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Abstract

Indium  and  bismuth  are  technologically  important  elements,  in  particular  as  oxides  for

optoelectronic  applications.  115In  and  209Bi  are  both  I =  9/2  nuclei  with  high  natural

abundances and moderately high frequencies but large nuclear electric quadrupole moments.

Leveraging  the  quadrupolar  interaction  as  a  measure  of  local  symmetry  and  polyhedral

distortions for these nuclei could provide powerful insights on a range of applied materials.

However, the absence of reported NMR parameters on these nuclei, particularly in oxides,

hinders their use by the broader materials community. In this contribution, solid-state  115In

and  209Bi  NMR  of  three  recently  discovered  quaternary  bismuth  or  indium  oxides  are

reported,  supported  by  density  functional  theory  calculations,  numerical  simulations,

diffraction, and additional multinuclear (27Al,  69,71Ga, 121Sb) solid-state NMR measurements.

The  compounds LiIn2SbO6,  BiAlTeO6,  and  BiGaTeO6 are  measured  without  special

equipment  at  9.4  T,  demonstrating  that  wideline  techniques  such  as  the  QCPMG  pulse

sequence  and  frequency-stepped  acquisition  can  enable  straightforward  extraction  of

quadrupolar tensor information in I = 9/2 115In and 209Bi even in sites with large quadrupolar

coupling constants. Relationships are described between the NMR observables and local site

symmetry. These are amongst the first reports of the NMR parameters of 115In, 121Sb, and 209Bi

in oxides.



Introduction

Bismuth- and indium-based complex oxides,  i.e.,  oxides containing multiple  metal

cations,  are  important  functional  inorganic  materials  with  a  central  role  in  many

optoelectronic and energy-related applications. Tin-doped bixbyite indium oxide (In2O3) is an

n-type transparent  conducting oxide1–3 used in display technology,4,5 electrochromic  smart

windows,6–8 and photovoltaics9–11. Complex indium-containing oxides are being developed for

the next generation of electronic materials.12–16 Lithium indium oxides have been studied as

prospective solid electrolytes for all-solid-state lithium-ion batteries.17–19 Substituted versions

of  fluorite  bismuth  oxide  (-Bi2O3)20–23 and  Aurivillius-type  mixed-metal  bismuth  oxides

20,24,25 host some of the highest known high oxygen-ion conductivities. Bismuthate glasses are

non-toxic  candidates  to  replace  lead  oxide  in  zero-stress  optic  materials.26,27 The

stereochemically  active  lone  pair  in  Bi3+ can  lead  to  noncentrosymmetric  structures  with

useful optoelectronic and ferroic properties.28–32

Given  the  range  of  technological  applications  and frequently  cation-mixed  and/or

poorly diffracting nature of bismuth and indium oxides, it is desirable to develop alternative

metrologies to study their atomic environments.  115In and  209Bi solid-state nuclear magnetic

resonance (NMR) spectroscopy could, in principle,  offer additional insights into the local

coordination,  symmetry,  and  ionic/polyhedral  dynamics.  The  quadrupolar  interaction,

specifically, yields information on the spherical (CQ) and axial (Q) symmetry.33 Both nuclei

are spin 9/2 with moderate gyromagnetic ratios (❑ ¿115  = 5.8972   107 rad s–1 T–1;  ❑ Bi209  =

4.3750  107 rad s–1 T–1), large nuclear electric quadrupole moments (Q ¿115  = 77.2(5) fm2; Q Bi209

= –51.6(2) fm2), and high natural abundances (115In =  95.71%; 209Bi = 100%).34,35 Note that

113In is also spin 9/2 with nearly identical nuclear properties (❑ ¿113  = 5.8845  107 rad s–1 T–1;

Q
¿113  =  76.1(5)  fm2);  however,  it  comprises  only  4.29%  natural  abundance  and  is  thus



disfavored.  An analogy must be drawn to  93Nb, the only other stable,  odd-proton  I = 9/2

nucleus (nota bene, there are several odd-neutron I = 9/2 nuclides—73Ge, 83Kr, 87Sr, and 179Hf

—but these have substantially lower gyromagnetic ratios). 93Nb has found wider use than its

(113)/115In and 209Bi counterparts, primarily owing to its smaller nuclear quadrupole moment (

Q Nb93  = –32(2) fm2). Combined with its slightly higher frequency (❑ Nb93 = 6.5674  107 rad s–1

T–1) and 100% natural abundance, 93Nb has been used to provide insights on a wide range of

materials.36–41

Owing to quadrupolar broadening,  115In and  209Bi NMR studies are infrequent. Both

nuclei have been studied in a number of halide systems42–49 and molecular compounds48–53.

