89% (p = 0.80) of the values stated above.

2!

a

Table 2 The probability of athree- and four- coordinate 'B nucleus being
35 connected (via B-O-B bonds) to agiven number of 'B nuclei®

- Site Zero One Two Three Four
5% B3 85.7% 13.5% 0.7% 0.0%
5% B4 81.5% 17.1% 1.4% 0.0% 0.0%
25% B3 42.2% 42.2% 14.1% 1.6%
25% B4 31.6% 42.2% 21.1% 4.7% 0.4%
80% B3 0.8% 9.6% 38.4% 51.2%
80% B4 0.2% 2.6% 15.4% 41.0% 41.0%
100% B3 - - - 100%
100% B4 - - - - 100%

3 Connectivity probabilities as for crystalline lithium diborate,*® where
each boron forms only B-O-B bonds to other boron atoms.

"B MASNMR spectra of lithium diborate

B (141 T) MAS (10 kHz) NMR spectra of the four
« polycrystalline lithium diborate samples with different
degrees of !B isotopic abundance are compared in Fig. 2. The
narrow lineshape at ~2 ppm and the second-order quadrupolar
broadened site centred at ~14 ppm are assigned to the B4 and
B3 sites, respectively, for which the quadrupolar parameters
s are Cq = 0.5 MHz and ng = 0.5 (B4) and Cq = 2.60 MHz and
no = 0.2 (B3).2% Increasing 'B isotopic abundance |eads to
a broadening of both resonances that is most evident for the
B4 site that exhibits negligible second-order quadrupolar
broadening. This !B isotopic abundance dependent
s broadening is a consequence of MAS not fully averaging to
zero over one rotor period the evolution under multiple
homonuclear dipolar couplings, with this being due to the
non-commutation of the dipolar Hamiltonian with itself at
different times* — this effect is well known in *H MAS
ss NMR.818+85 For the B4 peak at ~2 ppm, it is evident that there
is not a smooth change in the linewidth upon increasing 'B
isotopic abundance, with the 5% and 25% vs. 80% and 100%
linewidths being similar. We presume that this difference lies
in the non-linear dependence of the local homonuclear
s coupling strength on the degree of 'B isotopic enrichment/
depletion: in the 5 and 25% samples, the probability of a B4
site having two or more direct B neighbours is less than
30%, while it is close to or equal to 100% for the 80 and
100% samples (see Table 2).

5% "B

100% "B

20 10 4 0
& ppm
Fig. 2 "B (141 T) MAS (10 kHz) one-pulse spectra of samples of
polycrystalline lithium diborate with varying degrees of ™B isotopic
abundance: 5 % (red), 25 % (orange), 80 % (natural abundance, green)
and 100 % (blue). 32, 24, 8 and 16 trans ents were coadded using recycle
70 delays of at least 60 s and a small flip angle. The B probe background
signal was removed by subtracting the spectrum acquired for an empty
rotor with identical experimental settings. Spectra are normalised to the
same vertical height.

210
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B MAS NMR spin-echo dephasing curves for lithium
diborate

This section considers 'B MAS NMR spin-echo experiments
performed at 14.1 T for polycrystalline lithium diborate. At
s this magnetic field, the B3 and B4 lineshapes are resolved
(see Fig. 2), such that separate dephasing behaviour can be
determined for the B3 and B4 sites. Fig. 3 compares the spin-
echo dephasing behaviour at 20 kHz MAS for samples with
three different degrees of B isotopic abundance: 5%, 25%
10 and 100%, while Fig. 4 compares the spin-echo dephasing
behaviour of the 100% 'B sample at MAS frequencies of 5,
10, 16, and 20 kHz.
Tables 3 and 4 present best fits of the spin-echo data in
Figs. 3 and 4, respectively. Specifically, it is found (see Fig.
15 S2 in the ESI) that the data is better fit to a bi-exponential
function as compared to a mono-exponential function, i.e.,

S(z) = A(pe™™ +(1- p)e ™)

where the parameter p corresponds to the proportion of the

2 faster dephasing component (T,,<T,,). In order to quantify
the observed trends in Figs. 3 & 4, Tables 3 and 4 list a
composite T,,.,, that is defined as:

©)

