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Abstract

A broad series of crystalline lanthanum oxide-based materials has been investigated
through high-field 3°La solid state nuclear magnetic resonance (sSNMR) spectroscopy and ab
initio density functional theory (DFT) calculations. The *®La NMR spectra of LaBGeOs,
LaBSiOs, LaBOs3, LaPOa - 1.8H20, Laz(S04)s - 9H20, and Lax(COs)3 - 8H20 are reported for the
first time. Both newly reported and literature values of ***La quadrupolar coupling constants (Cq)
are related to various quantitative expressions of polyhedral distortion, including sphericity (%)
and ellipsoid span (€). The compounds were separated into two groups based upon their polyhedral
distortion behaviour: compounds with the general formula LaMOs, where M is a trivalent cation;
and compounds with different general formulae. The **La Cq of the LaMO3 family was found to

correlate best with €. The *°La Cq of non-LaMO3z compounds correlates adequately to e, but is

better described by X. The **°La isotropic chemical shift (85) of the non-LaMO3 compounds is
negatively correlated with the lanthanum coordination number; there is insufficient data from the
LaMOs compounds to draw conclusions relating to chemical shift. DFT calculations of NMR
parameters prove to be a sensitive probe of the quality of input geometry, with predicted

parameters agreeing with experiment except in cases where the crystal structure is suspect.



Introduction

Lanthanum compounds have a wide variety of applications, including nickel-metal hydride
batteries,! transparent ferroelectric nanocomposites,? medical glassmaking,® and both medical and
environmental phosphate sequestration*®. Many of these applications involve amorphous
materials, complicating the characterization of the lanthanum environment. Solid state nuclear
magnetic resonance (sSNMR) is an effective probe of local coordination in non-periodic solids,
but has not yet been applied to $3°La in amorphous lanthanum compounds. In order to increase the
utility of *°La ssNMR as a structural characterization tool, we investigate the relationship between
observable *°La ssNMR properties and the distortion of the lanthanum sites in lanthanum oxide-
based materials.

The primary NMR-active nucleus of lanthanum, ¥La, has several attractive nuclear
properties including a complete natural abundance (100%), a nuclear spin of | = 7/2, and a
moderate gyromagnetic ratio (y = 3.801 - 10" rad T s), all of which contribute to a high
receptivity (1.61 - 102 as compared to 2°Si). A moderately high nuclear electric quadrupole moment
(Q = 20 fm?)® has been the primary barrier to the ssNMR study of 13*La. Until the advent of the
wideband uniform rate smooth truncation quadrupolar Carr-Purcell Meiboom-Gill (WCPMG)
pulse sequence,’ the breadth of many spectra prevented their timely acquisition, restricting
investigations into relatively high symmetry compounds which yield narrow spectra.®° The
WCPMG pulse sequence, in conjunction with variable offset cumulative spectra (VOCS)
collection, has recently been put to good use in the investigation of a number of both coordination

and inorganic lanthanides,***? including LaScOs ** and LaPOx°.



The lineshape of $3°La NMR spectra is primarily due to interactions of the nucleus with the
electric field gradient (EFG) tensor. Two parameters describe this interaction: the quadrupolar

coupling constant Cq, and the quadrupolar asymmetry parameter 1
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where eQ is the electric quadrupole moment of the nucleus, h is the Planck constant, and |V ,,| >
|Vyy| > |V, |are the principal components of the EFG tensor. The magnitude of the quadrupolar
coupling constant has commonly been used to infer qualitative deviations from spherical symmetry
while the asymmetry parameter provides information regarding axial symmetry.>!>6 An
additional influence on the lineshape of NMR spectra is chemical shift anisotropy (CSA). The
CSA tensor is defined similarly to the EFG tensor, with principal components &;; > 8,, > 833. This
work uses the Herzfeld-Berger convention” for describing the influence of CSA on NMR
lineshapes.

Note that the principal directions of the CSA tensor need not coincide with those of the
EFG tensor, and neither need coincide with “obvious” crystallographic directions unless satisfying
the symmetry requirements of the unit cell. Nevertheless, if correlations between these tensors and
crystal structures can be established for a class of materials, then extension to structurally
uncharacterized samples is possible. Indeed, many studies have attempted to link the above NMR
properties to structural features: for example, Pan et al. used ®Li magic angle spinning (MAS)
NMR to probe the presence of Cr¥* in the lithium coordination sphere!®; B MAS NMR is
routinely used to quantify relative proportions of three- and four-coordinate boron; Willans et al.

were able to establish a link between 3°La isotropic chemical shift and lanthanum coordination



number in organic lanthanum coordination compounds using solid-state NMR*?; and Michaelis
and Kroeker investigated the possibility of relating "*Ge Cq to octahedral and tetrahedral distortion
parameters'®. While tetrahedral and octahedral distortion parameters are effective in describing
differences between real and ideal polyhedra, it is difficult to generalize the method used by
Michaelis and Kroeker to polyhedra with higher coordination number. Bali¢ Zuni¢ and Makovicky
devised a method involving least-squares fitting of a sphere to the ligands of the coordination
polyhedron®® which provides a novel means of measuring distortion. Various distortion parameters
are derived from the relationship between a circumscribed sphere and the ideal polyhedral shape.?°
These parameters have been successfully used to predict the coefficient of thermal expansion in
A:M301, materials.?*?2 However, modelling the EFG tensor requires a parameter more sensitive
to the specific distortion from spherical symmetry.