Reports  on  oxides  are  exceedingly  rare.  A  pair  of  very  recent  reports  suggests  growing

interest in this area.16,54 Yamada  et al. carried out field-swept  115In NMR to determine the

quadrupolar  coupling  parameters  of  the  two  indium  sites  in  In2O3,54 complementing  the

values determined via nuclear quadrupolar resonance (NQR) spectroscopy in the literature;55

chemical shift information was not determined. Huang et al. employed  115In NMR to study

amorphous indium gallium oxide processed with varying polyvinyl alcohol contents. In the

latter  study,  a  distinct  115In  signal  was  detected  and  observed  to  narrow  slightly  with

polyvinyl alcohol, but no NMR parameters could be extracted.16 It is clear that there is a need

to establish structure–spectral relationships for these important inorganic species, particularly

in  oxide  local  environments.  The  initial  focus  of  this  work  was  to  demonstrate  the

applicability of 115In and 209Bi NMR to oxides, but it is noted that this report is also one of the

first to describe 121Sb NMR of an oxide material.56

For  quadrupolar  nuclei,  it  is  generally  desired  to  acquire  spectra  at  the  highest

available field, B0, to minimize the breadth of the central-transition static powder lineshape,

CT, which is given from second-order perturbation theory as:



∆ νCT=(
3CQ
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2
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2
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144 νL
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where CQ is the quadrupolar coupling constant, Q is the quadrupolar asymmetry parameter,

and L is the Larmor frequency, which is proportional to B0.57 Fortunately, in the case of I =

9/2 nuclei such as 115In and 209Bi, the central transition linewidths are relatively narrow (for a

given CQ) due to the I-dependence of equation (1). 

The central transition (CT, mI = +1/2  –1/2) of a non-integer quadrupolar nucleus is

only affected by second-order quadrupolar effects while the eight satellite transitions in I =

9/2 nuclei (ST, mI = ±1/2  ±3/2, ±3/2  ±5/2, ±5/2  ±7/2, ±7/2  ±9/2) are affected by

first-,  second-,  and  third-order  quadrupolar  interactions,  contributing  to  the  (ultra-)wide

powder patterns expected for full (CT and ST) quadrupolar environments of  115In and  209Bi

NMR.  While  second-order  perturbation  theory  is  sufficient  for  many  quadrupolar  NMR

studies,  numerous examples  have emerged demonstrating  the significance of higher-order

effects.58–65 The rule of thumb for the breakdown of second-order perturbation theory and the

emergence of third-order effects is when the quadrupolar frequency Q given by:

νQ=(
3 CQ

2 I (2 I−1 ) ), (2)

approaches 10% of the Larmor frequency L.66 Widdifield, Bain, and Bryce showed that even

under these conditions,  second-order theory would introduce underestimation errors in  CQ

and  iso.60 For  large  values  of  Q,  the  line  between  NMR and  NQR  is  blurred.67,68 The

exceptionally large nuclear electric quadrupole moments of 113,115In and 209Bi — the largest of

all  main  group elements  — are  expected  to  lead  to  noticeable  third-order  effects  on  the

satellite transitions of these nuclei in distorted environments.

In  this  report,  the  115In  and  209Bi

solid-state  NMR  spectra  and  quadrupolar

parameters  of  three  recently  discovered

(a)

(b)



complex  oxides  (LiIn2SbO6,  BiAlTeO6,  and  BiGaTeO6;  Figure  1)  are  examined  via

(ultra-)wideline NMR, periodic DFT calculations, and numerical modeling. LiIn2SbO6 is a

rutile-like structure with a channel arrangement that is unique amongst rutile phases (Figure

1a).19 BiAlTeO6 and BiGaTeO6 are isostructural  layered compounds with alternating pure

BiO6 and mixed, ordered MO6/TeO6 (M = Al, Ga) (Figure 1b). Collection of the broad (>15

MHz) NMR spectra is facilitated by signal enhancement from the quadrupolar Carr–Purcell–

Meiboom–Gill (QCPMG) pulse sequence in combination with frequency-stepped acquisition,

also known as the variable-offset cumulative spectrum (VOCS)69 approach. The results are

described in the context of the very different local symmetry and coordination environments

of indium and bismuth in these examples. A new synthetic route is developed to prepare a

bulk  sample  of  crystalline  BiAlTeO6 suitable  for  NMR. Chemical  shift  and  quadrupolar

parameters  of  27Al,  71Ga, and  121Sb NMR are also investigated and correlated to the local

geometry of these cations. 