Tyarny = PToa + (= P)T,, (4)
It is to be emphasised that a bi-exponential fit is a
s phenomenological description of the underlying coherent spin
dynamics in the powder-averaged dipolar coupled multi-spin
systems.®! In this context, it is to be noted that quadrupolar T,
relaxation is also expected to be multi-exponential in the solid
state,® as discussed recently in the context of YO (I = 5/2)
2 MAS exchange experiments.®” We aso note that bi-
exponential relaxation (attributed to the central and satellite
transitions) is observed in solution-state NMR of half-integer
quadrupolar nuclei if there is restricted motion such that the
motional correlation times are comparable to or larger than
= the inverse of the Larmor frequency.88%°

Table 3 Fit parameters® for spin-echo dephasing curves for
polycrystalline lithium diborate with varying degrees of *B abundance
(20 kHz MAS, see Fig. 3)

Site B A p T./ms Tylms Ty, /ms
B3 5% 1.04+0.02 0.23+0.02 0.6+0.1 92.7+6.6 715

B3 25% 0.98+0.01 0.11+0.02 7.8+2.1 51.8+1.6 47.0

B3 100% 1.02+0.01 0.20+0.05 2.2+0.7 12.1+0.7 10.1

B4 5% 1.02+0.02 0.29+0.04 19+0.6 37.2+4.2 27.0

B4 25% 1.03+0.01 0.35+0.02 1.6+0.1 19.0+0.7 12.9

B4 100% 1.07+0.02 0.90+0.07 1.9+0.2 12.4+99 3.0

40 * Fit to the bi-exponential function in egn (3), with T, defined in egn
4.

Considering the experimental spin-echo dephasing curves
in Figs. 3 and 4 and the fits in Tables 3 and 4, the key
observations are:

45

50

5

@

60

65

e The B3 (larger Cp) site dephases more slowly than the B4
site (smaller Cg) at al investigated MAS frequencies.

e  Dephasing becomes faster for both B3 and B4 sites as the
g isotopic abundance increases.

e Increasing the MAS frequency leads to markedly slower
dephasing for the B3 site, while there is a much less evident
effect for the B4 site.

1.0-r a)
<
osl \\
5% "B

g0 |
51.0- b)
=
ke
2
©
50.57
§ol
[
. 25% "B
(3]
2 0
g10
510 ©)
pd

0.5} B3

0 100%118,.

0 10 20 30 40 50
T/ ms

Fig. 3 B (14.1 T) MAS (20 kHz) spin-echo (90° — /2 — 180° — 1/2 —
tacq) dephasing curves for samples of polycrystalline lithium diborate with
varying degrees of 'B isotopic abundance: (a) 5%, (b) 25%, and (c)
100%. 640 (5%), 384 (25%) and 96 (100%) transients were coadded for
each spin-echo duration, t. For both B3 (blue) and B4 (green) sitesin al
samples, the signal-to-noise ratio for this first point was at least 100:1.
Best fits to the bi-exponentia function in egn (3) are shown as solid lines
(see Table 3).

Table 4 Fit parameters® for spin-echo dephasing curves for
polycrystalline lithium diborate with 100% B abundance at varying
MAS frequencies (see Fig. 4)

MAS/

site "1 A p Taims Tyims Ty,./ms
B3 5 1.19+0.01 0.79+0.12 2.0+0.2 5.8+1.8 2.8
B3 10 1.04+0.01 0.53+0.19 3.8+0.8 10.3+2.1 6.9
B3 16 1.02+0.01 0.52+0.13 4.8+0.8 13.6+1.8 9.0
B3 20 1.02+0.01 0.20+0.02 2.2+0.7 12.1+0.7 10.1
B4 5 1.29+0.04 0.95+0.07 1.6+0.2 9.4+12.5 2.0
B4 10 1.11+0.02 0.88+0.10 2.2+0.3 11.4+8.7 3.3
B4 16 1.08+0.02 0.90+0.08 2.1+0.3 13.8+12.6 3.3
B4 20 1.07+0.02 0.90+0.07 1.9+0.2 12.4+9.9 3.0

2 Fit to the bi-exponential function in egn (3), with
4.

Tyas definedin egn

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 "B (14.1 T) spin-echo dephasing curves for a sample of
polycrystalline lithium diborate with 100% ™B isotopic abundance,
recorded at MAS frequencies of: (a) 5 kHz, (b) 10 kHz, (¢) 16 kHz and
(d) 20 kHz. 96 transients were coadded for each spin-echo duration, t. For
both B3 (blue) and B4 (green) sites in al samples, the signal-to-noise
ratio for this first point was at least 200:1. Best fits to the bi-exponential
function in egn (3) are shown as solid lines (see Table 4).

