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Powder X-Ray Diffraction
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Figure S1. pXRD diffractogram of LaPO, - 1.8H,0. Circles (®) indicate peaks from LaPO, - 0.5H,0 (PDF 46-1439). Squares (
W) indicate peaks from La,0,CO; (PDF 84-1963). Diamonds (#) indicate peaks from La(OH); (PDF 36-1481).
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Figure S2. pXRD diffractogram of LaPO,. Circles (@) indicate peaks from La,0,CO; (PDF 84-1963). All other peaks are from
LaPO, (PDF 83-651).
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Figure S3. pXRD diffractogram of LaBOs. All observed peaks are from LaBO; (PDF 12-0762).
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Figure S4. pXRD diffractogram of LaBGeOs. All observed peaks are from LaBGeOs (PDF 41-659).
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Figure S5. pXRD diffractogram of LaBSiOs. All observed peaks are from LaBSiOs (PDF 50-237).
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Figure S6. pXRD diffractogram of La,(SO,); - 9H,0 (PDF 89-6401). Circles (@) indicate peaks from an unidentified impurity.
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Figure S7. pXRD diffractogram of La,(CO;); - 8H,0. Circles (@) indicate peaks from La,(COs3); - 8H,0 (PDF 73-439). Squares (
W) indicate peaks from La(CO;)(OH) (PDF 26-815).
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Thermogravimetric Analysis

TGA was carried out using an aluminum crucible in a NETSZCH TG 209 F3 instrument under
nitrogen atmosphere. 33.05 mg of LaPO4 - nH,O was heated from room temperature to 500 °C
based upon previous literature studies'. 31.71 mg of Lay(SO4); - nH,O was heated from room
temperature to 800 °C based upon previous literature studies.’
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Figure S8. Top: TGA thermogram of LaPO, - nH,0. Bottom: TGA thermogram of La,(SO,); - nH,0.

Based upon these plots (with 12.37% and 22.44% mass loss, respectively), we calculate n of
LaPO, - nH,0 to be 1.84, and n of Lay(SO4); - nH,0 to be 9.08.
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Density Functional Theory Calculations

Table S1. Atomic parameters used in this study. The electron valence of each atom is given, along with the configuration of the
PAW projectors. The PAW radius is provided in atomic units. All nuclear quadrupole moment were taken from the literature’.
Any atom not mentioned here was taken without alteration from the JTH PAW dataset table.

Atom Valence Projected Radius gz (bn)
H Is' 3s 0.5 0

B 252p' 25, 2p 1.2 0.04059
0 2s%2p* 2s,2p 1.3 -0.02558
Si 3573p° 2s,2p 1.55 0

P 35%3p° 2s,2p 1.5 0

S 3s73p* 2s,2p 1.45 -0.0678
Ge 4s%4p° 2s,2p, 1d 1.85 -0.196

Table S2. Specific details regarding the calculations performed in this study. Both the plane-wave cutoff and the PAW fine grid
cutoff are in hartree. All calculations save LaScO; used shifted Monkhorst-Pack grids of the dimensions below; LaScO; and
LaNbO, used grids not parallel to the reciprocal lattice vectors.

System Plane-wave Cutoff PAW Fine Grid Grid Grid Spacing (A™)
Lay0s 30 140 10x10x7 0.03
LaPO, - 0H,O 45 150 6x6x6 0.03
LaPO4 45 150 4x4x5 0.04
LaBO; 45 150 7x4x6 0.03
LaBGeOs 45 105 6x6Xx6 0.02
LaBSiOs 45 150 5x5x5 0.03
Lay(SO4); - 9H,O 25 75 3x3x4 0.03
La(OH); 40 150 7x7x12  0.02
LaAlOs; 35 110 8x8x8 0.02
LaCoOs3 40 150 9x9x9 0.02
LaCrOs; 45 150 6x6x4 0.03
LaScO; 20 40 053 0.03

503

550
LaNbO4 30 90 40 4 0.04

-4-812

4 4 -4
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Lanthanum Oxide

La,0; has been previously investigated by *’La ssNMR: first by Bastow in 1994, using a
frequency-swept spin-echo technique;* and more recently by Spencer et al. using a WURST
echo.” Given the thorough understanding of La,O; in the literature, it is a good choice as a test
compound for the implementation of WCPMG and VOCS, as well as for validating
computational methods. La,Os crystals are hexagonal and of space group P-3m1 with 1 formula
unit per unit cell.’ The lanthanum environment in La,Oj5 is the simplest of all of the compounds
investigated in this work, described by Spencer et al. as “pseudo-octahedral”. The LaO;
coordination polyhedron is more precisely referred to as a face-capped octahedron, with two sets
of three La-O bonds and the “cap” bond with lengths of 2.37 A, 2.73 A, and 2.46 A respectively.