Experimental

Synthesis. LiIn2SbO6,  BiAlTeO6,  and  BiGaTeO6 were  synthesized  from high-temperature

solid-state or flux methods.19,31 Li2CO3 (Aldrich, 99.999%), Na2CO3 (Aldrich, 99.0%), In2O3

(Alfa  Aesar,  99.994%),  Sb2O3 (Aldrich,  99%),  Bi2O3 (Aldrich,  99.9%),  Al2O3 (Aldrich,

99.9%),  Ga2O3 (Aldrich,  99.9%),  and  TeO2 (Aldrich,  99.9%)  precursors  were  used  as

received. H2TeO4·2H2O (Aldrich, 99.6%) was converted to amorphous TeO3 through a pre-

heating step at 673 K for 12 h in air. The reagents were ground together in an agate mortar

and  pestle  until  homogenous.  LiIn2SbO6 was  prepared  by  annealing  the  stoichiometric

pelletized reactants in a Pt crucible in air at 1173 K for 8 h followed by 1473 K for 20 h with

an  intermediate  regrinding.  Attempts  to  prepare  single  phase  BiAlTeO6 via  solid  state

reaction  with  stoichiometric  quantities  of  Al2O3,  Bi2O3,  and  TeO3 (or  TeO2)  were

unsuccessful,  as  reported.31 Thus,  a  Na2CO3–TeO2 flux  method  demonstrated  to  produce

Figure 1 – Crystal structures of (a) rutile-like 
LiIn2SbO6 and (b) layered BiMTeO6 (M = Al, Ga). 
Li+ in teal, In3+ in red, Sb5+ in dark blue, Bi3+ in 
magenta, M3+ in green, Te6+ in gold, O2– in orange.



single crystals31 of  BiAlTeO6 was modified  to prepare a larger  quantity  for this  work.  A

mixture 1:4:1 mole ratio of Na2CO3:TeO2:Bi2O3 was placed in an alumina crucible, which

provided the source of Al for BiTeAlO6. The crucible was heated to 973 K, held for 5 h as a

melt, cooled to 673 K at a rate of 0.1 Kmin–1, and then quenched to room temperature on the

bench. BiGaTeO6 was prepared by heating a pellet of Bi2O3, Ga2O3, and TeO3 in a Pt crucible

in air for a total of 40 h at 973 K with intermediate regrindings.

Diffraction. Powder X-ray diffraction patterns were recorded in transmission mode with a

STOE Stadi  P diffractometer  and Cu K radiation.  Finely  ground sample  powders  were

loaded between two sheets of Kapton tape. Diffraction patterns were recorded from 5–80 2

while the sample rotated to improve powder averaging (nota bene, data are displayed from

15–75 2 to more clearly show the observed reflections). Calculated patterns correspond to

entries  in  the  Inorganic  Crystal  Structure  Database  (ICSD):  LiIn2SbO6 (collection  code

1976010), BiAlTeO6 (collection code 21784), and BiGaTeO6 (collection code 21785). 

Solid-state NMR. NMR spectra were recorded in a 9.4 T static magnetic field with a Bruker

Avance III spectrometer and a 4.0 mm Bruker HX probe with the exception of 23Na and fast

MAS 69,71Ga measured with a 1.6 mm Phoenix HFX probe. MAS and static 27Al spectra were

acquired  with  a  Bloch  decay  (/2–acq.)  pulse  sequence  and  a  1.3  µs  excitation  pulse

corresponding to the /2 pulse optimized on -Al2O3. For 27Al, a recycle delay of 6.25 s was

used, corresponding to 5T1, and 192 scans were summed. 69Ga MAS and static NMR spectra

were  recorded  with  a  Hahn-echo  (/2–1––2–acq.)  pulse  sequence  with  a  rotor-

synchronized (MAS) or 10 µs (static)  interpulse delay.  69,71Ga spectra were collected with

either  a  Bloch  decay  pulse  sequence  or  a  Hahn-echo  pulse  sequence  with  rotor

synchronization or, for static Hahn-echo spectra, a 10 µs interpulse delay. For static and 10–



15 kHz MAS  69Ga and  71Ga recorded on the 4.0 mm probe, a  
¿2

(I +
1
2
)