Simulations of spin-echo dephasing

With the aim of understanding the experimentally observed
phenomena, this section presents density-matrix simulations
of spin-echo dephasing curves for, first, an isolated pair of
dipolar-coupled B nuclei and, second, an equilateral triangle
arrangement of three dipolar-coupled 'B nuclei. For the first
case of two dipolar-coupled B nuclei, the simulations show
the effect of changing the MAS frequency for the spontaneous
quadrupolar-driven recoupling mechanism. The three-spin
simulations provide insight into the actual experimental
situation for 'B NMR of lithium diborate, where there is a
competing effect of the non-commutation of multiple dipolar
couplings.

Simulations of isolated pairs of dipolar-coupled B nuclei

Fig. 5 presents simulated spin-echo dephasing curves at
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different MAS frequencies (from 5 to 20 kHz) for pairs of
dipolar-coupled B nuclei, where Cq, equals (a,c,e,g) 2.6 MHz
and (b,d,f,h) 0.5 MHz, as in the case of the B3 and B4 sitesin
lithium diborate, respectively. Simulations are presented for
the consideration of the quadrupolar interaction as (a-d) a
first- or (e-h) a second-order perturbation of the Zeeman
Hamiltonian. In (a,b) and (e,f), the quadrupolar tensors for the
two spins were co-linear and perpendicular to the dipolar
tensor (i.e., the internuclear vector), while in (c,d) and (g,h),
the two quadupolar tensors were perpendicular with respect to
each other and to the dipolar tensor — thisisillustrated in Fig.
5i.

The following observations are apparent from a
consideration of the simulated spin-echo dephasing curves in
Fig. 5. Comparing the simulations for different MAS
frequencies, faster dephasing is observed upon increasing the
MAS frequency from 5 to 20 kHz. This is the opposite trend
as compared to the above experimental behaviour — this is
further considered below in the discussion of three-spin
simulations. When comparing analagous simulationsin Fig. 5,
it is evident that faster dephasing is always observed for the
B4 as compared to the B3 site. This latter observation is in
agreement with the experimental behaviour. (In addition, Fig.
S6 in the ESI shows that increasing the dipolar coupling, di,
leads to a faster dephasing.)

The simulated spin-echo dephasing curves in Fig. 5 are
different for the case of first- and second-order quadrupolar
interactions, with the differences being more pronounced for
the larger-Co B3 site, where there is evident second-order
quadrupolar broadening of the B MAS NMR lineshape (see
Fig. 2). Specifically, for the B3 simulations (compare Fig. 5a
& 5e and 5¢c & 5g), the dephasing is noticeably slower when
second-order quadrupolar effects are considered. In this
context, we note that, for the case of first-order quadrupolar
interactions, simulations including and omitting the spin-echo
180° pulse are identical. In other words, the spin-echo
simulations are identical to simulations of the NMR signal due
to the evolution of transverse magnetisation as created in a
one-pulse experiment. Thus, for first-order quadrupolar
interactions, the spin-echo simulations will exactly reproduce
the trends observed by Edén and Frydman for the case of 'B
MAS lineshapes.®® This observation is not surprising given
that the first-order quadrupolar Hamiltonian is bilinear in the
spin operator, |, and is thus invariant under a 180° pulse. (The
first-order quadrupolar coupling can be refocused in a
quadrupolar echo experiment, 90, — © — 90, — ©.°**") By
contrast (as shown in Fig. S7), including the spin-echo 180°
pulse has a very marked effect when second-order
quadrupolar effects are considered, since otherwise the signal
dephases rapidly under the influence of the anisotropic
second-order quadrupolar broadening.