Bali¢ Zuni¢ and Makovicky'® define the sphericity of the coordination polyhedron, which

we label X, as

v=1.25 (3)
I.S

where rs is the average distance between the centroid of the coordination polyhedron and the
ligands, and ors is the standard deviation of the same. The centroid of coordination is the point with
minimal variation of position with regards to the oxygen ligands, and frequently, but not always,
coincides with the position of the La®* cation. The sphericity describes the deviation of the ligand
distances from the average distance, which models the general deviation from spherical symmetry.

Beyond considering the isotropic deviation from spherical symmetry, we also consider the
anisotropy of the distortion. To this end, we fit the coordination polyhedron with a triaxial ellipsoid

(Figure 1). The resulting ellipsoid is defined by its three semi major axes ea < ep < ec. The level of



anisotropy of the ellipsoid is described by two parameters derived from the semi major axes: the
ellipsoid span, which we will refer to as €, defined by Bali¢ Zunié¢ and Makovicky? as
CCa (4)

e, te,te,
3
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and the ellipsoid character (E.C.), which describes how close in length ey, is to the other semi major
axes. More precisely, the ellipsoid character is defined in analogy to the optical character.?® The
ellipsoid character is the cosine of the angle between the normals of the two unique circular cross-
section of the ellipsoid fitting the polyhedron, as bisected by the longest major axis. Practically,
the ellipsoid character ranges from -1, describing an oblate spheroid, to +1, describing a prolate
spheroid, while intermediate values indicate that the elipsoid is triaxial. € will range from 0 when

the ellipsoid is spherical, and will approach 3 when e > ea.

Figure 1: Schematic diagram of triaxial ellipsoid fit to the LaOg polyhedron of LaBGeOs.



In this work we use $*°La ssNMR in conjunction with density functional theory (DFT)
calculations to construct an empirical model relating the distortion of the lanthanum coordination
polyhedra to the observed 3°La Cqvalues. We establish that the ***La Cq of compounds with the
general formula LaMO3s (M = B®*, AIR*, Sc3*, Ti%*, Cr¥*, Co®") is dependent primarily on the
ellipsoid span, while the 13La Cq of other compounds is related to both the ellipsoid span and the

sphericity parameter.

Experimental
Synthesis and Characterization

Samples of La;03 (> 99.9%), LaBOs (99.9%), La2(COs)s - xH20 (99.9%), and Laz(SO4)3 - 9H20
(> 99.99%) were purchased from Sigma-Aldrich. LaPOs - xH20 (99.99%) was purchased from
Alfa Aesar. The above samples were used without further purification. LaPO4 was produced by
heating LaPO4 - xH20 at 750 °C for 21h in atmosphere. LaBGeOs glass was produced by grinding
stoichiometric amounts of LaxOs, B2O3z (99%, Sigma-Aldrich), and GeO2 (99.998%, Sigma-
Aldrich) in a ceramic mortar and pestle and heating at 1300 °C for 30m in a platinum crucible in
atmosphere. The resulting glass was poured into a glass mold pre-heated to 400 °C, and held at
400 °C for 24 h. Crystallization was induced by heating the glass at 950 °C for 12h. The resulting
ceramic was ground to powder in an agate mortar and pestle. LaBSiOs powder was produced by
grinding stoichiometric amounts of La»,O3, B20s, and SiO> (Analytical, Sigma-Aldrich) in a
ceramic mortar and pestle and heating from 900 °C to 1300 °C over 5 h in a platinum crucible in
atmosphere. Identities of both commercial and synthesized samples were confirmed using powder
X-ray diffraction. X-ray diffraction experiments were conducted using a Rigaku Ultima IV X-ray

diffractometer using a copper anode X-ray tube with a diffracted beam monochromator and a



scintillation detector. X-ray diffractograms are available in the supporting information.
Thermogravimetric analysis (TGA) was used to characterize the level of hydration of LaPOg -
1.85H,0 and Lay(S0a)s - 9H20 (Figure S8). The level of hydration of Laz(COs3)s - nH2O was not
determined due to contamination of the sample.