=(¿4 )liquid excitation

pulse of 2.2 µs was applied, the recycle delays were 2 s (~2T1), and 3072–12,288 scans (69Ga)

or 256–560 scans (71Ga) were summed. For 69Ga and 71Ga spectra collected at 35 kHz MAS

with the 1.6 mm probe, an excitation pulse of 1.0 µs was applied; 56,480 scans with a recycle

delay of 1 s were summed for 69Ga and 17,800 scans with a recycle delay of 3 s were summed

for 71Ga. 23Na MAS NMR was recorded with a rotor-synchronized Hahn-echo, a 1.1 µs /2

pulse, a 10 s recycle delay, and by summing 128 scans. Static  115In,  121Sb and 209Bi spectra

were recorded with a frequency-stepped quadrupolar Carr–Purcell–Meiboom–Gill (QCPMG)

approach with excitation and refocusing pulses of 1.0 µs and 2.0 µs pulses, respectively, and

a spikelet spacing of 5 kHz. The excitation and refocusing pulse lengths were determined by

maximizing the  209Bi central  transition signal in BiGaTeO6.  For  115In QCPMG, 21 echoes

were captured in each free induction decay, 186 spectra were collected with transmitter offset

steps of 100 kHz, the recycle delay was 0.1 s, and 256 scans were summed at each offset

frequency. For  209Bi QCPMG in BiAlTeO6, 21 echoes were captured in each free induction

decay, 145 spectra were collected with transmitter offset steps of 125 kHz, the recycle delay

was 0.05 s, and 16,384 scans were summed at each offset frequency. For  209Bi QCPMG in

BiGaTeO6, 11 echoes were captured in each free induction decay, 133 spectra were collected

with transmitter offset steps of 125 kHz, the recycle delay was 0.05 s, and 8192 scans were

summed at each offset frequency.  Solid NaCl at 7.2 ppm,70 -Al2O3 (corundum) at 16.0 ppm

(CQ = 2.38 MHz),57,71 1.0 M Ga(NO3)3(aq.) at 0.0 ppm,72 0.1 M In(NO3)3 in 0.5 M HNO3 at 0.0

ppm,51,72 and saturated Bi(NO3)3 in concentrated HNO3 at 0.0 ppm72 were used as NMR shift

references.

Spectral Simulations. 27Al,  69Ga, and  71Ga MAS and static solid-state NMR spectra were

simulated with second-order perturbation theory in the Solid Lineshape Analysis (SOLA)



program within TopSpin 3.6.1. Static 113In, 115In, 121Sb, and 209Bi spectra were modeled with

the ‘Quadrupolar Exact Software’ (QUEST) numerical simulation program, which treats the

combined  Zeeman–quadrupole  Hamiltonian  exactly.63 MagresView  (v1.6.2)  was  used  to

visualize tensor orientations and calculate Euler angles.73

NMR Conventions. In this study, the Haeberlen convention is used to describe the chemical

shift  tensor  with  the  isotropic  shift  δ iso=
δ XX+δYY +δ ZZ

3
;  chemical  shift  anisotropy

δ CSA=δZZ−δiso;  and  the  shift  asymmetry  ηCSA=
δYY−δ XX

δ ZZ−δ iso
.  In  this  definition,  the  principal

components of the shift tensor are ordered such that  |ZZ–iso|   |XX–iso|   |YY–iso|. The

above definition of CSA is sometimes referred to as the reduced anisotropy, which is equal to

2/3 of the ‘full’  anisotropy  ∆ δ=δ ZZ−
δXX +δ YY

2
 used by some authors and programs.  The

quadrupolar coupling constant  CQ is defined by the nuclear quadrupole moment  Q and the

largest principal component VZZ of the EFG at the nucleus according to CQ=
eQ V ZZ

h
, where e

is the electric charge and h is Planck’s constant. The quadrupolar asymmetry parameter Q is

defined by the EFG tensor components as ηQ=
V XX−V YY

V ZZ
, with components ordered such that

|VZZ|  |VYY|   |VXX|. The relative orientations of the chemical shift and quadrupolar tensors

are defined by a set of Euler angles ,, defined here in the (ZYZ) Rose convention.

Ab Initio  Calculations. Chemical  shielding  and electric  field  gradient  calculations  were

performed with the gauge-including projector  augmented-wave (GIPAW) approach in the

planewave  pseudopotential  code  CASTEP.74–77 The  calculations  used  the



Perdew−Burke−Ernzerhof (PBE) exchange−correlation functional78 and Vanderbilt ultrasoft

pseudopotentials79 with  the  default  Koelling–Harmon  scalar  relativistic  treatment.80

LiIn2SbO6, BiAlTeO6, and BiGaTeO6 crystal structures were used as starting models.19,31 Prior

to the NMR calculations, atomic positions and lattice were optimized until the force on any

atom was smaller than 1 meV Å−1. All calculations used a planewave energy cutoff energy of

700 eV and a Monkhorst−Pack81 grid with a spacing finer than 2π × 0.03 Å−1 to sample the

Brillouin  zone.  Anisotropic  NMR parameters  were  used  as  the  starting  point  to  fit  the

experimental spectra.