Given the difference between the B3 and B4 casesin Fig. 5,
it isinformative to investigate further by simulation the effect
of the magnitude of the quadrupolar interaction on the rate of
spin-echo dephasing. As a measure of the degree of spin-echo
dephasing, we use here the simulated spin-echo intensity at t
= 0.55 ms, where the first point (corresponding to T = 0 ms) in
each simulated curve is normalised to unity. In this way,
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faster dephasing corresponds to a smaller nhumber, while no
dephasing corresponds to a value of 1. Specificaly, Fig. 6
plots the degree of spin-echo dephasing for different
quadrupolar coupling strengths at a MAS frequency of 20
kHz. Note that when )™ /2n = Cq = 0, there is no dephasing
since MAS perfectly refocuses, over a complete rotor period,
the evolution due to a dipolar coupling alone for the case of a
pair of nuclei.
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Fig. 5 Simulated (14.1 T) spin-echo dephasing curves for a pair of
dipolar-coupled (Jdi] = 500 Hz) ™B nuclei with the same isotropic
chemical shift, where Cq equals (a,c,e,g) 2.6 MHz (B3 site) and (b,d,f,h)
0.5 MHz (B4 site). Simulations were performed for MAS frequencies of 5
kHz (red), 10 kHz (orange), 16 kHz (green) and 20 kHz (blue) for
evolution under (a-d) first- or (e-h) second-order quadrupolar interactions
(Mo =0). In (ab) and (gf), the quadrupolar tensors for the two spins were
co-linear and perpendicular to the dipolar tensor (i.e., the internuclear
vector), while in (c,d) and (g,h), the two quadrupolar tensors were
perpendicular with respect to each other and to the dipolar tensor. (i) An
illustration of parallel and perpendicular quadrupolar tensor arrangements
that shows the relative orientation of the largest magnitude component of
the two electric field gradient tensors, V,;, with each other and with the
dipolar coupling tensor, D. For the perpendicular arrangement, V.9 is out
of the plane formed by V" and the dipolar coupling internuclear vector.

Fig. 6 shows four separate curves corresponding to the four
cases in Fig. 5, i.e, first- or second-order quadrupolar
interaction and parallel or perpendicular quadrupolar tensors.
For all four curves, fastest dephasing is observed when
a)g’AS /2w is approximately equal to twice the MAS frequency.
This corresponds to the same condition for observing
maximum line broadening in MAS spectra noted by Edén and
Frydman,> where the mechanism of “spontaneous
quadrupolar-driven recoupling”, i.e., the incomplete removal
by MAS of the homonuclear dipolar coupling between two
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quadrupolar (I > 1/2) nuclei that arises from the non-
commutation of the dipolar and quadrupolar couplings, is
most efficient. The observation that both maximum MAS line
broadening and maximum spin-echo dephasing occur when
a)g’AS /2n is approximately equal to twice the MAS frequency
is unsurprising, since, firstly, the small value of the
quadrupolar frequency for the observed dip corresponds to the
case where second-order quadrupolar effects are negligible
(note that the first- and second-order curves for the same
arrangement of the quadrupolar tensors are overlayed in this
region of the plot), and, secondly, it was noted above that
spin-echo simulations are identical, for first-order quadrupolar
interactions, to simulations of the NMR signal due to the
evolution of transverse magnetisation as created in a one-
pulse experiment. Slightly faster dephasing is observed at this
position of most efficient “spontaneous quadrupolar-driven
recoupling” for a perpendicular as compared to a parallel
arrangement of the quadrupolar tensors — this trend is also
apparent in Fig. 5 — with the same observation having been
made by Edén and Frydman in the context of simulated MAS
line broadening.”’ For wi*/2n > 225 kHz (Cq > 900 kHz),
the consideration of the quadrupolar interaction to second-
order causes a slower dephasing as compared to the case of
considering only the first-order quadrupolar interaction. Note
that the plot in Fig. 6 only goes out to wj" /2r = 375 kHz (Cq
= 1.5 MHZz); at larger quadrupolar frequencies, the difference
becomes more evident (see the above discussion of the B3
casein Fig. 5).

1.0
()]
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[7]
& 15 ]
o
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.‘:0_) L 2]
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» 0 40 100 200 300

w2 | kHz

Fig. 6 The dependence of MAS (20 kHz, 14.1 T) spin-echo dephasing on
the quadrupolar coupling strength, /" /2n (equal to Co/4 for | = 3/2),
simulated for a pair of dipolar-coupled (Jdi = 500 Hz) *'B nuclei with the
same isotropic chemical shift. The degree of spin-echo dephasing is
determined as the smulated spin-echo intensity at © = 0.55 ms: As such, a
smaller value corresponds to faster dephasing, and a value of unity
corresponds to no dephasing. The four lines correspond to first-order
quadrupolar interaction, parallel quadrupolar tensors (red); first-order
quadrupolar interaction, perpendicular quadrupolar tensors (yellow);
second-order quadrupolar interaction, parallel quadrupolar tensors
(green); second-order quadrupolar interaction, perpendicular quadrupolar
tensors (blue).