Our measured Cq for La,0O3 1s 58.6 £ 0.3 MHz with an n of 0.00 + 0.03, shown in Figure
S9, in excellent agreement with the most recent literature values as reported by Spencer et al.’
We used the same CSA values as Spencer et al. in fitting both our 9.4 T and 16.4 T (Figure S10)
spectra to good effect.
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Figure S9. Static '*La NMR spectrum of La,0;. Analytical simulation is show in red. The EFG and CSA parameters used are

given in Table 1 in the main text.
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Figure S10. Static '*’La NMR spectra of La,0;. Both spectra are set to the same frequency scale. Top: Spectrum collected at

16.4 T. Bottom: Spectrum collected at 9.4 T.

DFT calculations of the EFG at the La>" site using the experimental geometry® yielded a
Cq of 60.5 and an n of 0.0, which is in good agreement with the experimental results. When
examining the calculated EFG tensor, the largest component V,, is aligned with the La-O bond
of the cap oxygen, and is parallel to the c-axis of the unit cell as shown in Figure S11. The c-axis
in La,0; possesses threefold rotational symmetry, which is consistent with both the observed and

calculated 1 of 0.

Figure S11. First coordination sphere of LaO; in La,O3. The V,,, V,y, and V,, components are displayed as blue, green, and red,
respectively. The e,, e, and e, semi major axes are in yellow, magenta, and teal respectively.



The least-squares ellipsoid that is fit to the LaO; polyhedron in La,O; is a prolate
spheroid, with semi major axes e, = e, = 2.481 + 0.002 A and e, = 2.731 + 0.002 A and ellipsoid
character of 1.00 £ 0.01. There is a moderate departure from spherical symmetry, with € = 0.098
+ 0.002. The ellipsoid is aligned with the EFG tensor, with the largest semi major axis e, parallel
with V,, and the two other semi major axes in the plane defined by V, and Vy, perpendicular to
V..

Lanthanum Phosphate Hydrate

LaPO, - nH;0, also known as rhabdophane, is a rare-earth phosphate mineral that has
been proposed for use in environmental phosphate sequestration.” The structure of rhabdophane
was first proposed by Mooney in 1950.* Rhabdophane is reported to be of the hexagonal P6,22
space group, with zeolitic channels parallel to the c¢ axis and 3 formula units per cell. The
lanthanum environment is eightfold coordinate to oxygen, with bond lengths reported: four
bonds of length 2.34 A and four of length 2.66 A. The reported bond lengths, however, do not
include any possible zeolitic water contributions. There are no obvious symmetry elements in the
LaOg polyhedron that would force a particular value of n.

The sample of LaPO, - nH,0 used was determined to be LaPO4 - 1.8H,0 through the use
of TGA (Figure S8). Our *’La NMR spectrum of this sample is fit using a Cqoof 33+ 1 MHz
with an n of 1.00 + 0.05 (Figure S12). This conflicts with the spectrum reported by Dithmer et
al.,” where they observed a broad, largely featureless resonance. The difference may result from
different methods of preparation, resulting in dramatically differing crystallinity.

LJqu“llﬂ“” HHH|““||lULUlUJumumun. oot

3000 2000 1000 0 -1000 -2000 -3000 Ppm
300 200 100 0 -100 -200 -300 kHz

Figure S12. Static **La NMR spectrum of LaPO, - 1.8H,0. Analytical simulation is show in red. The EFG and CSA parameters
used are reported in Table 1 in the main text.

The DFT calculations conducted on the experimental geometry provided by Mooney®
yield a Cq of -136 MHz and an n of 0.5, which is significantly at odds with the experimental
results. While the difference can be explained in part by the absence of zeolitic water in the
structure used for the calculation, it is unlikely for a small amount of water to cause such a large
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disparity in Cq. It has been suggested by Mesbah et al. that the structure of LnPO, - nH,0,
including LaPO, - nH,0, is in fact monoclinic.” However, the structure proposed by Mesbah et
al. contains six unique lanthanide sites, which are not resolved in the spectrum of LaPO,- 1.8H-
20. Due to the extreme difference between experimental and calculated results, we place little
stock in the orientation of the EFG tensor determined through our DFT calculations.