Results and Discussion

Synthesis and Diffraction. Crystalline  samples of LiIn2SbO6 and BiGaTeO6 were

synthesized by high-temperature solid-state methods while BiAlTeO6 was synthesized from a

flux to overcome substantial  impurities observed from the previously described method.31

Laboratory  powder  XRD  confirmed  the  crystal  structure  and  crystalline  purity  of  each

sample. A broad background component is visible in the diffraction pattern of the BiAlTeO6

Figure 2 – Experimental and calculated X-ray diffraction patterns of LiIn2SbO6, BiAlTeO6, 
and BiGaTeO6. The asterisk in the pattern of the BiGaTeO6 sample denotes an impurity peak 
assigned to Bi2Te2O7.



sample. Based on the flux composition, this scattering contribution is attributed to amorphous

sodium tellurates. 

Solid-state  NMR  of  LiIn2SbO6. A  wideline  solid-state  115In  NMR  spectrum  of

LiIn2SbO6 was recorded by collecting frequency-stepped sub-spectra covering an excitation

range of more than 18 MHz (Figure 3, Supplementary Figures S1–S3). In addition to signals

from  115In,  the  broadband spectrum also overlaps  the  121Sb and  113In Larmor  frequencies.

While the ST intensity was visible for >15 MHz (Figure 3a), the 115In CT linewidth was only

ca. 400 kHz (Figure 3b, Supplementary Figure S1). At high frequencies, a quadrupolar CT

lineshape from the 121Sb site was clearly distinguished (Figure 3a, Figure 4, Supplementary

Figure S2). The CT pattern of 121Sb is an order-of-magnitude broader than the CT of 115In due

not  only to  the higher  CQ of  the former in  this  sample but  also the lower spin quantum

number  of  121Sb (I =  5/2,  see  equation  1).  The minor  signal  expected  from  113In  at  low

frequency was not readily observed (Figure 3a, Supplementary Figure S3). 

Planewave  DFT calculations  of  the  shielding  and  quadrupolar  tensors  provided  a

helpful starting point for spectral fitting. Full (CT and ST) simulations of the experimental

lineshape yielded a 115In quadrupolar coupling constant of 54.5(10) MHz with an asymmetry

of  0.53(2)  (Table  1).  Few  115In  satellite  transition  discontinuities  were  visible,  but  the

simulation and experiment are in reasonable agreement for the central transition and overall

satellite  lineshape.  A  115In  isotropic  shift  of  130(20)  ppm was  determined,  but  the  large

quadrupolar interaction precluded the extraction of anisotropic chemical shift parameters at

this moderate  B0 field (9.4 T). The calculated chemical shift anisotropy (Table 1) had no

effect on the lineshape. The 121Sb signal was simulated with a CQ of 89(1) MHz and an Q of

0.238(5). Additional details concerning the  115In and  121Sb variable-offset QCPMG spectral

representations are given in Supporting Figures 1 and 2, respectively.





Structure–Spectral Relationships in

LiIn2SbO6.  The  single  crystallographically

unique indium site in LiIn2SbO6 is a distorted

InO6 octahedron  with  room-temperature

bond-lengths varying from 2.10 to 2.26 Å and severely distorted bond angles.19 Despite these

Figure 3 – 115In NMR of LiIn2SbO6. (a) Full spectral width including the 115In central 
and satellite transitions, 121Sb central transition at high frequency and the 113In central 
transition at low frequency (not experimentally resolved). (b) 115In central transition 
region only. Experimental data in blue, full simulations in orange, 121Sb and 113In 
contributions to the overall lineshape inset in black. The ppm scale is relative to the 
115In reference compound.

(a)

(b)

Figure 4 – 121Sb NMR of LiIn2SbO6. 
Experimental data in blue, spectral simulations in 
orange. The dashed orange trace is the pure 121Sb 
contribution while the solid orange trace is from 
the full simulation (see Figure 3) including 115In 
satellite transition intensity, which clearly 
contributes to the lineshape on the low frequency 
side.



first-shell  distortions,  the  magnitude  of  CQ in  LiIn2SbO6 [54.5(10)  MHz]  is  substantially

smaller  than  either  indium  site  in  bixbyite  In2O3 [In(1)  =  183(2)  MHz;  In(2)  =  126(2)

MHz].54,55 Nevertheless,  the experimental  115In  CQ in  the quaternary oxide is  substantially

larger  than the DFT-predicted value.  A similar  phenomenon was observed for  121Sb. The

intermediate  115In  and  121Sb  asymmetry  parameters  are  consistent  with  the  lack  of  axial

symmetry at the indium or antimony site.

