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1B chemical shift anisotropies (CSAs) have been obtained for tetrahedral and trigonal boron sites in tetraphenyl
borates, datolite (CaBSi@DH)), danburite (CaBSi»Og), colemanite (CaBD4(OH)s-H-0), borax (NaB4O-

10H,0), and LpB4O7 from solid-staté'B NMR spectra recorded at 14.1 T. These parameters alongtigith
quadrupole couplings and the relative orientation of the quadrupole coupling and CSA tensors have been
determined from either the manifold of spinning sidebands observed for the satellite transititB$MAS

NMR spectra or single-crystal NMR spectra of the satellite transitions. Furthermore, the potential of the
MQMAS experiment for determination of smalB CSAs is illustrated for the trigonal boron site inBiO5.

The 1B single-crystal NMR spectra of the satellite transitions are strongly dominated by the first-order
quadrupolar interaction, which may prevent a direct determination of small CSAs. However, an improved
precision of the CSA parameters and the Euler angles, describing the relative orientation of the CSA and

quadrupole coupling tensors, are achieved from analysis of rotation plots for the sum frequencies sf the

Yy <> m=3,andm= =1, < m= -3, transi
the second-order quadrupolar interactions.

tions, which are influenced only by the first-order CSA and
THR CSA parameters determined in this work show that

tetrahedrally coordinated boron in borates possess shift anisotrdpiesdiso — 0,7 of magnituded,| less

than 10 ppm.

Introduction

1B NMR spectroscopy is a well-established analytical tool
in several areas of the diverse structural chemistry of boron. In
particular, solid-staté’B NMR has been a popular technique
in the structural characterization of boron-containing glasses,
because early work has shown that trigonal ¢§Bénd tetra-
hedrally coordinated (B£) boron can be distinguished by their
1B quadrupole coupling parameteiSq and 7q),t 2 thereby
allowing a determination of the relative fraction of these two
boron sites for different materials. For boron in borates, boron-
containing glasses, and minerals, th® quadrupole constants
are smaller than 1 MHz for B&tetrahedra whereas B@nits
possess quadrupole couplings in the range 2.€o < 3.0
MHz.3~° Moreover, for these materials the B@nits exhibit
isotropic chemical shifts in the range 12 diso < 25 ppm
whereas BQ@ tetrahedra resonate at lower frequencies in the
range—4 < 0iso < 6 ppm. Thus, separate resonances for BO
and BQ species can generally be achieved using high-speed
1B MAS NMR at high magnetic fieldsg = 9.4 T), which
facilitates the quantification of these spedié$1B quadrupole
coupling parameters have primarily been reported fog Bi@s,
because these parameters are easily extracted from the secon

order quadrupolar line shapes observed for the central transition

in either static-powder or MAS NMR specttd. The small
quadrupole couplings associated with Btetrahedra do not
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result in such characteristic line shapes for the central transition.
Thus, these parameters have been determined fquBI@s for
only a limited number of borates or borate minerals from either
the manifold of spinning sidebands (ssbs) in MAS NMR spectra
of the satellite transitiod$12 or from single-crystal (SC)
NMR_14,15

The increase in commercially available magnetic field

strengths has directed attention to the influence of even small
chemical shift anisotropies (CSAs) for a number half-integer
spin quadrupolar nuclei. The effect of the CSA becomes
increasingly important at high magnetic fields, because this
interaction is proportional to the magnetic field strength whereas
line broadening effects from the second-order quadrupole
interaction scale inversely with increasiiy. Recently,'B
CSAs have been reported for tricoordinate boron in tri-
mesitylborané? triphenylboratéf and hexamethylborazirié,
for a number of crystalline boratésnd for two decamethyl-
cyclopentadienyl boron complexégrom 1B static-powder and
MAS NMR spectra of the central transition observed at moderate
(8.46-9.4 T) and high (17.618.8 T) magnetic field strengths.
The largest shift anisotropie8{= diso — 07 are reported for
lgis(pentamethylcyclopentadienyl)methylboraaﬁw(: 91.3 ppm})i8

ind trimesitylboraned, = 80.7 ppm)i® whereas significant
smaller shift anisotropiesi{ = 10—22 ppm) are observed for
the borates BD;, C$0-9B,03, CaOB,03;, 2Mg0-B,03, and
La,O3-B,0s.° Obviously, the large CSAs observed for the two
former compounds reflect highly distorted environments for the
tricoordinate boron in these compounds. This distortion is also
reflected by the quadrupole coupling constants, which are
determined to b&Cq = 4.52 MHz for bis(pentamethylcyclo-
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pentadienyl)methylbora#andCq = 4.75 MHz for trimesityl- following an increment in rotation angle of @nd employing
boranet® However, considering the high degree of symmetry single-pulse excitationrfy = 0.5—1.0us for yBi/27 ~ 50 kHz),