The LaOg polyhedron in LaPO, - nH,0O as reported by Moody is poorly fit by either a sphere or
an ellipsoid, and as such is not included in any structural models.

Lanthanum Phosphate

Anhydrous LaPOy is better known as the mineral monazite.'® Monazite was historically a
commercial source of lanthanides, but it fell into disuse in part due to the presence of the
radioactive daughter ions of thorium. The lanthanum environment in LaPO, is more complicated
than the hydrated equivalent: the lanthanum site is ninefold coordinate, with significant variation
in bond lengths. La-O bond lengths range from 2.47 A to 2.78 A, with an average bond length of
2.58 A.

The experimental *’La ssNMR spectrum of LaPQ, is presented in Figure S13. The
spectrum was fit using two sites: one site with a Cq of 46.7 + 1 MHz and an n of 0.75 + 0.05,
which is consistent with the values reported by Dithmer et al.;’ and one using the parameters
reported above for LaPO,4 - 1.8H,0. The sample appears to have undergone hydration between
heating and collection of the spectrum. There is no appreciable CSA contribution visible in the
lineshape at 16.4 T.
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Figure S13. Static '*’La NMR spectrum of LaPO,. Total analytical simulation is show in red. The simulations of the individual
sites are in green (LaPO,) and purple (LaPO, - 1.8H,0). The EFG and CSA parameters used are reported in Table 1 in the main
text.

DFT calculations of LaPO, using the experimental geometry'® yield a Cq of 53.6 MHz
and an n of 0.56. The calculations somewhat overestimates Cqy and underestimates m, but are
consistent with the experimental results. Both the higher Cq and lower 1 than experiment can
both be explained by an overestimation of V., in the theoretical results. None of the tensor
components are oriented toward any particular feature of the LaOy polyhedron.

The ellipsoid fitting the LaOy polyhedron is triaxial in nature, with e, = 2.415 = 0.001 A,
ey =2.574 £ 0.001 A, and e. = 2.796 + 0.001 A. There is significant deviation from spherical
symmetry, with € = 0.147 + 0.001 and a character of 0.05 + 0.01. The V,, component is nearest
to the e. axis, but the EFG tensor is generally not aligned with the ellipsoid of best fit (Figure
S14).
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Figure S14. First coordination sphere of LaO, in LaPO,. The V,,, V,,, and V,, components are displayed as blue, green, and red,
respectively. The e,, e, and e, semi major axes are in yellow, magenta, and teal respectively.

Lanthanum Borate

LaBOs has previously been investigated using ''B ssNMR by Kroeker and Stebbins,'' but
has not been probed by *’La ssNMR. LaBOs is a possible side product in the synthesis of
LaBGeQOs and LaBSiO5,12 as well as the primary phase to crystallize out of La,03-B,0; glasses.
The room temperature phase of LaBOj is orthorhombic, with space group Pnma and 4 formula
units per cell”. The lanthanum environment is ninefold coordinate to oxygen, with four La-O
bond pairs of lengths 2.41 A, 2.49 A, 2.77 A, and 2.80 A, and one La-O bond of length 2.38 A.
The average La-O bond length is 2.59 A. There is a mirror plane bisecting the LaOy polyhedron,
with the independent La-O bond parallel to the plane.

Using the '*’La ssNMR spectra of LaBO; measured at 9.4 T and 16.4 T (Figure S15,
Figure S16), the quadrupole and chemical shift parameters could be determined. The quadrupole
coupling has a value of Cq of 23.4 + 0.4 MHz with an n of 0.68 + 0.05. There is a significant
CSA contribution to the lineshape, with Q = 350 + 30 ppm, k = 0.3 £ 0.1, and Euler angles a =
15+ 5° B=0=£5°and y= 165+ 10°. The magnitude of the CSA parameters is significant when
compared to the quadrupolar influence on the lineshape: the measured span for the La®* site of
LaBOs is comparable to La,O3 or LaScOs, while the B9 a Cq of La*' in LaBOs is significantly
less than that in La,O5 or LaScOs.
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Figure S15. Static '*’La NMR spectra of LaBO;. Analytical simulations are shown in red. The EFG and CSA parameters used
are reported in Table 1 in the main text. Left: Spectrum collected at 9.4 T. Right: Spectrum collected at 16.4 T.