One possible explanation for the deviation between the calculated and experimental

results  relates  to  disorder  on  the  lithium  site.  Lithium  coordination  in  LiIn2SbO6 was

previously probed by 6Li and 7Li NMR where it was determined that the unique tunnel pattern

of  this  rutile-like  structure  hosts  lithium ions  in  split  tetrahedral  sites.19 This  finding ran

counter to a previous proposal that LiIn2SbO6 is simply a cation-ordered variant of LiSbO3

with octahedral  LiO6 sites.  The  6,7Li NMR, however, is unable to resolve the question of

whether it is disordered (statically or dynamically) in the split tetrahedral site, which may

affect the indium and antimony via next-nearest-neighbor interactions. It is also possible that

the computed EFG parameters for 115In and 121Sb in LiIn2SbO6 are underestimated, which is a

known issue in a variety of systems.38,82,83

Table 1 – Experimental and calculated 115In and 121Sb NMR parameters of LiIn2SbO6.
Nucleus Source iso or iso 

(ppm)b
CSA 
(ppm)

CSA CQ 
(MHz)

Q ,, 
()

115In 
LiIn2SbO6

Calculated iso = 3331 –50.4 0.89 39.3 0.46 26,90,3
Experimentala iso = 130(20) n/d n/d 54.5(10

)
0.53(2) n/d

121Sb 
LiIn2SbO6

Calculated iso = 2388 –96.6 0.03 58.4 0.43 0,1,0
Experimentala iso = 350(20) n/d n/d 89(1) 0.238(5) n/d

aEstimated uncertainty in the fit given in parentheses. bIn the absence of additional 115In or 121Sb shift
measurements, it is not yet possible to reliably convert the calculated shieldings to the experimentally
observed isotropic shifts. However, the values here may prove useful in deriving future relationships. 

Solid-state NMR of BiMTeO6 (M = Al, Ga). The frequency-stepped VOCS method

with QCPMG pulses was also used to record (ultra-)wideline CT and partial ST spectra of

BiAlTeO6 and BiGaTeO6 covering more than 16 MHz (Figure 5, Supplementary Figure S4).

Both samples exhibit 209Bi CT that are greater than 1 MHz in breadth (Supplementary Figure

(a)



S5). Numerous distinct satellite transition features were clearly resolved in the ultra-wideline

spectra across the entire measured frequency range.

Once again, DFT calculations provided a valuable basis for approaching the spectral

fitting. As in the case of the 115In spectrum, the calculated shift anisotropy suggested that it

would have no impact on the simulated 209Bi linewidth at 9.4 T, and so the number of variable

fitting  parameters  could  be  reduced.  Note  that  a  previous  study  of  bismuth  compounds

(oxyhalides,  nitrate  pentahydrate,  triflate,  and acetate)  observed chemical  shift  anisotropy

values that were typically an order-of-magnitude larger than the calculated values for the

bismuth  oxides  here.48 The  quadrupolar  tensor  parameters  were  adjusted  to  match  the

discontinuities in the powder lineshape, and the quadrupolar coupling values from DFT were

found to be within 5% of those determined experimentally (Table 2). 

Table 2 – Experimental and calculated 209Bi NMR parameters of BiAlTeO6 and BiGaTeO6.
Nucleus Source iso or iso (ppm)b CSA 

(ppm)
CSA CQ 

(MHz)
Q ,, ()

209Bi 
BiAlTeO6

Calculated iso = 6192 –137 0.00 106.5 0.00 1,0,116
Experimentala iso = 1300(500) n/d n/d 110(2) 0.03(3) n/d

209Bi 
BiGaTeO6

Calculated iso = 6091 –120 0.00 93.9 0.00 19,0,142
Experimentala iso = 1500(500) n/d n/d 90(2) 0.02(2) n/d

aEstimated  uncertainty  in  the  fit  given  in  parentheses. bIn  the  absence  of  additional  209Bi  shift
measurements, it is not yet possible to reliably convert the calculated shieldings to the experimentally
observed isotropic shifts. However, the values here may prove useful in deriving future relationships.