of the electronic charge distribution surrounding the boron H decoupling ¥B,/2r ~ 60 kHz), a spectral width of 0.5, 1.0,
nucleus in BQ units, it is expected that borates including or 3.0 MHz, and between 40 and 448 scans with repetition
tetrahedrally coordinated boron should possess small CSAs ofdelays in the range 0f430 s.

the order{d,| ~ 5—10 ppm. Thus, determination B CSAs The quadrupole coupling and CSA parameters are defined
along with the quadrupole coupling parameters for ,BO as

tetrahedra in borates represents quite a challenge using the NMR

techniques commonly employed in solid-st&® NMR. It is c - eQv, _ Vi~ Vi 1
noted that the quadrupole coupling and CSA parameters Q" Q= V,, @
represent two different sources of structural information, because

the origins of these interactions are reflected in a different ]_I_ Oxx = Oyy
manner by the local electronic environment. The quadrupole Oiso = 3 r(d) 0, = Ojso — 0z, Mo = s (2)
coupling depends only on the ground state of the local electronic 7

field whereas the CSA also includes higher order interactions, using the conventioniz; — YsTr(A)| = Ao — YaTr()| = Ay

reflectipg the excited states of the (_alec_tronic field. — 1/5Tr(2)| for the principal elementsi{ = Vi, o) of the electric

In this work we report the determination 88 CSAs along fie|q gradient /) and CSA §) tensors. The relative orientation
with the quadrupole couplings for tetrahedrally coordinated of the two tensors is described by the Euler angleg, and
boron in a number of tetraphenylborates, tetraborates, and theg 2223,yhich correspond to positive rotations of the CSA tensor
boron-qontaining minerals _datolite (CaBS(OH)), danburite around d; (), the newdyy (z), and the finald,, (&) axis.
(CaBSizOg), and colemanite (Ca,(OH)sH:0). The pa-  gimylations* Zleast-squares optimizations, and error anai§sis
rameters are determined from eithé8 MAS NMR spectra of  f the experimental MAS NMR spectra were performed using
the satellite transitions, SC NMR, or MQMAS spectra recorded {he STARS0ftware whereas the analysis of the SC NMR spectra

at a magnetic field of 14.1T. employed theASICS! or the SIMPSON’ and SIMMOL2:22
) _ software packages. TH&B isotropic chemical shifts are in ppm
Experimental Section relative to neat §B-O(CH,CHs), employing a 0.1 M HBOs

The tetraphenylborates MBEBs)s (M = NH, Na, K, Rb, aqueous solutionXs, = 19.6 ppm3-3Cas a secondary reference

Cs), LbB4Oy, and NaB4O7+10H,0 (borax) were purchased from sample.
Aldrich (Milwaukee, WI) and used without further purification.
For the single-crystal NMR study of borax a suitable-sized
crystal 2.5 x 2.0 x 2.5 mn?) was obtained by slow The determination ot'B CSA parameters for the borates
evaporation of an aqueous solution of,Bz07:10H,0. Single studied in this work is described in the following paragraphs in
crystals and powders of mineral samples of datolite (Sibiria, order of increasing complexity of tHéB NMR spectra and of
Russia), danburite (Chareas, Mexico), and colemanite (Bursa,the crystal structures. Where possible, tH8 quadrupole
Turkey) were kindly provided by the Department of Geology, coupling parameters and isotropic chemical shifts are compared
University of Aarhus, and the Geological Museum, University with 1B NMR data reported earlier in the literature.
of Copenhagen. The structures and purities of these samples Tetraphenylborates. The slow-speedig = 1.0 kHz) 1'B
were confirmed by?°Si MAS NMR and/or powder X-ray MAS NMR spectrum of NHB(CgHs)4 (Figure 1a) illustrates a
diffraction. manifold of ssbs from the satellite transitions for a sing