Fig. 7 shows how the extent of spin-echo dephasing
depends on the MAS frequency in simulations of isolated
pairs of dipolar-coupled B nuclei for four different values of
the quadrupolar frequency and the case of second-order
quadrupolar interaction and perpendicular quadrupolar
tensors. (Fig. S8 in the ESI presents analagous plots for the
first-order limit and/or perpendicular quadrupolar tensors.)
Note that 5™ /2 = 130 kHz and 640 kHz correspond to Cq
= 0.5 MHz and 2.6 MHz, respectively, i.e., the Cq values for
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the B4 and B3 sites in lithium diborate. Considering the
curves for a)g“s /2n = 60 kHz (red) and 130 kHz (orange), it is
evident, as noted above, that fastest dephasing is observed
when the MAS frequency is approximately equal to half the

s quadrupolar frequency, a)g’AS /2n. Remembering that the
fastest MAS frequencies currently experimentally feasible are
less than 100 kHz, different behaviour for these simulations of
isolated spin pairsis observed for small and large quadrupolar
interactions. For sites with small quadrupolar interactions, as

0 the MAS frequency, «, is increased, spin-echo dephasing
becomes faster until w3* ~ 2w, with the dephasing then
becoming slower for further increases in the MAS frequency.
For sites with large quadrupolar interactions, the isolated
spin-pair simulations show minimal dependence of the spin-

15 echo dephasing on the MAS frequency (for -currently
experimentally feasible MAS frequencies of less than 100
kHz).
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Fig. 7 The dependence of spin-echo dephasing on the MAS frequency, as
20 simulated at 14.1 T for a pair of dipolar-coupled (|di| = 500 Hz) B

nuclei with the same isotropic chemical shift. Four different values of the

quadrupolar frequency, /" /2n (equals Co/4 for | = 3/2) are considered.

The plots are for the case of second-order quadrupolar interaction and

perpendicular quadrupolar tensors. The degree of spin-echo dephasing is
25 determined as the smulated spin-echo intensity at © = 0.55 ms.

Simulations of three dipolar-coupled B nuclei

For spin-echo MAS NMR of homonuclear dipolar-coupled
networks of spin | = 1/2 nuclei, it is known that the spin-echo
linewidth decreases (i.e., slower dephasing) as the MAS

» frequency increases, e.g., see Fig. 2 of Ref.®! and Fig. 5 of
Ref.® for 'H and °'P spin-echo MAS NMR experiments,
respectively. To achieve a realistic modelling of the
experimental results, it is necessary to consider a model
system that additionally takes into account the non-

3 commutation of multiple dipolar couplings. Fig. 8, thus,
presents simulated spin-echo dephasing curves for an
equilateral triangle arrangement of three dipolar-coupled 'B
nuclei for MAS frequencies of 5 and 20 kHz. The simulations
are for the case of second-order quadrupolar interactions, with

s the quadrupolar tensors for the three spins co-linear and
perpendicular to the internuclear vectors that define the
dipolar couplings.

A first observation is that faster dephasing is observed for
the smaller-Co B4 site at both MAS frequencies, with the

4 same observation having been made for the isolated spin-pair
simulations presented above. Different behaviour as compared
to the isolated spin-pair simulations is observed, however,
when considering the effect of increasing the MAS frequency.
For the larger-Co B3 site, slower dephasing is evident at 20

s0 KHz MAS as compared to 5 kHz MAS. This is the opposite
trend as compared to the isolated spin-pair simulations in
Figs. 5 and 7, but is in agreement with the experimental
results in Fig. 4 and Table 4. For the smaller-C, B4 site, the
dephasing is similar at 20 kHz MAS as compared to 5 kHz

s MAS, with this distinction between the B3 and B4 site
behaviour again matching the experimental results.
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Fig. 8 Simulated (14.1 T) spin-echo dephasing curves for an equilateral

60 triangle arrangement of three dipolar-coupled (|d;| = 354 Hz for each pair
of B nuclei, such that d, = 500 Hz) "B nuclei with the same isotropic
chemical shift, where Cq equals 2.6 MHz (blue line, B3 site) or 0.5 MHz
(green line, B4 site). Simulations were performed for MAS frequencies of
5 kHz (top) and 20 kHz (bottom) for evolution under second-order

65 quadrupolar interactions (no = 0), where the quadrupolar tensors for the
three spins were co-linear and perpendicular to the plane of the dipolar
tensors (i.e., theinternuclear vectors).