NMR Spectroscopy

139 a NMR spectra were collected on 9.4T (56.54 MHz ¥ La frequency) and 16.4 T (98.91
MHz *°La frequency) Bruker Avance NMR spectrometers. Samples were finely ground in an
agate mortar and pestle and packed into either 4 mm (16.4 T) or 7 mm (9.4 T) outer diameter ZrO-
rotors. All spectra were collected under static conditions. The WCPMG pulse sequence’ was used
with WURST-80 (16.4 T) or WURST-20 (9.4 T) pulses® of 50 ps duration, sweeping across 500
kHz at a rate of 10 MHz/ms to ensure homogenous excitation. The number of echoes collected
varied from 60 to 250 according to the T relaxation of the sample. Spectral slices were collected
with a transmitter offset of either approximately 100 kHz or 200 kHz, with the exact value set to
an integer multiple of the spikelet separation. The number of slices depended on the breath of the
spectral peak. The number of scans per slice varied between 16 and 3192, dependent on sensitivity
of the sample. Optimized recycle delays of between 0.1 and 5 s were used. Total experimental time
was uniformly less than 2 h. 139La chemical shifts were referenced to a 1.0 M aqueous solution of
LaCls. Spectra were fit using DMFit v20110512%°, WSolids v1.19.2%, and QUEST v1.1.5%’.

DFT Calculations

Density functional theory calculations were carried out using the ABINIT code?®3! using
the projector-augmented wave (PAW) method®. The PAW datasets used varied depending on the
structure being investigated. When possible, JTH PAW datasets were used without alteration.®® In

systems where there was significant PAW sphere overlap, custom datasets were used to avoid this



problem. Details on the datasets used for each structure are available in the supporting information
(Table S1). All calculations were performed using the Perdew, Burke, and Ernzerhof (PBE)
generalized gradient approximation (GGA) exchange-correlation functional®.

Calculations were conducted on crystal structures taken from the Inorganic Crystal
Structure Database (ICSD).% Optimized plane-wave cutoff energies were used, typically between
30 and 45 hartrees, with PAW fine grid cutoff energies generally between 90 and 150 hartrees. K-
point grids were optimized for each structure, but typically had a grid spacing of 0.03 A%, Specific
values for each structure are available in the supporting information (Table S2). EFG parameters
were calculated on experimental geometries. Calculations were performed using the WestGrid
Grex research facility, with Intel Xeon X6560 2.66 GHz cores. Between 4 and 24 cores were used
depending on the fineness of the k-point grid.

Distortion Parameters

Distortion parameters were calculated using the IVTON software.?® Input structures were
obtained from the ICSD,* and were also used for DFT calculations. Uncertainties in distortion
parameters were either determined through propagation of error or estimated from least-squares
variance.

Results

139 a NMR spectroscopic parameters, computational results, and distortion parameters are
reported in Tables 1 through 3. The presentation of the results for LaBGeOs and LaScOs3 are
discussed as representative of the non-LaMOz and LaMO3s compounds, respectively. The full

results and discussion for all other compounds are included in the supporting information.



Table 1. Summary of the experimental **La NMR parameters.

|Col (MHz) n Sa (ppm) Q" (ppm) K a’ (°) () ()

Laz0s 58.6(3) 0.00(2) 620 (10) 500(50)° -1.0(2)¢ 150(150)° 90(10) 180(10)¢
LaPO4- 1.8 H.0 33(1) 1.00(5) 400(20)
LaPO4 46.7(10)! 0.75(3)f 36(10)
LaBO3 23.4(4) 0.68(5) 230(10) 350(30)  0.3(1)  15(5) 0(5)  165(10)
LaBGeOs 85.5(5) 0.30(2) 200(25)  400(200) 0.8(3)  75(75)  15(5) 0(10)
LaBSiOs 90.0(5) 0.35(2) 225(50)
Laz(SO4)3 - 9H20

La(l)  52.5(5) 000(2)  -175(25)

La(2)  36.5(5) 0.00(3) -75(25)
La(OH)s 22.0(0.5)¢ 0.05(2¢  260(20)°  80(7)°  0.0(1)*  80(7)°  10(10)*  0(10)¢
LaAlO3 6. 0o:h 375(5)% "
LaCoOs 23.89' 0o 423091
LaCrOs 4891 0.159' 44259
LaTiOs 53.29 0.69 N.D.
LaScOs 61.6(5)¢ 0102  600(50) 500(200)< 0.0(3)
LaNbOa 36(2)° 044(5)°  295(25)° 255(10)° 0.40(4)° 90(5)°  50(5)°  270(10)¢

3(322-8%0)