The solid-state!’lB NMR experiments were performed at Site in NHiB(CgHs)s, in agreement with the crystal structure
ambient temperature on a Varian INOVA-600 (14.1 T) spec- reported from neutron diffractioft. The envelope of ssbs
trometer ¢, = 192.48 MHz). The!’B MAS NMR spectra of  exhibits significant asymmetries in ssb intensities around the
the satellite transitions were recorded using eith@ mm CP/ central transition, which is most clearly observed in the spectral
MAS probe from DOTY Scientific Inc. or a home-built CP/  regions for the singularities (“horns%5 kHz) and the outer
MAS probe for 4 mm o.d. rotors and with transmission-line edges £10 to +15 kHz). A minor variation is also observed
tuning (TLT) for the high-frequency channel. The spectra in the line widths for the individual sshs and thus, a stick-plot
employed a short rf pulse width, = 0.5-1.0 us for a rf field of ssb intensities is shown in Figure 1b for comparison with
strength ofyBy/2r ~ 40 kHz (7 mm probe) oyBi/27 ~ 65 the simulated spectra. The distinct asymmetries in the spectrum
kHz (4 mm probe) andH decoupling ¢B,/27 =~ 50 kHz for cannot arise from'B—1B or 1’B—'H dipolar couplings, con-
both probes). The MQMAS experiment was performed using a sidering the long'B—*!B distance 8.8 A) in NH,;B(CeHs)4
home-built 4 mm MAS probe angBi/2r =~ 120 kHz. The and the use of high-powéH decoupling. Thus, the spectrum
magic angle was adjusted by optimization of the line widths in Figure 1a gives clear evidence for a contribution frofig
for the spinning sidebands in tR#8Na MAS NMR spectrum of CSA to the ssb intensities. The manifold of ssb intensities in
NaNO; whereas stable spinning frequencies were achieved usingFigure 1b is simulated by consideration of the average Hamil-
the Varian rotor-speed controller. The SC NMR spectra were tonians for the first-order quadrupola(%(l)) and CSA (74;(1))
recorded using a double-tuned {¥) SC NMR probe equipped interactions, employing the same approach as used in earlier
with a two-axis goniometer aha 3 turn 3.8 mm i.d. rf coit? studies of CSAs for half-integer spin quadrupolar nugl@p.26
designed particularly for improving the sensitivity of the NMR  This approach combined with least-squares fitting results in the
response for small crystad®This design employs only two axes  simulated manifold of ssbs in Figure 1d, which corresponds to
of rotation @ andb), which are separated by an angle~39°. the 1B quadrupole coupling constant, shift anisotropy)( and
Rotation of the crystal is fully automated and controlled by the isotropic chemical shift listed in Table 1 for NB(CeHs)4. The
host computer of the spectrometer via a home-builtinted&e.  clear observation of @B CSA is also apparent from a
This setup ensures a high precisigrQ(3°) in setting the rotation comparison of the experimental and simulated spectra in Figure
angle Q). For each rotation axis, 41 spectra were recorded la,d, respectively, with the simulated spectrum in Figure 1c,

Results and Discussion
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Figure 1. (a) !B MAS NMR spectrum (14.1 T) of NEB(CeHs)4
employing*H decoupling, a spinning speed of 1.0 kHz, a relaxation
delay of 10 s, and 1024 scans. (b) Stick plot of integrated intensitie
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Figure 2. Plot of the rms deviation between experimental and simulated
intensities for the ssbs in tA8B MAS NMR spectrum of NHB(CsHs)4
(Figure 1) as a function of the shift anisotropy,X. The rms values
are obtained by least-squares optimizatiorCgfto the experimental
ssbh intensities using fixed values fo§ (see text).

observed. To improve the precision 6 and 6, we have
employed the constraimty = 77, = 0.0, imposed by the crystal
structure, and thereby coincidence of the quadrupole coupling
and CSA tensors. Moreover, the sign of the shift anisotropy
has been confirmed by a number of optimizationsCef for
fixed values ofd, in the range—15 to +15 ppm. The root-
mean-square (rms) deviation between experimental and simu-
lated ssb intensities from these optimizations is shown in Figure
2 as a function 0b,. Although this plot reveals two minima, it

is evident that lowest rms is achieved fiyr~ —8 ppm, thereby
confirming the negative sign ob,. The isostructural tetra-
phenylborates MB(gHs), with the cations M= Na, K, Rb,

and Cs have been investigated in a similar manner by slow-
speed'B MAS NMR. TheCq, d,, anddis, parameters resulting
from least-squares fitting to the ssb manifolds in these spectra

s are summarized in Table 1. Th# NMR data are very similar

for the center band and ssbs of the experimental spectrum shown infor the individual tetraphenylborates, which indicates that the
(a). (d) Stick plot of ssb intensities resulting from least-squares fitting cations only have a minor influence on the structure of the

to the ssbs in (b) and corresponding to @ d,, anddis, values listed

in Table 1 for NHB(CsHs)s. The simulation employs the constraints,
1o = 1, = 0.0 and coincidence of the quadrupole coupling and CSA
tensors, imposed by the crystal structure for J8tCeHs)s. For

comparison, (c) illustrates a simulated spectrum using the parameters

tetraphenylborate ion.