Comparison of experiment and simulation

Experimentally, for B spin-echo MAS NMR of
70 polycrystalline lithium diborate with 100% B abundance
(Fig. 4 and Table 4), it is observed that increasing the MAS
frequency leads to markedly slower dephasing for the B3 site,
while there is a much less evident effect for the B4 site. While
the isolated spin-pair simulations in Fig. 5 show faster
75 dephasing as the MAS frequency is increased, the three-spin
simulations in Fig. 8 show that slower dephasing is observed
for the B3 site as the MAS frequency is increased, with the
rate of dephasing for the B4 site varying little as the MAS
frequency changes. The three-spin simulations are, thus, in
s agreement with experiment, i.e., as expected, the three-spin
system is the more realistic model of the experimental
situation.
There are thus two competing effects that explain the
observed dependence of the spin-echo dephasing rate on the
s MAS frequency. On the one hand, there is the spontaneous
quadrupolar-driven recoupling mechanism as described by
Edén and Frydman®®*!, i.e., the incomplete removal by MAS
of the homonuclear dipolar coupling between two quadrupolar
(I > 1/2) nuclei that arises from the non-commutation of the
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dipolar and quadrupolar couplings. As shown in the isolated
spin-pair  simulations, spontaneous quadrupolar-driven
recoupling is associated with faster dephasing as the MAS
frequency is decreased (for the case here where a)g’AS 2n is
bigger than the fastest MAS frequency). On the other hand,
considering only homonuclear dipolar couplings, increasing
the MAS frequency will lead to slower dephasing. The
different experimental effect for the B3 and B4 sites in
lithium diborate is explained by the different sensitivity of the
spontaneous quadrupolar-driven recoupling mechanism to the
MAS frequency for sites with different quadrupolar couplings.
(Note that the root-sum-squared dipolar couplings, d,s, are
similar for the B3 (1.613 kHz) and B4 (1.818 kHz) sites.)
Specifically, the simulations in Fig. 7 showed that there is a
more pronounced effect associated with changing the MAS
frequency (in the range 5 to 20 kHz) for the case of the B4
site with the smaller quadrupolar coupling. Thus, for the B4
site, where the experimental dephasing rate shows no marked
dependence on the MAS frequency, it seems that the two
competing effects cancel each other out. By comparison, for
the B3 site, the influence of homonuclear dipolar couplings
dominates, and slower experimental dephasing is observed as
the MAS frequency is increased. This differing behaviour is
reproduced in the three-spin simulations that take into account
both the spontaneous quadrupolar-driven recoupling
mechanism and the effect of non-commuting homonuclear
dipolar couplings.

For B spin-echo MAS NMR of crystaline lithium
diborate, faster dephasing is always observed, for the
considered MAS frequencies of 5 to 20 kHz, for the B4 site
that has the smaller quadrupolar coupling. The same
behaviour is observed in two- and three-spin simulations
(compare the yellow and green lines in Fig. 7 that correspond
to the Cq values for the B4 and B3 sites, respectively, in
lithium diborate, as well as Fig. 8) and can only be explained
by the spontaneous quadrupolar-driven  recoupling
mechanism.

Experimentally, it is observed that 'B spin-echo dephasing
times increase as the percentage of 'B decreases (see Fig. 3
and Table 3), as is to be expected due to the decrease in the
effect of the homonuclear dipolar couplings, as quantified by
the Vp dependence of the root-sum-squared dipolar couplings,
diss, in €gn (2). It is to be noted that the longest dephasing
times of ~12 ms for Na (100% natural abundance) NMR of
Na,SO,® and #’Al (100% natural abundance) NMR of
CaAl,0,% and AIPO, berlinite® reported in the literature are
of the same duration as the longest dephasing time obtained
from fits in this paper for lithium diborate at 100 % 'B
abundance sample (see Table 4). The B spin-echo dephasing
times determined here are three to four times shorter than the
30 to 50 ms values observed in spin-echo experiments for the
spin | = 1/2 nucleus *'P (100 % natural adundance, y(*'P)/
y(*'B) = 1.3) in inorganic phosphates for MAS frequencies
between 10 and 20 kHz (see Table 4 in Ref,° Fig. 5 in Ref.'®
and Table 5 in Ref.%). Longer spin-echo dephasing times of
24 to 100 ms have been determined for YO spin-echo MAS
NMR of partialy YO-labelled glycine.HCI and uracil, % with
these longer dephasing times being of the same magnitude as

@

a

1S}

those obtained from fits in this paper for lithium diborate at 5

s and 25% !B abundance sample (see Table 3).