)
3 5&?:3 (311 +3201833). Q=8 ,-833. ¢ k=

811-033

.9a, B, y are the Euler angles. ¢ Spencer et al.* f Dithmer et al.> 9 These values

were provided without uncertainties; discussion of the reliability of these values is found in the Supporting Information. " Dupree

et al.? ' Bastow!? ] Furukawa et al.3¢ k Johnston et al.1

Table 2. Summary of the calculated ***La NMR parameters

Co (MH2) 1

La>0s 60.61  0.00
LaPOs - OH20 -136.18 0.50
LaPO4 53.67 0.56
LaBO3 -28.79 0.57
LaBGeOs -89.03  0.32
LaBSiOs -109.95 0.05
Laz(SO4)s - 9H20

La(l) -59.10 0.00

La(2) -36.46 0.00
La(OH)s 2949 0.00
LaAIO3 8.44 0.00
LaCoOs 20.99 0.00
LaCrOs3 -47.22 0.32
LaScOs -65.17 0.08
LaNbO4 39.46  0.50
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Table 3. Collected distortion parameters.

CN by ea(A)  e&A)  eA) € E.C.

La:0s 7 0.960(5) 2.481(2) 2.481(2) 2.731(2) 0.098(2) 1.00(1)
LaPO 9 00965(2) 2.415(1) 2.574(1) 2.796(1) 0.147(1) 0.05(1)
LaBO: 9 0963(1) 2.331(1) 2.721(1) 2.741(1) 0.157(1) -0.92(1)
LaBGeOs 9 00951(2) 2.359(1) 2.713(1) 2.744(1) 0.148(1) -0.87(1)
LaBSIOs 10 0.943(4) 2.350(1) 2.713(1) 2.808(1) 0.175(1) -0.67(1)

Laz(SO4)3 - 9H20
La) 12 0960(2) 2.463(1) 2.837(1) 2.837(1) 0.138(1) -1.00(1)
L@ 9 09927(1) 2514(1) 2.514(1) 2.585(1) 0.028(1) 1.00(1)

La(OH)3 9 0.09927(1) 2.551(1) 2.551(1) 2.620(1) 0.027(1) 1.00(1)
LaAIO; 12 0.963(1) 2.67(1) 270(1) 2.70(1) 0.01(1) -1.00(1)
LaCoOs 12 0.931(5) 2.67(4) 2.78(4) 2.78(4) 0.04(3) -1.00(1)
LaCrOs 12 0.909(9) 2.58(6) 2.81(6) 3.03(6) 0.16(5) -0.15(1)
LaTiOs 8 0.0956(3) 2.384(1) 2.462(1) 2.872(1) 0.190(1) 0.60(1)
LaScOs 8 0935(6) 2.334(1) 2.432(1) 3.032(1) 0.269(1) 0.61(1)
LaNbOs 8 0.9877(4) 2.419(1) 2.478(1) 2.606(1) 0.075(1) 0.32(1)

Lanthanum Borogermanate

LaBGeOs (LBG) is an example of the stillwellite rare earth mineral®” that has been
extensively studied for its ferroelectric properties.®° It is a remarkably efficient glass former,
given its high lanthanum content. LBG glass is an effective transparent ferroelectric
nanocomposite material, due to the shared stoichiometry between crystalline and glassy phases.?
LBG has been previously studied using Raman spectroscopy,* computational methods,*? and 1B
magic angle spinning NMR spectroscopy,? but as of yet has not been investigated using **°La
NMR. As a member of the stillwellite family, LBG is of trigonal space group P31, with three
formula units per unit cell. The environment of the single lanthanum site in LBG is ninefold

coordinate to oxygen, with contributions from both the GeO4 and BO4 tetrahedra. La-O bond range
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from 2.41 Ato 2.74 A, with an average of 2.60 A. There are no obvious symmetry elements present
within the lanthanum polyhedron.

The *°La ssNMR spectrum of LBG acquired at 16.4 T is presented in Figure 2. The
spectrum is extremely broad, spanning approximately 12 000 ppm. It is fit using a Cq of 85.5 +
0.5 MHz and n of 0.30 £ 0.02. The spectrum is overwhelmingly quadrupolar in character, with
only a minor influence from CSA. Using spectra collected at 9.4 T and 16.4 T we fit the spectra
with CSA value of Q =400 £ 200 ppm, k=0.8 £ 0.3, a=75+£75°, B=15+5° and y=0+ 10°.
When fitting the spectrum acquired at the lower field strength (9.4 T), the high-field approximation
is less valid due to the extreme breadth of the peak; as such, we must fit it exactly, rather than

through perturbation theory.?’
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Figure 2. Left: Static 1*La NMR spectrum of LaBGeOs at 16.4 T. Analytical simulation is show
in red. The EFG parameters used are reported in Table 1. Right: First coordination sphere of LaOg
in LaBGeOs. The Vi, Vyy, and Vz; components are displayed as blue, green, and red, respectively.