Datolite. The structure of datolite (CaBSi(DH)) contains
sheets of Si@and BQOH tetrahedra that form four- and eight-
membered rings where each BUH tetrahedron is connected

in Table 1 but disregarding the effect from the CSA. The center band 10 three SiQtetrahedrd>33The C& * ions are situated between
for the central transition and its first-order sshs have been cutoff at the sheets, which are arranged parallel to the (100) plane. The

approximately one-fifth of the total height for the centerband in-(a)

(d).

TABLE 1: !B Quadrupole Coupling Constants Cq), Shift
Anisotropies (0,), and Isotropic Chemical Shifts @iso) from
1B MAS NMR Spectra of Tetraphenylborates®

compound diso (PpmM) G (kHz) s (ppm)
NH4B(CsHs)4 —79+03 29.4+ 0.7 —-79+05
NaB(CsHs)4 —-9.24+0.3 349+ 1.2 -79+1.0
KB(CeHs)4 —8.1+0.3 28.2+ 0.8 —-75+0.6
RbB(CsHs)4 —-78+04 29.9+ 0.9 —7.2+0.6
CsB(GHs)s -7.8+04 35.0+£ 05 -5.7+0.8

aThe Cq andd, parameters are obtained from optimizations which
employ the contrainijqo = 1, = 0.0 and thereby coincidence of the

1B MAS NMR spectrum of datolite, shown in Figure 3a,
exhibits a manifold of ssbs from a single tetrahedrally coordi-
nated!!B site, in agreement with the crystal structure for this
mineral3233The manifold of ssbs is quite symmetric; however,
minor asymmetries are observed in the spectral regions for the
outer edges£60 to+90 kHz), indicating the possible presence
of a small CSA. Least-squares optimization to the ssbs from
the satellite transitions gives the quadrupole coupling parameters
and the isotropic chemical shift listed in Table 2 for datolite
and results in a small, negative value for the shift anisotropy
(60 = —5 =+ 3 ppm). However, the ssb intensities are insensitive
to variations iny, and the Euler angles relating the CSA and
quadrupole coupling tensors. Thus, employipg= 0.5 and

quadrupole coupling and CSA tensors, as imposed by the tetragonalassuming coincidence of the CSA and quadrupole coupling

crystal structure.

which is obtained by neglecting the effect of'® CSA. The
extremely smallCq value demonstrates high symmetry of the
local environment for the tetrahedrally coordinated boron site
in NH4B(C¢Hs)4, in accord with its crystal structure (tetragonal,
space groud42m),3! where the boron atom is situated on a
4-fold axis. This implies axial symmetry of the quadrupole
coupling and CSA tensors, in agreement with the result from
least-squares optimizations whepg ~ 1, ~ 0 and almost

tensors results in a simulated spectrum (Figure 3b) that
reproduces the experimental ssb intensities in an excellent
manner. To improve the precision of the somewhat uncertain
11IB CSA parameters, datolite is studied B8 SC NMR by
employing a two-axis goniometer SC proffeA typical 1B

SC NMR spectrum of datolite is shown in Figure 4a and
illustrates the observation of four pairs of satellite transitions,
whereas distinct resonances from the corresponding central
transitions cannot be resolved. However, two of the pairs of
satellites exhibit somewhat lower intensities as compared to the

coincidence of the quadrupole coupling and CSA tensors aretwo other pairs. This indicates that the studied crystal of datolite
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Figure 3. (a)'B MAS NMR spectrum showing the satellite transitions for datolite (CaB(DfH)), obtained usingH decouplingyr = 2700 Hz,

a relaxation delay of 30 s, and 1024 scans. The center band and first-order ssbs from the central transition are cutoff;ghadfotine total
height for the centerband. (b) Optimized simulation of the satellite transitions in (a) corresponding'® pheameters in Table 2 for datolite. The
insets illustrate the small asymmetries in ssb intensities in the outer regions of the spectra.