NMR spectra of the quadrupolar M-site cations in BiMTeO6 were measured as further

probes  of  the  atomic  structure  models.  27Al  MAS NMR of  BiAlTeO6 revealed  a  single

pseudo-Voigt lineshape with a center of gravity at 18.5 ppm (Figure 6). The calculated CQ of

2.0 MHz yields a narrower line (by about a factor of two) than the one observed; however,

the calculated  CQ is consistent with the breadth of the spinning sideband manifold (~670

kHz). Assuming this CQ magnitude, which equates to a quadrupolar shift of ca. 2.2 ppm, the

isotropic shift is 20.7 ppm, but the estimated error in the shift is given at 3 ppm to account for

uncertainty in the relatively featureless CT lineshape (Table 3). A static 27Al NMR spectrum

Figure 5 – 209Bi NMR of (a) BiAlTeO6 and (b) 
BiGaTeO6. Experimental data in blue, spectral 
simulations in orange.

(b)



gave a featureless resonance with a full-width at half-maximum of about 150 ppm, which did

not  add any information  (not  shown).  69Ga and  71Ga static  spectra  of  BiGaTeO6 showed

powder  lineshapes  characteristic  of  second-order  quadrupolar  broadening  with  near  axial

symmetry  (Figure  7).  The gallium spectra  contain  a  number of  overlapping  sidebands at

moderate MAS rates (10–15 kHz) that are much smaller than the CT linewidths; this problem

is alleviated for 71Ga but not entirely for 69Ga at 35 kHz MAS (Figure 7). In each case, the

features under static and variable MAS rates could be readily simulated with second-order

perturbation  theory (Table  3).  The two gallium nuclei have a relative nuclear  quadrupole

moment  ratio  of  69Ga/71Ga  =  1.60,  so  collection  of  both  datasets  provides  additional

constraints for the simulations.35 The complementary datasets also enabled the estimation of

the chemical shift anisotropy, albeit data from a higher B0 field would improve the precision.

Based on the synthesis conditions and the broad feature in the XRD of BiAlTeO6, it

was hypothesized that the sample contains amorphous sodium tellurate(s).  23Na MAS NMR

supports this hypothesis, showing a broad asymmetric resonance centered around –35 ppm

(Supplementary  Figure  S6),  which  is  similar  to  reported  23Na NMR of  (Na2O)x(TeO2)1–x

glasses.84

Figure 6 – 27Al MAS NMR spectrum of 
BiAlTeO6. Experimental data in blue, spectral 
simulation in orange.



 Structure–Spectral

Relationships in BiMTeO6 (M = Al, Ga).

BiAlTeO6 and BiGaTeO6 are isostructural

layered  compounds  with  a  single

crystallographically  distinct  position  for

each  of  the  cations.  Unlike  In3+ in

LiIn2SbO6, the Bi3+ cations in BiMTeO6 sit

in nearly perfect octahedral symmetry with

respect to the nearest-neighbor oxygen coordination. All Bi–O distances are identical, and the

O–Bi–O bond angles only vary from 87.9 to  92.9.  Thus,  considering only the first-shell

interactions,  bismuth  has  nearly  spherical  site  symmetry  and a  small  209Bi  CQ would  be

Figure 7 – (a) 69Ga and (b) 71Ga NMR of BiGaTeO6. Experimental data in blue, spectral 
simulations in orange.

(a) (b)

Figure 8 – First-shell coordination (BiO6) and 
second-shell coordination (BiM6Te6, M = Al, Ga) 
in BiMTeO6. A three-fold rotation axis runs 
parallel to c. Bi3+ in magenta, M3+ in green, Te6+ 
in gold, O2– in orange.



expected.  Owing to the layered nature and chiral  structure of  BiMTeO6,  the next-nearest-

neighbor (NNN, Figure 8) coordination of bismuth (i.e., BiAl6Te6 or BiGa6Te6) should be

considered  for  the  origin  of  the  observed  (ultra-)wideline  CT  (Figure  5,  Supplementary

Figure S5). The NNN distances are in a narrow range from 3.844–3.846 Å but the geometry

is that of a hexagonal  prism. Thus, the BiAl6Te6 or BiGa6Te6 units deviate  strongly from

spherical  symmetry;  however,  there is  D3h symmetry with the three-fold axis along the  c

direction (Figure 8). Accordingly, the largest component of the electric field tensor (V33) at

the bismuth nucleus is oriented along  c. The same symmetry properties and V33 orientation

are  true  for  gallium and,  in  principle,  aluminum.  The  dominant  role  of  NNN effects  in

BiMTeO6 are proposed as the explanation for the relatively small  209Bi  CQs [BiAlTeO6 =