The ea, en, and ec semi major axes are in yellow, magenta, and teal respectively.
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DFT calculations on the experimental LBG geometry® yield a 13°La Cq of -89 MHz and 0
of 0.32. This is in excellent agreement with the experimental results (Cqo = 85.5 £ 0.5 MHz and n
=0.30 £ 0.02). The Vz; component of the EFG tensor is not directed toward any specific structural
feature, but is generally aligned with GeQO4 tetrahedra. The La-O bond closest to the V; vector
links a GeOs tetrahedron with two LaOg polyhedra, but the bond and the vector are not parallel
(Figure 2).

The ellipsoid fit to the LaOg polyhedron is triaxial, with ea = 2.359 + 0.001 A, e, = 2.713
+0.001 A, and e; = 2.744 + 0.001 A. The shortest semi major axis, €, is in close proximity to the
V2, component. The ellipsoid is significantly distorted from spherical symmetry, with e = 0.148 +

0.001. The ellipsoid is oblate in nature, with a character of -0.87 £ 0.01.

Lanthanum Scandate

LaScOs is the lanthanum perovskite most recently studied by 3°La ssNMR spectroscopy,
and the only one published to date that has been studied by WCPMG.'* LaScOs is in the Pbnm
space group with four formula units per unit cell. The lanthanum environment is eightfold, with
La-O bonds ranging from 2.40 A to 2.88 A, with an average bond length of 2.62 A.2* Like LaTiOs,
the LaOsg polyhedron is best described as a distorted square antiprism.

Johnston et al. fit the 1¥La WCPMG ssNMR spectrum of LaScO3 with a Co of 61.6 + 0.5
MHz and an ) of 0.10 + 0.02, * and carried out DFT calculations on the LaScOs structure reported
by Liferovich and Mitchell*. In order to obtain the principal components of the EFG tensor, we
conducted our own DFT calculations on the experimental geometry reported by Johnston et al.;**
our calculations yielded a Cq of -65.2 MHz and an n of 0.08. The Vxx component is parallel to

both the crystallographic c axis and the ellipsoid ec axis, hence the Vyy and VV,; components are in
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the plane defined by the a and b crystallographic axes. Our computed value of 1 is comparable
with the computed value reported by Johnston et al. (0.08 vs. 0.13) as well as with their
experimental value (0.08 vs. 0.10 £ 0.02), but our computed value of Cq is significantly different
than their computed value (-65.17 MHz vs. -51.66 MHz)'*. Our computed value of the 13La Cq is
in good agreement with the experimental value reported by Johnston et al. (-65.17 MHz vs 61.6 +
0.5 MHz).1* This difference is likely due to the difference in initial starting geometries; where we
used the structure reported by Johnston et al.}4, they began from the structure reported by
Liferovich and Mitchell*4,

The ellipsoid used to fit the LaOg polyhedron is significantly distorted, with ea = 2.334 £
0.001 A, ep = 2.432 + 0.001 A, and e = 3.032 + 0.001 A (Figure 3). The ellipsoid is generally
prolate, with a character of 0.61 + 0.01, and shows the greatest distortion of all ellipsoids modelled
in this study, with a value of 0.269 + 0.001. The largest semi major axis e is aligned with the
crystallographic ¢ axis, while the other two semi major axes are slightly angled from La-O1 bonds
(as labelled by Johnston et al.1%). The shortest semi major axis is very nearly parallel with a La-O
bond of length 2.532 A, while the ey axis is displaced from a La-O bond of length 2.396 A by the

same angle. Similar behaviour is observed in the isostructural LaTiOs.
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O

Figure 3. First coordination sphere of LaOg in LaScO3. The Vxx, Vyy, and Vz; components are
displayed as blue, green, and red, respectively. The ea, e, and ec semi major axes are in yellow,

magenta, and teal respectively.

Discussion
Coordination Number

The relationship between lanthanum coordination number (CN) and 3*La NMR properties
has previously been investigated by Willans et al.** They found no correlation between La

coordination number and Cq or Q, but they did find a strong relationship between the La
coordination number and *¥La 5. When analyzing our data, we were unable to establish a

generally strong relationship between the coordination number and Sg(s) (R?=10.11). The quality of
the fit improves dramatically (R? = 0.63) when considering compounds of general formula LaMO3
(M = B*, Co®, Cr3, Sc®, Ti®") separately from the other lanthanum compounds (Figure 4). The
isotropic chemical shift of the non-LaMOs compounds decreases as coordination number

increases, consistent with the observations of Willans et al. It is difficult to conclusively evaluate
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the trend of 5g§ in the LaMO3s compounds due to insufficient data, as the Sﬁf; of LaTiOs has not

been reported and the Sﬁﬁ of LaCoOs is anomalously high; this is proposed to be caused by
transferred hyperfine interactions.'® The coordination number alone is clearly insufficient to relate
the ¥ La isotropic chemical shift to local structure, but it is nonetheless useful in assigning NMR
peaks in structures with multiple lanthanum sites (e.g. Lax(SO4)z - 9H20). The range of 8&5)
reported in this study is approximately 900 ppm, while the range of chemical shifts reported in the
literature spans approximately 1200 ppm* (excluding samples affected by hyperfine interactions,

e.g. LaCo0Os). 13°La ssNMR peaks are often broadened past this chemical shift range, limiting the

potential effects of CSA in ultrawide compounds.
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Figure 4. Relationship between the La coordination number and the **La isotropic chemical shifts
(left) and quadrupolar coupling constants (right). Filled circles (®) indicate compounds of the non-