TABLE 2:

1B Quadrupolar Couplings (Cq, 77q), Chemical Shift Parameters §,, 17,, diso), and Relative Orientations @; x; &) of

the Two Tensors from 1B MAS, Single- Crystalal and MQMAS NMR at 14.1 T

compound site  Jise (ppm) Co (MHz) 5 d, (ppm) No Y x 3 method
datolite T 0.2+ 0.2 0.17+0.01 0.65+ 0.02 —-5+3 MAS
(CaBSiQ(OH)) T 0.172+0.001 0.64#0.005 —-4.6+04 04+02 45+15 7+3 150+20 SC
danburite T -02+0.1 0.39+0.02 0.43+ 0.03 SC
(CaB:SiOs) T 0.392+ 0.002 0.429t 0.004 6.0:-06 04+01 O0+12 6+3 135+12 SC
colemanite T 1.2+ 0.2 0.440+ 0.001 0.499+ 0.003 6.4+15 03+01 64+7 22+4 105+9 MAS
(CaB;04(OH)3*H0) T, 1.2+ 0.2 0.312+£0.001 0.809 0.003 -—-4.3+0.4 0.7+0.2 33+10 12+4 120+15 SC
A 17.1+ 0.3 2.543+0.005 0.055-0.004 -45+05 0.8+0.1 80+5 87+4 110+5 SC
borax T 2.1+ 0.1 0.497+0.001 0.624+ 0.003 7.0£05 0.7+£0.1 39+8 12+3 125+9 SC
(NaB4O7+10H,0) A 18.2+ 0.1 2.565+0.003 0.105-0.002 —-3.4+0.4 0.2+0.2 44+45 84+3 81+3 SC
Li,B4O; T 23+0.1 0.52+0.02 0.51+ 0.02 MAS
A 18.2+ 0.2 2.56+ 0.03 0.21+ 0.04 MAS
A —12+3 0.9+ 0.1 MQMAS

aThe CSA parameters and the Euler angles are determined from the sum frequencies for the satellite transitions in the SC NMR experiments.

b Parameters for tetrahedral (T) and trigonA) coordinated bororf. Isotropic chemical shifts are in all cases determined ff#BnMAS NMR

experiments.

contains two single crystals with different orientations. Thus,
the 1B SC NMR spectrum reveals the presence of two
magnetically different!B sites in datolite in agreement with
its monoclinic crystal structu?és33(space groufP2;/c andZ =

4) where the fourB sites in pairs are related by inversion

symmetry. In this work we have only analyzed the resonances
from the two sets of satellite transitions with the largest
intensities, originating from the dominant single crystal for our
crystal of datolite. Figure 5a,b illustrates rotation plots for these
two sets of satellite transitions corresponding to the two rotation
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Figure 4. 1B SC NMR spectra (14.1 T) of (a) datolite (CaBS{OH)),
(b) danburite (CaBSixOs), (¢) colemanite (Caf4(OH)s-H20), and (d)
borax (NaB4O10H,0). The spectra in (a), (c), and (d) are recorded
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360 120 240 360
O[deg]
Figure 5. Rotation plots of thé'B SC resonance frequencies from
the satellite transitions for the two magnetically inequivalent B nuclei
in datolite for rotation about (a) tha axis and (b) thé axis for the
two-axis goniometer SC probe. The corresponding rotation plots of
the sum frequencies for te= ¥, <> m= 3, andm= -, - m=
—3/, satellite transitions are shown in (c) and (d) for rotations about
the a and b axes, respectively. The resonances for the two sites are
marked by circles and squares, and the curves illustrate the best results
from least-squares fitting to the resonance frequencies.

SC NMR study* and utilizes the fact that the sum frequencies
are not affected by the first-order quadrupole coupling interac-
tion but only the first-order CSA and the second-order quad-
rupole interactions. For th&q, 77q parameters listed for datolite

in Table 2 and the preliminary values for the CSA parameters
0, = —4.2 ppm,n, = 0.5, simulations show that the second-
order quadrupole interaction shifts the sum frequency over a
spectral range of 40 Hz whereas the first-order CSA interaction
gives shifts over a range of 2330 Hz at a magnetic field of 14.1
T. Thus, a rotation plot of the sum frequencies will be dominated
by the CSA interaction, providing the basis for a more precise
determination of thé'!B CSA parameters. Rotation plots of the
sum frequencies for the two orientatiorsandb) are illustrated

in Figure 5c¢,d and show a variation in sum frequencies over a
range of about 3.0 and 1.5 kHz for the rotations aboutahe

using*H decoupling. The asterisks in (a) indicate the resonances from andb axes, respectively. Analysis of these plots, including the

the satellites for the smallest of the two single crystals in our crystal
of datolite. The resonance from the central transition in (b) is cutoff at
about one-third of its total height. The expansions in (c) and (d) illustrate

the partly resolved resonances for the central transition from the

magnetically different'B sites.