1L

[PPSR W

T T T T T
1000 500 0 -500 =1000 =1500 ppm

T T T T T T
100 50 0 50 100 450  kHz

;A,I.‘. U ] L
T T

2000 1000 [ -1000 -2000 ppm

T T T T T
100 50 0 -50 -100 -150 kHz

Figure S16. Static '*La NMR spectra of LaBOj;. Both spectra are set to the same frequency scale. Top: Spectrum collected at
16.4 T. Bottom: Spectrum collected at 9.4 T.

DFT calculations of LaBOs on the experimental geometry' yielded a Cq of -28.8 MHz
with an n of 0.57. Both values agree reasonably well with experlment though the Cq is
overestimated. Calculations carried out on a different LaBO; structure'® using the same
parameters reported a Cq of -84 and n of 0.05, which are even further from experiment. The
9La Cq of LaBOj; appears to be extremely sensitive to structure, which should be considered
when comparing experimental and computational values.

The least-squares ellipsoid which fits the LaOg polyhedron in LaBO; is significantly
distorted, with € = 0.157 £ 0.001 and semi major axes e, = 2.331 + 0.001 A, e, =2.721 £ 0.001
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A, and e. = 2.741 + 0.001 A. The character is nearly wholly oblate at -0.92 + 0.01. This is at
odds with the experimental 1, as a small value of 1 would be expected when the system is nearly
axially symmetric. The Vyx EFG component is antiparallel to the e, semi major axis, and the V,,
component is close to the e, axis.

Figure S17. First coordination sphere of LaO, in LaBOs. The V,,, V,y, and V,, components are displayed as blue, green, and red,
respectively. The e,, e, and e, semi major axes are in yellow, magenta, and teal respectively.

Lanthanum Borosilicate

Another member of the stillwellite family, LaBSiOs (LBS) is the silicate analogue of
LBG, and is isostructural to LBG." Also of space group P3;, the lanthanum environment of LBS
is of slightly higher coordination, forming a LaO,( polyhedron. This difference is attributed to
the difference in size between the GeO,4 and SiO4 tetrahedra'®. La-O bonds range in length from
2.39 A t0 2.86 A, with an average of 2.64 A. Like LBG, there are no obvious symmetry elements
present in the lanthanum polyhedron of LBS.

The *’La ssNMR spectrum of LBS is presented in Figure S18. The lineshape is fit with a
Cq 0of 90 + 0.5 MHz and 1 of 0.35 + 0.02. The spectrum of LBS is the broadest presented in this
study, and among the broadest reported in the literature.'” While similar in shape to the spectrum
of LBG, the spectrum of LBS is slightly broader and slightly less axially symmetric, likely a
consequence of the higher coordination number.
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Figure S18. Static '*La NMR spectrum of LaBSiOs. Analytical simulation is show in red. The EFG parameters used are
reported in Table 1 in the main text. The presence of an impurity is indicated with an asterisk.

The DFT calculations on LBS produce results which vary significantly from experiment.
The theoretical calculations on the experimental geometry'’ yield a *’La Cq of -110 MHz and n
of 0.05, neither of which are consistent with the experimental results. Given the apparent
sensitivity of LaBO; and LaScOs; to small changes in geometry, agreement with experiment
could be improved by using a different experimental structure.

The coordination ellipsoid of lanthanum in LBS is quite oblate, with e, = 2.350 + 0.001
A, e, =2.713£0.001 A, e.=2.808 = 0.001 A, leading to a character of with a character of -0.67,
but is less so than that of LBG. The span of this ellipsoid is quite large at 0.175. The semi major
axis ey is very nearly aligned with the Vyy EFG component, and the V,, EFG component is close
to the e, axis (Figure S19).
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Figure S19. First coordination sphere of LaO,, in LaBSiOs. The V,y, Vy, and V,, components are displayed as blue, green, and
red, respectively. The e,, e;, and e, semi major axes are in yellow, magenta, and teal respectively.