First-principlesNMR calculations of J couplings

There is a growing literature of examples where homonuclear
J couplings are determined from spin-echo MAS NMR
experiments for spin | = 1/2 nuclei such as *3C, *N, ?°Si and

s 31p 101647619398 | these cases, cosine modulation due to a J

coupling leads to clear zero crossings (at t = n/2J, where n =
1, 3,... for a90° — t/2 - 180° — 1/2 — t, pulse sequence)
allowing the J coupling constants to be determined to a high
accuracy. While there is still significant signal intensity for
the B3 site at a spin-echo duration of 166.6 ms for the 'B
MAS NMR spin-echo data in Fig. S2 of the ESI for
polycrystalline lithium diborate with 25% 'B isotopic
abundance, no zero crossing is detectable. In the context of
this observation, calculations of NMR parameters provide
valuable insight in combination with experiment, e.g., for J
couplings®®'% as well as 'B chemical shift and electric field
gradient tensors.’%*1% This section presents first-principles
calculations of the 2Jgg couplings in lithium diborate.

First-principles calculations of the 2Jgz couplingsin lithium
diborate were performed as described in Refs.”®'% using the
CASTEP software package, which implements density
functional theory using a plane-wave basis set and the
pseudopotential approach, and is thus applicable to periodic
systems. Specifically, Table 5 lists the 2Jy35.115 iSOtropic
couplings for the four B-O-B bonds formed by each B4 atom
in the lithium diborate crystal structure (see Fig. 1). As
presented in the ESI, the calculations also determine the four
separate contributions (Fermi  contact, spin dipolar,
paramagnetic orbital and diamagnetic orbital: the Fermi
contact term is found to be the dominant term) as well as the J
anisotropy (< 2 Hz) and the orientation of the J tensor with
respect to the internuclear vector that defines the dipolar
coupling (for B4-O-B3 J couplings, the largest principal
component is found to be close (within 3°) to perpendicular to
the internuclear vector). The ESI also presents calculated
13118-170 couplings that should be experimentally measurable
in a YO-labelled sample, noting that the J3;p.170 coupling in
OPPh3 has been determined experimentally. %17

The calculated isotropic 2Jy45.115 couplings range from 1.0
to 2.7 Hz for the three distinct B4-O-B3 linkages between
diborate units to 0.1 Hz for the coupling between two
tetrahedral B sites (B4-O-B4). Further calculations (see ESI)
have confirmed that these small 2J;;5.115 are common to other
boron-oxygen structural units: the coupling between the two
trigonal B atoms in lithium metaborate is 3.2 Hz and the B3-
O-B4 couplings in lithium triborate range from 1.2 to 1.9 Hz.
Importantly, Fig. 9 reveals a strong correlation between the
23,1511 isotropic couplings and the B-O-B angle (Fig. 9a) and
a weaker yet still evident correlation with the B-B distance
(Fig. 9b), namely the J coupling increases as the B-O-B angle
increases from a tetrahedral towards a linear arrangement
(with a concomitant increase in the B-B distance). A similar
trend for calculated J couplings has been observed for 2J,g.
2951 and 2J51p. 31, couplings with respect to the Si-O-Si (see Fig.

us 5a of Ref.®® and Fig. 2b of Ref.1®) and P-O-P (see Fig. 9 in
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Ref.%%) bond angle, respectively. Moreover, it is to be noted
that the experimental observation of larger 2J,eg.205i and 2Jz1p.
a1p couplings correspond to compounds exhibiting larger Si-
O-Si (e.g., 3.6 to 8.0 Hz for angles between 139° and 150° in
s parawol lastonite®® and 6.3 to 23.5 Hz for angles between 137°
and 173° in the zeolite Sigma-2'%) and P-O-P (e.g., 9 to 30 Hz
for angles between 139° to 157° in (M00,),P,0;, see Tables 4
& 5 in Ref.%) bond angles, as compared to the B-O-B bond
angles that are in the range 109° to 126° for lithium diborate.