axesa andhb. The rotation patterns for the two sites are quite

first-order CSA, the second-order quadrupole interaction, and
the quadrupole coupling parameters determined from the rotation
plots in Figure 5a,b as fixed parameters, gives the CSA
parameters listed in Table 2 for datolite and the simulated sum
frequencies illustrated in Figure 5c,d. The simulated sum
frequencies deviate somewhat from the experimental data in

similar, in agreement with the fact that the two sites are related the regions 120 < 6 < 160 for the a axis and 280 < 6 <

by symmetry. Analysis of the rotation plots in Figure 5a,b,
including the quadrupole coupling and CSA interactions, gives

360 for the b axis. These deviations of 16@00 Hz are
ascribed to uncertainties in the determination of the frequencies

the quadrupole coupling parameters with high precision (Table for the satellite transitions, considering the line width of-1.5

2) and a preliminary value for the shift anisotropydgf= —4.2
+ 1.0 ppm. However, determination gf and the Euler angles

2.0 kHz for these resonances. TH8 NMR parameters and
their error limits for datolite (Table 2) clearly reveal that the

relating the two tensors cannot be obtained from these rotation1!B CSA and the relative orientation of the CSA and quadrupole
plots. The latter reflects the fact that the satellite transitions are tensors are determined with good precision from the sum
strongly dominated by the quadrupole coupling interaction and frequencies for the satellite transitions#8 SC NMR.

that the BQ site in datolite only experiences a small CSA. An
improved reflection of thé'B CSA from the!!’B SC NMR

Danburite. Danburite (CaBSi,Og) has an orthorhombic
structure (space groufPnam Z = 4) that consists of a

spectra is achieved from the sum frequency of the resonancesontinuous tetrahedral framework of alternatingBand S;O-;

from them =Y, - m=3,andm = =%, - m= -3,
transitions. This approach has earlier been employed!fiNa

units where only the bridging BO—B and S-O—Si oxygen
atoms of these units are situated in the mirror pR&rehe latter
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Figure 6. Rotation plots of thé'B SC resonance frequencies from
the satellite transitions for danburite (G&%0s) for rotation about
(a) thea axis and (b) theb axis. The corresponding rotation plots of
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sum frequencies for the = %, < m= 3%, andm= -, <> m= -9,

satellite transitions are shown in (c) and (d) for rotations aboutthe
andb axes, respectively. For clarity, only rotation plots for two of the

four magnetically nonequivaleAtB sites are shown in this figure.
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Figure 7. Rotation plots of thé!B SC resonance frequencies from

the satellite transitions for one of the two inequivalent,Bsies in
colemanite (CaBO4(OH)s-H,0) for rotations about (a) the axis and
(b) theb axis. (c) and (d) illustrate rotation plots of sum frequencies

120 240
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for the satellite transitions for the same B€lte for rotations about
thea andb axes, respectively. The solid curves show the result from

least-squares fitting to the resonance frequencies, employing{Bhe
NMR paramaters for the tetrahedrad 3ite in colemanite (Table 2).

implies that the local symmetry of the B sites does not impose
any constraints on the Euler angles relating*Bquadrupole
coupling and CSA tensors. THéB MAS NMR spectrum of
danburite (14.1 Tyr = 3.0 kHz, not shown) displays a highly
symmetric manifold of ssbs from the satellite transitions, which
extends over a spectral range of 425 kHz. Least-squares fitting
to this manifold gives the quadrupole coupling parameters in
Table 2 for danburite. These data show that tHg site in
danburite experiences a quadrupole coupling that is about twice
the magnitude of th€q value for the'B site in datolite. The
stronger quadrupole coupling interaction as compared t€¢he
value for datolite, combined with a comparison of the experi-
mental and simulated spectra for the satellite transitions for

danburite (not shown), implies that effects from a small CSA very similar isotropic chemical shifts. An improved reflection