Lanthanum Sulfate Nonahydrate

Lay(SO4); - 9H,0 is a commercially available lanthanum compound with a defined
crystal structure, making it a good model compound for this investigation. La,(SO4); - 9H,0 is of
the hexagonal P6s/m space group with two formula units per unit cell.'® There are two lanthanum
sites in Lay(SO4); - 9H,0: site La(1), with twelvefold coordination; and site La(2), with ninefold
coordination. Both sites have highly symmetric polyhedra with Cs rotation axes parallel to the
crystallographic ¢ axis. La(1) is best described as a distorted LaO, icosahedron, and La(2) as a
LaOy tricapped trigonal prism. As a result, both sites are predicted to have n values of 0, but will
have non-zero Cq values. La(1) has two sets of bonds: three pairs of La-O bond length 2.59 A,
and three pairs of length 2.80 A, with an average length of 2.70 A. La(2) has two different bond
lengths: the equatorial La-O bonds of length 2.51 A, and the non-equatorial bonds of length 2.55
A. The second coordination sphere of the two sites also has significant variation. The La(1)
icosahedron edge-shares with six SO, tetrahedra, where the La(2) site corner-shares with three
sulfur tetrahedra which cap the rectangular faces of a trigonal prism. This trigonal prism is
formed by water oxygen coordinating to lanthanum. La(1) has no H,O in its near proximity,
whereas the environment of La(2) is dominated by it.

The difference in the local structure of the two sites is reflected in the spectrum of
Lay(SO4); - 9H,0 (Figure S20). Two peaks are observed: peak 1, with isotropic chemical shift
diso=-175 £ 25 ppm, Cq = 52.5 + 0.5 MHz, and n = 0.00 + 0.02; and peak 2, with 8;,,=-75 £ 25
ppm, Cq =36.5 £ 0.5 MHz, and n = 0.00 + 0.03. Peak 1 is assigned to La(1) and peak 2 to La(2)
based upon the computational results discussed below.
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Figure $20. Static '*La NMR spectrum of La,(SO,); - 9H,0. Analytical simulation is show in red. The EFG parameters used are
reported in Table 1 in the main text.

DFT calculations were based on the experimental geometry18 of Lay(SO4); - 9H,0, but
there are no experimentally reported values for the position of the hydrogen atoms. We manually
placed hydrogen atoms at reasonable starting locations and optimized their positions, holding the
position of all other atoms (i.e. La, S, and O) constant. Our calculations yield a Cq of -59.1 MHz
and n of 0.0 for La(1) and Cq of -36.5 MHz and n of 0.0 for La(2). The asymmetry parameters
are confined by symmetry, but the magnitudes of the quadrupolar coupling constants agree
reasonably well with the fit proposed above. The difference in the calculated Cq of the two sites
is used as a basis for assigning peak 1 to site La(1) and peak 2 to site La(2). The V,, component
of the EFG at La(1) is collinear to the crystallographic c axis, and as such is directed towards the
neighbouring LaO;, icosahedron. In site 2, V,, is also collinear to the crystallographic ¢ axis,
with V, and Vy, consequentially in the crystallographic a-b plane.
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Both sites can be fit independently by least-squares ellipsoids. Both are spheroids, as
expected due to their axial symmetry. The ellipsoid of La(1) is oblate, with e, = 2.463 = 0.001 A
and e, = e, = 2.837 = 0.001 A. Despite the icosahedral nature of the LaO,, polyhedron, there is
significant distortion from spherical symmetry with € = 0.138 + 0.001. The character of the
ellipsoid is -1.00 + 0.01, as expected from an oblate spheroid. Considering the LaO,; ellipsoid,
the shortest semi-major axis is aligned with the crystallographic c axis, and hence collinear with
V.. The ellipsoid of La(2) is prolate, with e, = e, = 2.514 £ 0.001 A and e. = 2.585 + 0.001 A.
The La(2) ellipsoid is significantly less distorted than the La(1) ellipsoid, with € = 0.028 + 0.001.
As a prolate spheroid, the character of the ellipsoid is 1.00 & 0.01. The largest semi major axis is
parallel to both V, and the crystallographic ¢ axis. As a spheroid, the direction of the degenerate
semi major axes is not unique, and like V, and Vy, they also lies in the a-b plane (Figure S21).