10

Table5 Calculated 2Jy35.115 couplings® for lithium diborate®

«B-O-B/° r (B-B)/ A 2Jso1s ! Hz
B4-01-B3 126 2.50 2.65
B4-03-B3 119 2.49 1.20
B4-02-B3 116 2.44 0.95
B4-04-B4 109 2.36 -0.07

@ Note that only the magnitude and not the sign of a J coupling can be

determined by the cosine modulation in the experimental spin-echo

approach. ° The four B-O-B bonds formed by each B4 atom are labelled
15 asin Fig. 1.
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Fig. 9 The dependence of calculated 2Jgs couplings on (a) the B-O-B
angle and (b) the B-B distance for lithium diborate (red), lithium
20 metaborate (green) and lithium triborate (blue).

The absence of an evident zero crossing due to a J
modulation in the experimental spin-echo data for lithium
diborate with 25% !B abundance in Fig. S2 (that goes out to a
spin-echo duration of 250 ms) can be rationalised on the basis

» of the first-principles calculations shown in Table 5.
Specifically, three different 2J;;5.115 couplings of 2.65 Hz,
1.20 Hz and 0.95 Hz are calculated for the three distinct B3-
0O-B4 linkages. These small calculated couplings correspond
to afirst zero crossing (t = 1/2J) at 189 ms, 417 ms and 526

2 ms. Given the probabilities of a !B nucleus having one, two
or three B neighbours of 42%, 14% and 2% (see Table 2 for
25% B abundance), it can be calculated that only 25% of all
UB nuclei (42+0.33 + 14*0.67 + 2*1.00 = 25%) give rise to a
spin-echo modulation characterised by the largest 2Ji15.118
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coupling (calculated as 2.65 Hz) for which a zero crossing
would be expected for a spin-echo duration of 200 ms. As
such (see Ref.%® for an analagous discussion of *C spin-echo
modulation for a cellulose sample with ~10% *C labelling),
the observed spin-echo modulation will be dominated by the
75% of !B nuclei that do not exhibit a zero crossing at 200
ms.

Summary

To the best of our knowledge, there are no published
examples of two-dimensional MAS homonuclear J correlation
solid-state NMR experiments for quadrupolar nuclei. In this
context, this paper has explored by experiment and simulation
the factors affecting spin-echo dephasing in !B MAS NMR
for the model compound, lithium diborate. The observed
trends with respect to MAS frequency, *'B isotopic abundance
and Cq are rationalised in terms of two phenomena On the
one hand, the reintroduction of the dipolar coupling due to the
non-commutation of the dipolar and quadrupolar couplings
(so-called spontaneous quadrupolar-driven recoupling, as
described by Edén and Frydman®*) is most efficient when
the quadrupolar frequency, ™®/2n = 3Cg/[4l (2| - 1)], is
equal to twice the MAS frequency. On the other hand, the
effect of multiple homonuclear dipolar couplings are
progressively removed by faster MAS.

For the "B depleted samples, long spin-echo dephasing
times are observed: for 25% !'B, observable intensity is
evident at spin-echo durations of ~200 ms. However, we were
not able to observe a zero crossing due to a J modulation. This
is consistent with first-principles calculations, where the three
2J118.118 couplings in lithium diborate are calcuated as 0.95,
1.20 and 2.65 Hz. Interestingly, calculations for lithium
diborate, lithium metaborate and lithium triborate reveal a
clear trend whereby the calculated 2J;45.115 couplings increase
from 0.95 to 3.23 Hz with increasing B-O-B bond angle (116°
to 133° and B-B distance (2.40 to 2.56 A). A similar trend
has been observed for the dependence on 2Jyggi.20si and 2Jgsp.
a1p couplings with respect to the Si-O-Si%®'% and pP-O-p*
bond angle in silicates and phosphates, for silicates and
phosphates, the bond angles are larger (>140°) and 2J,g. 20
and %J3p.3;p couplings have been experimentally measured
and utilised.

In conclusion, this paper has shown that, while 'B spin-
echo dephasing times can be favourably long, it is the small
2J118.118 couplings that are a consequence of the small B-O-B
bond angles observed in borates that are hampering the
development of B homonuclear J correlation solid-state
NMR experiments. Such experiments may become feasible as
ever faster MAS frequencies deliver longer spin-echo
dephasing times.
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