(105 = 10 ppm) cannot be retrieved from the MAS NMR ¢ the two different BQ environments is achieved from the
spectrum (14.1 T). In accord with the cry;tal structure for 115 5 NMR spectra (Figure 4c) where resonances from the
danburite?® the 1B SC NMR spectra of a single crystal of  gaeliite transitions for four magnetically different Béltes are
danburite (Figure 4b) allow distinction of resonances for four pserved in addition to the satellite transitions for twosRes

sets of satellite transitions from four magnetically nonequivalent (yide supra). Least-squares analysis of the rotation plots for these
1B sites. Optimization to the rotation plots of frequencies for gatellites (Figure 7a,b) gives the quadrupole coupling parameters
the four sets of satellites (Figure 6a,b) gives the quadrupole \jth high precision whereas the CSAs and the £, £) Euler
coupling parameters (Table 2) and a shift anisotropy.of 5 angles are derived from the analysis of the sum frequencies for
+ 3 ppm, whereas values fgi, and the Euler angles( y, &) the satellites (Figure 7c,d). The optimized parameters (Table
cannot be reliably obtained. An improved determination of the 2) reveal that the main difference B data for the two sites

11B CSA is achieved from the rotation plots of sum frequencies s the values of the asymmetry parameters and the sign of the
for the satellite transitions, as illustrated in Figure 6¢,d. Least- shift anisotropy, whereas the Euler angles show that the two
squares analysis of the variation in sum frequencies in thesetensors exhibit nearly the same relative orientation for the two
plots, employing theCq and7q values determined from the  BO,tetrahedra. The quadrupole coupling parameters are in good
satellite transitions (Figure 6a,b) as fixed parameters, gives theagreement with those reported in an ed#§ SC NMR study
CSA parameters and Euler angles in Table 2 for danburite. These(i.e., Cq = 0.436 MHz,7q = 0.487 andCq = 0.309 MHz,1q

data show that the magnitude of the CSA in danburite and = 0.825)%4

datolite are very similar; however, the precision of these  Borax. NaB4O;+10H0 (borax) crystallizes in the monoclinic
parameters and of the Euler anglgs £, &) is slightly improved space grouit2/c and includes tetraborate units linked together
for danburite. This reflects the strondéB quadrupole coupling by hydrogen bonds. From the crystal structtiand !B MAS

for danburite, because the determination of the relative orienta-NMR,C it is well-known that borax contains two differeHB

tion of the two tensors is based on the second-order quadrupolassites possessing trigonal and tetrahedral coordinatidgtBSC
interaction. We note that tHéB quadrupole coupling parameters NMR analysis of borax results in the rotation plots for the

Co = 0.412 MHz andyq = 0.45 were reported for danburite in
an earlyB SC NMR study®

Colemanite.Colemanite (CaBO4(OH)s-H20) is an inoborate
mineral that crystallizes in the monoclinic space grdr#a/
a3% The basic building unit in colemanite is a ring of
composition [BOs(OH)z]4~, which includes two B@tetrahedra
and a trigonal B@ site. The!'B MAS NMR spectrum of
colemanite (not shown) displays the characteristic second-order
qguadrupolar line shape for the central transition from the; BO
site and overlapping centerbands and ssbs for the two crystal-
lographically distinct BQ sites. The latter impedes a straight-
forward determination of the quadrupole coupling parameters
for the two tetrahedral sites and shows that these sites possess
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Figure 8. Rotation plots of thé'B SC resonance frequencies from Figure 9. Rotation plots of thé!B SC resonance frequencies from
the satellite transitions for the B@ite in borax (NaB4O7-10H;0) for the satellite transitions for the trigonal boron site in borax-gN&--
rotations about (a) thea axis and (b) theb axis. The corresponding 10H,0) for rotations about (a) the axis and (b) thé axis. (c) and (d)
rotation plots of sum frequencies for the satellite transitions are shown illustrate the corresponding plots of sum frequencies for the satellite
in (c) and (d). transitions.

transitions (spectra not shown), which gives g 7o, and
satellite transitions shown in Figure 8a,b for the two magneti- diso values for the B@ and BQ, sites listed in Table 2 for
cally inequivalent BQ sites. Least-squares optimization to the Li,B4O7. The observation of a B£and BQ site is in accord
frequencies for these transitions gives the quadrupole couplingwith the crystal structure reported for,Bi;07.38 The possibility
parameters listed in Table 2 for the B®ite. ThellB CSA of obtaining small'B CSAs from MQMAS NMR experiments
parameters and the Euler anglgs ¢, &) are obtained fromthe  is investigated in Figure 10 by tAé8 MQMAS NMR spectrum
rotation plots of sum frequencies in Figure 8c,d. TH& CSA of Li,B4O7. This experiment utilizes the fact that the CSA