O
A -l

Figure S21. Top: First coordination sphere of LaO,, in Lay(SO,); - 9H,0. Bottom: First coordination sphere of LaO, in
Lay(SOy); - 9H,0. The V,,, V,,, and V,, components are displayed as blue, green, and red, respectively. The e,, e;, and e, semi
major axes are in yellow, magenta, and teal respectively.
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Lanthanum Carbonate Octahydrate

Despite pXRD suggesting a crystalline sample of La,(COs); - nH,O, it was not possible
to obtain a spectrum with sufficient resolution to separate the multiple sites present. The
collected spectrum, presented in Figure S22, is believed to be a combination of the two sites'’ of
Lay(CO3); - 8H,0O and the three sites®® of lanthanum carbonate oxide (LaCOs;0H), the presence
of which is suggested by pXRD (Figure S7).

LA

1500 1000 500 0 -500 -1000 -1500 ppm

150 100 50 0 -50 -100 -150 kHz

Figure S22. Static 39 a spectrum of sample of nominal composition La,(CO;); - nH,O.

Given the multi-phase nature of the sample, along with the poor spectral resolution, DFT
calculations on the lanthanum carbonate octahydrate system were not attempted.

Lanthanum Hydroxide

La,03 will easily convert to La(OH); under exposure to atmospheric water.”' It has
influenced previous *’La NMR studies, and as a consequence has been well-studied using *’La
ssNMR®. We did not collect further spectra La(OH); in this work.

La(OH); is in the P63/m space group, as confirmed by both X-ray and neutron diffraction
studies.”*** The unit cell of La(OH); contains two formula units. The lanthanum environment is
ninefold coordinate, with only oxygen in the first coordination sphere. Like site La(2) of
Lay(S04); - 9H,0, the LaOg polyhedron in La(OH); is a tricapped trigonal prism, with a threefold
rotation axis parallel to the crystallographic ¢ axis. This predicts an 1 of 0, which is confirmed by
a previous study of La(OH);’
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We conducted DFT calculations on La(OH); using the experimental geometry>, with the
positions of the hydrogen atoms determined through neutron powder diffraction. Our DFT
calculations yield a Cq of -29 and an n of 0.0, consistent with the experimental results reported
by Spencer et al., who report an experimental Cq of 22.0 = 0.5 MHz and an 1 of 0.05 + 0.02°.
The V,, component is collinear the crystallographic ¢ axis, and is hence oriented to face the
nearest neighbouring LaOy polyhedron.

The ellipsoid used to fit the LaOy polyhedron of La(OH)s is a prolate spheroid, with e, =
ey =2.551 £0.001 A and e. = 2.620 0.001 A. It is very nearly spherical, with € = 0.027 + 0.01
and a character of 1.00 + 0.01. The longest semi major axis is parallel to the crystallographic ¢
axis and hence collinear with V,, (Figure S23).

Figure S23. First coordination sphere of LaO, in La(OH);. The V,,, V,,, and V,, components are displayed as blue, green, and
red, respectively. The e,, e,, and e. semi major axes are in yellow, magenta, and teal respectively.

Lanthanum Aluminate

LaAlOs is a thombohedral perovskite of space group R -3 ¢ with six formula units per
unit cell. LaAlO; is remarkable in the NMR community for possessing one of the smallest
reported 391 Co values.?* The coordination environment of lanthanum in LaAlO; 1s twelvefold
coordinate, with the LaO,, polyhedron assuming a slightly distorted cuboctahedron geometry.”
Despite the distortion, there is a C; rotation axis parallel to the crystallographic ¢ axis, which
enforces an 1 of 0.

The *’La ssNMR spectrum of LaAlO; was first observed by Dupree et al., where they fit
the lineshape with a Cq of 6 MHz and an 1 of 0.** Given that the peak is narrow enough to be
collected through magic angle spinning NMR, these values are quite reliable. We conducted
DFT calculations on the experimental geometry, which yielded a Cq of 8.4 MHz and an n of

S21



0.0. This is in good agreement with the experimental results of Dupree et al. The V,, component
of the EFG is parallel to the crystallographic c axis.

The ellipsoid of LaO,; in LaAlOs is the most spherical of all the compounds examined in
this study, with € = 0.01 + 0.01. As is consistent with an n of 0, the ellipsoid is a spheroid; in
particular it is an oblate spheroid, with e, = 2.67 + 0.01 A and e, = e, = 2.70 = 0.01 A. The
shortest semi major axis is parallel to both V,, and the crystallographic ¢ axis (Figure S24).

e

v

Figure S24. First coordination sphere of LaO,, in LaAlOs. The V,,, V,,, and V,, components are displayed as blue, green, and
red, respectively. The e,, e;, and e, semi major axes are in yellow, magenta, and teal respectively.