LaMO3 family, while open circles (©) indicate LaMOs compounds. The solid line in the left plot
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shows the relationship between La CN and '3°La 855, with 855 =-135 ppm - CN + 1405 ppm (R?

= 0.63) for the non-LaMO3 compounds. Error bars may be obscured by the datum symbol.

Like Willans et al., no relationship was found between the lanthanum coordination number

and ¥*°La Cq (Figure 4).

Chemical Shielding Anisotropy

The quadrupolar interaction is clearly the primary influence on the lineshape of *La
spectra. However, it is clear that CSA can have significant impact, as seen with the spectra of
LaBOs3, LaScO3z, and La>0O3z. Many lanthanum compounds have only been investigated at a single
field strength, preventing the collection of accurate CSA parameters. While we have investigated
a few samples at two field strengths, the still too small number of data points and their considerable
uncertainties render it impossible to draw any conclusions about the relationship between crystal

structure and *¥°La CSA at this time.

Quadrupolar Coupling Constant
The relationships between **°La Cq values and selected polyhedral distortion parameters
are shown in Figure 5. As with the isotropic chemical shift, it is valuable to examine the non-

LaMOs and LaMOs compounds separately.
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Figure 5. Filled circles (®) indicate compounds of the non-LaMO3 family, while open circles (o)
indicate LaMO3s compounds. Left: relationship between *°La Cq and sphericity (X). Right:
relationship between *La Cq and ellipsoid span (). The solid lines indicate the relationship
between *La Cq and the respective distortion parameter of the non-LaMO3z compounds, with:
left, Co =-1133 MHz - £ + 1151 MHz (R? = 0.85); right, Cq = 349 MHz - € + 17 MHz (R* = 0.68).
The dotted line indicates the relationship between 3La Cq and the ellipsoid span of the LaMO3
compounds, with Cp =198 MHz - € +9 MHz (R? = 0.80). Error bars may be obscured by the

datum symbol.

Non-LaMOz Compounds

The non-LaMOs compounds show a strong negative correlation with the sphericity
distortion parameter, with Cq increasing as sphericity decreases. The uncertainty in the sphericity
is relatively low for the non-LaMO3s; compounds as compared to the LaMO3s compounds; this is

attributed to a wider range of bond lengths present in most LaMO3z compounds.
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The quality of the fit of the relationship between the ellipsoid span and Cq for the non-
LaMO3 compounds (R? = 0.68) is lower than both that of the LaMO3 compounds (R? = 0.79) and
the relationship between X and Cq for the non-LaMO3s compounds (R? = 0.86). The ellipsoid span
is primarily dependent on the shortest and longest semi major ellipsoid axes, ea and ec. There is a
moderate correlation between Cq and e, for the non-LaMO3; compounds (Figure S28b, R? = 0.69),
but not between Cq and ec. As such, € is not as good of a descriptor of distortion for the non-
LaMOz compounds, but has the advantage of being generally useful for both non-LaMO3z and
LaMO3z compounds.

In an attempt to relate Cq to specific structural features, the various distortion parameters
are plotted against the longest and shortest La-O bonds (dmax and dmin, respectively). The most
relevant plots are presented in Figure 6; the rest can be found in the supporting information. The
distortion parameters that best correlate to the Cq of the non-LaMO3s compounds are generally
dependent on dmax, suggesting that the Cq of the non-LaMO3s compounds might be similarly
dependent. Unfortunately, this is not the case, as the relationship between Cq and dmax of the non-
LaMO3s compounds is less reliable than the relationship between Cq and either T or € (R? values
of 0.58, 0.85, and 0.68, respectively) for the non-LaMO3s compounds. The quadrupolar coupling
constants of the non-LaMO3 compounds seem to be dependent on both dmin and dmax, and are better
fit by a combination of dmin and dmax than by either alone. The difference between the average La-
O bond length (davg) and the shortest La-O bond length (Figure 7) is the structural parameter which

best predicts the 139La Cq for non-LaMO3 compounds (R? = 0.92).
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Figure 6. Filled circles (®) indicate compounds of the non-LaMO3 family, while open circles (o)
indicate LaMO3s compounds. a) Relationship between sphericity (X) and the longest La-O bond

length (dmax). The solid line indicates the relationship between £ and dmax for the non-LaMOs

compounds, with ¥ =-5.71 % - dyax T 8.23 (R? = 0.86). The dashed line indicates the relationship

between between X and dmax for the LaMO3z compounds, with £ = -6.49% “dpax T 9.00 (R?2=0.92).