110(2) MHz; BiGaTeO6 = 90(2) MHz] as compared to -Bi2O3 [Bi(1) = 342.7 MHz; Bi(2) =

311.9  MHz]85 with  strongly  distorted  BiO6 octahedra.  Excellent  agreement  between  the

calculated  and  experimentally  observed  quadrupolar  parameters  for  the  bismuth  site  in

BiMTeO6 strengthen the structural model and suggest the absence of significant aperiodic

phenomena  such  as  cation  disorder.  The  calculated  gallium  quadrupolar  parameters  are

underestimated, but this was systematically observed by Middlemiss et al. for a large number

of gallates, suggesting an underlying problem that is not unique to BiGaTeO6.86

Table 3 – Experimental and calculated  27Al and  69,71Ga NMR parameters of BiAlTeO6 and
BiGaTeO6.
Nucleus Source iso (ppm) CSA 

(ppm)
CSA CQ (MHz) Q ,, 

()
27Al 
BiAlTeO6

Calculated 29b 10.0 0.00 2.02 0.00 78,9,35
Experimentala 21(3) n/d n/d ≤2.0 n/d n/d

69,71Ga 
BiGaTeO6

Calculated 85c 20.3 0.00 69Ga = 8.14;d

71Ga = 5.09
0.00 –71, 0, 

147
Experimentala 45(3) 40(20) n/d 69Ga =10.7(1);d 

71Ga = 6.68(10)
0.00(3) n/d

aEstimated uncertainty in the fit given in parentheses.  bCalculated  27Al shielding converted to shift
according to the expression iso = miso + ref. where m = –1.027 and ref. = 572.35 ppm from Seymour
et al.87 cCalculated 69,71Ga shielding converted to shift according to the previous expression where m =
–0.867 and ref. = 1502.63 ppm from Middlemiss et al.86 dThe 69Ga quadrupolar coupling constant is



fixed  relative  to  the  71Ga  CQ according  to  the  ratio  of  the  69Ga/71Ga nuclear  electric  quadrupole
moments, which is 17.1/10.7 = 1.60.35

Higher-order Quadrupolar Effects. Third-order quadrupolar interactions are known

to affect satellite transition frequencies in strongly quadrupolar systems. Despite 115In having

the largest nuclear electric quadrupole moment of the nuclei studied in this work and  209Bi

sites  possessing  the  largest  CQs,  it  was  121Sb that  deviated  the  most  from the  high-field

approximation.  Owing  to  the  relatively  small  spin  quantum number,  the  121Sb  (I =  5/2)

nucleus in LiIn2SbO6 has a Q/L ratio of 0.14. QUEST software was used to simulate these

static  spectra  with  an  exact  treatment  of  the  Zeeman–quadrupole  interaction,63 but  these

results suggest that the effects would have been negligible in the spin-9/2 spectra.

Conclusions

115In  and  209Bi  solid-state  NMR  spectra  and  quadrupolar  tensor  quantities  were

reported for a series of quaternary oxides. These rarely studied I = 9/2 nuclei are common in a

wide range of technologically  important  oxide materials,  and this  work demonstrates that

quantitative information regarding first- and second-shell coordination environments can be

obtained with standard solid-state NMR tools and approaches.  The central  transition  115In

spectrum of the distorted In3+ site in LiIn2SbO6 was collected in less than 5 minutes and the

ultra-wideline central transition of 209Bi in BiMTeO6 (M= Al, Ga) required only 2–3 hours, all

at a modest B0 field of 9.4 T. Satellite transition intensity was measured out to 15–20 MHz

with  QCPMG  for  signal  enhancement  and  the  VOCS  method  to  overcome  excitation

bandwidth  limitations.  Collecting  satellite  transition  data  is  not  routinely  necessary  but

provides more precise quadrupolar coupling parameters and can reveal interesting third-order

quadrupolar  interaction  effects  in  strongly  coupled  systems.  Though  not  required,  as

demonstrated here, automated tuning software/hardware can facilitate the collection of ultra-

wideline  spectra.  Application  of  adiabatic  wideline,  uniform  rate,  smooth  truncation



(WURST) pulses could further decrease the instrument time in future studies.88–90 Finally,

DFT calculations are particularly powerful as a predictive tool when studying systems with

large quadrupolar coupling interactions. Simulations of the expected lineshape facilitate the

design of suitable  experiments,  e.g.,  echo vs. QCPMG, QCPMG spikelet  spacing,  VOCS

spacing, spectrometer time required, and the consequences of different field strengths.
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