Lanthanum Cobaltite

LaCoOs; is a member of the perovskite family, and is of the rhombohedral space group R
-3 ¢ with two formula units per cell.”® LaCoOs has been previously studied using **La ssNMR
by Bastow”. The lanthanum environment in LaCoOj is twelvefold coordinate to oxygen, forming
a distorted cuboctahedron. There are three different La-O bond lengths in the LaO,, polyhedron:
three of length 2.43 A; six of length 2.69 A; and three of length 2.99 A; together with an average
of 2.70 A. There is a C; rotation axis parallel to the crystallographic ¢ axis, enforcing an n of 0
on the lanthanum site.

Our DFT calculations of LaCoOj; using the experimental geometry”® yield a *’La Cq of
20.99 MHz and n of 0.00, in reasonable agreement with the experimental results of Bastow. Due
to the resolution limits imposed by the frequency-stepped spin-echo technique used, Bastow
estimated the Cq to be 23.8 MHz by the separation of the satellite transitions, rather than by
direct simulation of the central transition. V, is aligned with the C; rotation axis, and directed
towards a face of a CoOg octahedron.

The ellipsoid fitting the LaO;, cuboctahedron is oblate and somewhat distorted, with € =
0.04 + 0.03 and a character of -1.00 = 0.01. The semi major axes are e, = 2.67 £ 0.04 A and ¢, =
e. = 2.78 = 0.04 A. As has been observed with other compounds fit by a spheroid, the non-
degenerate semi major axis is parallel to the proper rotation axis of the polyhedron (Figure S25).
The large uncertainty in the ellipsoid span indicates that the oxygen positions are not easily fit by
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a triaxial ellipsoid; this is a consequence of the square (or in this distorted case, diamond) faces
of the cuboctohedral geometry.

Figure S25. First coordination sphere of LaO;, in LaCoOs. The V,,, V,,, and V,, components are displayed as blue, green, and
red, respectively. The e,, e;, and e, semi major axes are in yellow, magenta, and teal respectively.

Lanthanum Chromite

At room temperature, LaCrO; is in the orthorhombic Pbnm space group with four
formula units per cell.?’ It experiences an antiferromagnetic phase transition at approximately
286 K.** The lanthanum environment is twelvefold coordinate, forming a severely distorted
LaO;, cuboctahedron. The distortion is sufficiently severe that there are no obvious symmetry
elements prescribing particular NMR behavior. The La-O bond lengths in the LaO;, polyhedron
range from 2.43 A to 3.12 A.

LaCrO; has been previously studied using '*’La ssNMR spectroscopy by Bastow, in
which he fits the LaCrO; peak with a Cq of 48 MHz and an n of 0.15." Our DFT calculations on
the experimental structure®’ yield a Cq of -47.2 MHz with an n of 0.32. While the Cq is in good
agreement with experiment, our calculations overestimate the asymmetry parameter as reported
by Bastow. However, given the relatively low resolution provided by the frequency-swept spin
echo technique used, it is possible that the experimental 1 was underestimated. The V axis is
parallel to the crystallographic ¢ axis, while the Vy, and V,, components of neighbouring LaO,
polyhedra are nearly aligned (Figure S26).

The ellipsoid fitting the LaO, cuboctahedron is triaxial, reflecting the level of distortion
from spherical symmetry. The span is moderately high at € = 0.16 + 0.05, and the character of
the ellipsoid is -0.14 £+ 0.01, reflecting a slightly oblate nature. The semi major axis e, is parallel
to both the Vi component and the crystallographic ¢ axis, while V;, is closely adjacent to e,
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(Figure S26). Like LaCoOs, the coordination polyhedron is poorly fit by an ellipsoid; this is also
attributed to the strongly distorted cuboctahedral geometry of the local lanthanum coordination.

Figure S26. First coordination sphere of LaO,, in LaCrOs. The V,,, V,,, and V,, components are displayed as blue, green, and
red, respectively. The e,, e;, and e, semi major axes are in yellow, magenta, and teal respectively.