b) Relationship between ellipsoid span (€) and the shortest La-O bond length (dmin). The dashed

line indicates the relationship between between € and dmin for the LaMOsz compounds, with

€= -0.48% - dpax +2.52 (R? = 0.82). ¢) Relationship between ellipsoid span (€) and dmax. The solid
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line indicates the relationship between between e and dmax for the non-LaMO3z compounds, with

€= 1.92% - dpax +2.50 (R? = 0.89). Error bars may be obscured by the datum symbol.
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Figure 7. Relationship between the difference of the average La-O bond length (davg) and the
minimum La-O bond length (dmin). Filled circles (®) indicate compounds of the non-LaMOs

family, while open circles (o) indicate LaMOs compounds. The solid line indicates the relationship

MHz .
A

between the bond length difference and Cq for the non-LaMOs compounds, with C, = 272

(davg-dmin) +21 MHz (R? = 0.92). Error bars may be obscured by the datum symbol.

LaMOs Compounds
In contrast to the strong relationship seen in the non-LaMO3z compounds, the LaMO3
compounds do not show a significant dependence of Cq on X (R? = 0.22). The compounds that are

most likely affecting the relationship between Cq and X for the LaMO3s compounds are LaCoOs
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and LaCrOa. As discussed in their respective sections in the supporting information, the LaCoO3
and LaCrOs coordination polyhedra are cuboctohedra with a large difference between dmin and
dmax; furthermore, the positioning of the longest and shortest La-O bonds in these structures
ensures that it is difficult to fit a sphere to the oxygen positions.

The use of the ellipsoid span to relate ***La Cq and distortion is more effective than the use
of X for the LaMO3 compounds, though it is difficult to reliably fit an ellipsoid to the lanthanum
polyhedra of LaCrOz and LaCoOs for the same reasons that it is difficult to fit a sphere; this is
reflected in the large uncertainties of € for these compounds. The individual influences of ea and
ec are examined for the LaMO3z compounds, with ec having a much stronger relationship with Cq
than ea. This behaviour is the mirror image of the non-LaMOs compounds, and indicates the
difference between the two families.

Figure 6 highlights additional differences between the LaMOs and non-LaMOs3
compounds. While the sphericity of both families is highly dependent on dmax, the ellipsoid span
of the LaMO3 compounds is not dependent on dmax, but instead on dmin. As such, we examine the
relationship between Cq and dmin for the LaMOs compounds (Figure 8). The fit of the relationship
between Cq and dmin is comparable in quality to the relationship between Cq and € (R? of 0.84 and
0.80 respectively). The Cq of the LaMO3s compounds is effectively independent of dmax, with an
R? of 0.06. While the Cq values of the LaMO3z compounds cannot be explained solely by the
shortest La-O bond lengths, they are much more dependent on this parameter than the non-LaMO3
compounds. The differing influences of individual structural parameters also explains why the
sphericity poorly relates to LaMOs Cq: X is strongly dependent on dmax, While the Cq values of
LaMOs compounds are not dependent on dmax. We attribute the differences in the behaviour of the

LaMO3 and non-LaMOs compounds with regards to our model parameters primarily due to
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structural differences between the two compounds. The shortest La-O bonds in the LaMOs3
compounds form either ideal or slightly distorted trigonal prisms, whereas this substructure is
generally absent from the non-LaMO3 coordination polyhedra. This substructure, when considered
in the context of the remaining atoms in the coordination polyhedron, is difficult to fit with either

a sphere or an ellipsoid, limiting the generalizability of our models.
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Figure 8. Relationship between minimum and maximum La-O bond lengths and experimental
139 a Cq. Filled circles (@) indicate compounds of the non-LaMO3 family, while open circles (©)
indicate LaMO3 compounds. Left: relationship between the shortest La-O bond length (dmin) and

1391 a Cq. The solid line indicates the relationship between dmin of the non-LaMO3 compounds and

Co, With Cq=-191% - dyy, + 523 MHz (R? = 0.41), while the dotted line indicates the

relationship between dmin of the LaMO3z compounds and Cq, with Cq = -382% - dpin + 974 (R?