is slightly larger than those observed for the B&tes in the interaction is scaled by the multiple-quantum order in the
other minerals studied bi#B SC NMR. Overall, our results  isotropic dimension of the MQMAS spectrum. This may result
indicate that'!B shift anisotropies in the rangé,| < 10 ppm in an improved precision of the CSA parameters, determined

are expected for tetrahedrally coordinated boron in borates. Thisfrom the spinning sideband intensities in the isotropic dimension
range is somewhat smaller than the values reported for  of the MQMAS spectrum, as recently demonstrated for other

trigonal BG; sites in borates (i.eld,| < 22 ppm)? half-integer spin quadrupolar nucfir4! The 1B MQMAS
Trigonal BO3 Sites. Although this work primarily focuses ~ NMR spectrum of LiB4Oy; is obtained by using the three-pulse
on boron in tetrahedral coordination, the anisotrdpiz NMR shifted-echo sequendéé?® This sequence is chosen because

parameters for the Bgites in colemanite and borax (Table 2) theoretical calculations and experiments show that selection of
have also been determined from th® SC NMR spectra. the —3Q — +1Q (Ap = 4) coherence transfer pathway for the
Despite the fact that these sites exhibit stronger quadrupolemixing pulse (i.e., the second pulse) reduces contributions from
couplings and second-order quadrupolar line shapes of therf-induced spinning sidebands to the ssb manifolds in the
central transition in thé!B MAS spectra at 14.1 T, the overlap  isotropic dimension, a condition that holds fog > w, where
of resonances from the central transitions for the magnetically wq = Co/[21(2] — 1)].** Moreover, it is not expected th&B—
different BG; sites in the SC NMR spectra (Figure 4c,d) prevent 1B dipolar couplings make any significant contribution to the
a determination of thé!B parameters from analysis of the ssb intensities in the isotropic dimension, considering the shortest
central transitions alone. Thus, the satellite transitions and the!B—!1B distance of 2.5 A in LiB4O; and the spinning speed
same approach as used for the tetrahedrally coordiftBesites (vr = 5.0 kHz) employed for the MQMAS experiment. In
are employed as illustrated in Figure 9 for the&@e in borax. accordance with thé'B MAS NMR spectrum and the crystal
For this site, the sum frequencies for the satellite transitions structure for LiB407,%8 the 1B MQMAS NMR spectrum of
(Figure 9c,d) exhibit a larger variation in frequency as compared Li,B4O; displays resonances from a trigonal and a tetrahedral
to those observed for the B@ites. The increased variation in  boron site with the approximate chemical shifts of 15 and 3
these frequencies reflects a larger effect from the second-ordemppm in the anisotropic (F2) dimension, respectively. Summation
quadrupolar interaction and results in an excellent agreementof the ssb manifolds in the isotropic dimension over g 0,
between the experimental and simulated sum frequencies. It isand —1 order ssbs in the anisotropic dimension, using the
noted that thé'B shift anisotropies for the trigonal BGites approach by Wang et & gives the reconstructed ssb manifold
in borax and colemanite (Table 2) are smaller than the for the trigonal boron site shown in Figure 10b. Simulation of
corresponding values observed for the JB€ites in these  this spectrum, considering the first-order CSA interaction only,
minerals. results in the parameteds, = —12 + 3 ppm andy, = 0.9 +

1B CSA from MQMAS NMR (Li ,B4O7). For Li,B4Oy it 0.1 and the optimized simulation shown in Figure 10c. This
was not possible to obtain a single crystal of a sufficient size value for the shift anisotropy is slightly larger than those
for SC NMR. Thus, a powdered sample has initially been determined for the Bg@sites in borax and colemanite (Table 2)
investigated by''B MAS NMR of the central and satellite  but of the same magnitude as those reported for trigétial
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Figure 10. (a) Contour plot of thé'B MQMAS NMR spectrum ¢z = 5.0 kHz, 14.1 T) for LiB4O; recorded using the three-pulse shifted-echo
sequence, a spectral width of 75 kHz in both dimensions,t12&rements, a relaxation delay of 37 s, and 24 scans. The asterisks indicate the
isotropic peaks for the BQand BQ sites. (b) Reconstructed summation of the ssb intensities in the isotropic dimension of the MQMAS spectrum
for the BG; site (see text). (c) Optimized simulation of the spectrum in (b), considering the scaled CSA interaction in the MQMAS experiment and
corresponding to thé&'B CSA parameters listed in Table 2 for,Bi,O-.
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