Lanthanum Titanate

LaTiO; has been studied for its role as an antiferromagnet,” as well as for its application
in the battery material lithium lanthanum titanate.® LaTiOs is in the orthorhombic Pbnm space
group with 4 formula units per unit cell. The lanthanum environment is eightfold coordinate in a
distorted square antiprismatic configuration, with La-O bonds ranging from 2.43 A to 2.77 A,
with an average of 2.60 A. LaTiO; has been experimentally observed through low-temperature
L a ssNMR by Furukawa et al. They reported a quadrupole resonance frequency of 3.8 MHz
and an n of 0.6. © A *’La quadrupole resonance frequency of 3.8 MHz is equivalent to a *’La
Cq of 53.2 MHz. The value of n remains unchanged. The measurement of the quadrupolar
coupling constant was verified through nuclear quadrupole resonance” and a previous
computational study’".

DFT calculations of LaTiOs are complicated by the strong electron correlation at the La®*
and Ti’" sites. This requires a special approach (LDA+U)*' that is inconsistent with the rest of
the DFT calculations reported in this work, and hence DFT calculations of LaTiO; were not
performed.

The ellipsoid fitting the LaOg polyhedron is triaxial, with e, = 2.384 + 0.001 A, ¢, =
2.462 + 0.001 A, and e. = 2.872 + 0.001 A. The ellipsoid is quite distorted from spherical
symmetry, with € = 0.190 £ 0.001, and a prolate character of 0.59 £+ 0.01. The largest semi major
axis is parallel with the crystallographic c axis, and is directed towards neighbouring LaOsg
polyhedra (Figure S27).
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Figure S27. First coordination sphere of LaOg in LaTiO;. The e,, ¢;, and e. semi major axes are in yellow, magenta, and teal
respectively.

Lanthanum Niobate

LaNbO, has been thoroughly investigated using '**La ssNMR by Spencer et al.;> we will
not duplicate their efforts here. LaNbO,4 has a monoclinic crystal structure of space group 12/c
with 4 formula units per unit cell.*> The lanthanum environment in LaNbO, is eightfold
coordinate, with four pairs of La-O bonds with lengths 2.48 A, 2.49 A, 2.50 A, and 2.58 A. The
average La-O bond length is 2.50 A. The lanthanum coordination polyhedron is a distorted
square antiprism.

We performed DFT calculations on the room-temperature monoclinic LaNbOy crystal
structure.*” Our DFT calculations yield a Cq 0f 39.5 MHz and n of 0.50, in good agreement with
the experimental values reported by Spencer et al. (Cq = 36 + 2 MHz, 1 = 0.44 + 0.05)’. Our
computed EFG parameters have approximately the same deviation from experiment as the
computed values reported by Spencer et al. (calculated Cq = 33.8 MHz, n = 0.38), albeit in the
opposite direction.

The ellipsoid used to fit the LaOg coordination polyhedron is triaxial, with e, = 2.419 +
0.001 A, e, =2.478 £ 0.001 A, and e, = 2.606 = 0.001 A. The ellipsoid span indicates a moderate
level of distortion with € = 0.075 + 0.001. The ellipsoid is somewhat prolate, with a character of
0.32 = 0.01. While the longest semi major axis of the ellipsoid is parallel to the crystallographic
b axis, the other semi major axes are not aligned with any particular structural feature (Figure
S28).
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Figure S28. First coordination sphere of LaOg in LaNbQO,. The e,, ¢;, and e, semi major axes are in yellow, magenta, and teal
respectively.
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Figure S29. Relationship between sphericity (), ellipsoid expression (€), the shortest ellipsoid semi major axis (e,), and the
longest semi major axis (e.) and: d,;, (a, b, d); and d, (c, ). Filled circles (®) indicate compounds of the non-LaMO; family,
while open circles (0) indicate LaMO; compounds. The solid lines indicate the relationship between the respective distortion
parameter and the bond length of the non-LaMO; family, with: a) X = 2.78% -d +0.23 (R =0.38); b) e = 0.67 - dpin, + 0.81 A
(R*=0.36); c) e, = —1.08 - dypox + 5.35 A (R = 0.44); ¢) e = 1.14 - dppoy — 0.394 (R? = 0.95). The dotted line in d) indicates
the relationship between e, and the minimum La-O bond length of the LaMO; family, with e, = —0.28 - dpay + 3.254 (R? =
0.62).

S27



a) 100
90

80
70
60
50
40
30
20
10

Co (MHz)

23 235 24 245 25 255 26 265 27 275
e, (&)

a

b) 100

90 °
80
70
60
50
40
30
20
10

Cq (MHz)

2.50 2.60 2.70 2.80 2.90 3.00 3.10
e (A)
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