= 0.84). Right: relationship between the longest La-O bond length (dmax) and *3*La Co. The solid

line indicates the relationship between dmax of the non-LaMOz compounds and Cgq, with

Co= 157% “ dpax - 372 MHz (R? = 0.58). Error bars may be obscured by the datum symbol.
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The most generally applicable distortion parameter is the ellipsoid span, adequately
relating the Cq to distortion for both the LaMO3 and non-LaMO3s compounds. The distortion of
the non-LaMO3 compounds is better described by the sphericity parameter. The Cq values of both
LaMOz and non-LaMO3s compounds can be related to specific structural features. The Cq of a
given LaMOs compound is related to the length of the shortest La-O bond, while the Cq of a given
non-LaMO3s compound is related to the difference between the average La-O bond length and the

shortest La-O bond length.

DFT calculations

The quadrupolar coupling constants calculated with ABINIT generally show good
agreement with those determined experimentally (Figure 9), with deviations typically less than
either 15% or 3 MHz absolute, depending on the magnitude of Cq. There are two notable
exceptions to this trend: the calculated Cq values of LaBSiOs and LaPO4 - nH20 are significantly
greater than the experimental values, LaBSiOs by 22% (20.0 MHz) and LaPO4 -nH20 by 312%
(103.2 MHz).

In both of these cases, the difference between experimental and ab initio results are largely
attributed to errors in the experimental structure. An example of the sensitivity of Cq to crystal
structure is LaBOgs: calculations carried out on a different LaBOj3 structure®® returned a Cq of -84
MHz and n of 0.05, with only slight structural differences from the structure used in this study.
The error in the calculated Cq of LaPO. - nH20 has two possible explanations: firstly, the structure
used in our calculations does not account for the presence of interstitial water; secondly, as

discussed above, there is some debate over the structure of rare earth phosphate hydrates. The Cq
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predicted by the sphericity of the lanthanum site in LaPO4 - nH20 is 107.8 MHz, consistent with
the ab initio results.

If the two results with the greatest absolute error (LaPO4 - nH20 and LaBSiOs) are excluded
from the fit, the relationship between experimental and calculated Cq is very nearly 1:1, with most
computational values being slightly overestimated.

The calculations of the asymmetry parameter suffer the same problems as the calculations
of the quadrupolar coupling constant: the values of n for LaPO4 - nH2O and LaBSiOs are extremely
low as compared to experiment. The large deviation in 7 is also attributed to errors in the
experimental geometry used for the DFT calculations. The values of n| for the other systems that
were studied are more reliable. Most are constrained to n = 0 by symmetry, which is reflected by
the DFT calculations. The few that are not constrained by symmetry generally have calculated

values which are reasonably close to experiment.
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Figure 9. Relationship between experimental and calculated **°La Cq values (left) and 1 values

(right). Filled circles (@) indicate compounds of the non-LaMO3 family, while open circles (0)
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indicate LaMO3 compounds. The dashed line indicates a 1:1 relationship between computational

results and experimental results. Error bars may be obscured by the datum symbol.

Differences between LaMOgz and non-LaMO3s compounds

There are no obvious differences between the LaMO3 and non-LaMO3z compounds aside
from their general formulae. The coordination numbers of the LaMO3z compounds range from 8 to
12, and examples can be found in the non-LaMO3s compounds which share the same coordination
numbers. A mirror plane can be found in the lanthanum polyhedra of most, but not all, LaMOs3
compounds, and can also be found in non-LaMOs compounds. The presence of a threefold rotation
axis is not a unifying factor, as some LaMO3z compounds possess this symmetry element, while
others do not. Given the complex relationship between the EFG and crystal structure, it is likely
that there is no single distinguishing structural feature between the LaMO3s and non-LaMOs3

compounds, but instead a combination of features.

Conclusions

In this work we relate two numerical measures of the distortion of coordination polyhedra
from spherical symmetry to *°La Co. The *°La WCPMG NMR spectra of LaBOs, LaPOy -
1.8H20, LaBGeOs, LaBSiOs, Lax(SOs)s - 9H20 and Laz(CO3)sz - 8H20 are reported for the first
time, and used to supplement existing literature reports of 3La NMR parameters in solid state

oxide materials. When examining a broad range of compounds, we find that the behaviour of the
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1391 a Cq in response to deviations from spherical symmetry divides the examined materials into
two families: compounds with the general formula LaMOs, and the rest. The ellipsoid span, e, is
effective in relating Cq to polyhedral distortion for both families of compounds. Non-LaMOs3
compounds are better described by the sphericity parameter X. Both families of compounds can be
related to direct structural features, with the Cq of LaMO3s compounds being strongly dependent
on the shortest La-O bond length and non-LaMOz compounds exhibiting a more complex
relationship. Isotropic chemical shifts of the non-LaMOs compounds are found to move to lower
frequencies with higher coordination number, while there are insufficient data to draw a similar
conclusion for the LaMO3z compounds. Ab initio calculations of EFG parameters provide values
that generally agree with experiment, with the exceptions of LaBOgz, LaBSiOs, and LaPO4 - nH20;
the failure of ab initio calculations to return values consistent with experiment is attributed to errors

in the reported crystal structures.
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