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Structural characterization of Brownmillerite Ba,In,Os was achieved by an approach combining

experimental solid-state NMR spectroscopy, density functional theory (DFT) energetics, and GIPAW
NMR calculations. While in the previous study of Ba,In,Os by Adler ef al. (S. B. Adler, J. A. Reimer, J.
Baltisberger and U. Werner, J. Am. Chem. Soc., 1994, 116, 675-681), three oxygen resonances were
observed in the "0 NMR spectra and assigned to the three crystallographically unique O sites, the present
high resolution 7O NMR measurements under magic angle spinning (MAS) find only two resonances.
The resonances have been assigned using first principles 70O GIPAW NMR calculations to the
combination of the O ions connecting the InO, tetrahedra and the O ions in equatorial sites in octahedral
InOg¢ coordination, and to the axial O ions linking the four— and six—fold coordinated In** ions. Possible
structural disorder was investigated in two ways: firstly, by inclusion of the high-energy structure also
previously studied by Mohn et al. (C. E. Mohn, N. L. Allan, C. L. Freeman, P. Ravindran and S. Stelen,
J. Solid State Chem., 2005, 178, 346-355), where the structural O vacancies are stacked rather than
staggered as in Brownmillerite and, secondly, by exploring structures derived from the ground-state

structure but with randomly perturbed atomic positions. There is no noticeable NMR evidence for any

substantial occupancy of the high-energy structure at room temperature.

1. Introduction

Perovskites are a broad class of materials that find widespread
application, notably here as electrolytes for intermediate
temperature fuel cells as a consequence of their high oxygen and,
when hydrated, their even higher proton conductivities.' They are
increasingly recognized as competitors to more conventional
electrolyte phases such as yttria-stabilized zirconia (YSZ) and
other fluorite—structured compounds. The structural family
possesses the ABOj; stoichiometry where the A-—cations are
typically rare-earth or alkaline-earth metals; and the B—cations,
transition metals or semi-metals® of varying oxidation states and
ionic radii. The B-site cations are each bonded to six O ions to
form corner-sharing BOg octahedra, while the A-site cations
occupy the cubic space delimited by eight BOg units, and in turn
coordinate with twelve nearest-neighboring O ions. Anisotropic
expansion of the unit cell and significant tilting of the octahedra
may occur as a function of relative size of the cations. The tuning
of such distortions may lead to increased ionic conductivity due
to change of total lattice energies, or more specifically, to
variations in the diffusion bottlenecks of a given structure.” The
ideal perovskite structure manifests a simple cubic cell with space
group Pm3m. Doping with lower valent cations typically
introduces compensating extrinsic O vacancies, and constitutes

the most frequently pursued strategy to synthesize phases with
increased ionic conductivity.

The present study focuses on the Ba,In,Os defect perovskite
phase, a material that, in its high temperature cubic phase (i.e.,
above 1040°C), displays O ion conductivity significantly
exceeding that of YSZ,* along with proton conductivity when
hydrated.“'14 Compensation of the Ba®" and In*" cation charges in
Ba,In,O5 requires the removal of one-sixth of the O atoms in the
parent perovskite structure, yielding a high intrinsic concentration
of O vacancies. The vacancies order at room temperature into an
orthorhombic structure with space group Ibm2.">'®  Three
crystallographically—distinct O sites result, ordered so as to form
alternating layers of tetrahedral (Tet, Tet") and octahedral (Oct)
In*" centered polyhedra, with successive (010) tetrahedral layers
offset from one another in an ---OctTetOctTet’--- O vacancy
arrangement (Figure la, denoted the 'staggered' arrangement).
The labeling adopted hereafter places O1 anions at the equatorial
positions of the InO4 octahedra; O2, bridging octahedra and InO,
tetrahedra; and O3, within the tetrahedral layer. The structure is
named Brownmillerite after the original Ca,FeAlOs mineral,
which has a similar arrangement of O vacancies.'® The Ba,In,O5
structure has been described within a variety of space groups.
Gregory and Weller used the Ibm2 space group,'® and the Pnmm
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and Iemm space groups have both been suggested based on other
Brownmillerite systems.'”'® The structure shown (Figure la)
corresponds to the /bm2 structure. Fischer er al.' chose to refine
the structure in the /ma2 space group [corresponding to a
different setting of the Ibm2 group (number 46 from the
international tables for crystallography (ITC)*®)] and derived a
structure that is related to the /bm2 structure, differing slightly in
terms of the In-O bond distances and distortions of the InOg
octahedra, but in which the octahedral tilting remains unaltered.
Speakman et al.'” and Berastegui ef al.®, performed refinements
in both the /bm2 and Icmm space groups, using neutron and X-ray
diffraction data. These two space-groups yield more satisfactory
fits to the data than any performed using other possible
Brownmillerite space groups. They eventually rejected the /bm2
structure in favor of an Jemm (no. 74 from the ITC*®) solution on
the basis of )(2/RW values, better fitting of a series of weaker
reflections, and more satisfactory site occupancies.'”'® The
resultant structure, is however, disordered, with partial occupancy
of In(2) and O3 on the 8i positions. Mohn ef al.'' explored these
structures by DFT calculations and identified a first high-energy
state with an ---OctTetOctTet--- with a stacked O vacancy
arrangement (Figure 1b, denoted the 'stacked' arrangement). We
calculated a relative energy difference of 5 kJmol™ (per Ba,In,05
formula unit) between the ground state and the high-energy
structure. Thus, the structural and theoretical studies suggest that
the room temperature itself may contain a degree of disorder in
regard to both the tilting of octahedra and the oxygen and cation
site occupancies, which may be locked in by off equilibrium
cooling from high temperature, during synthesis.

Ba,yIn,O5 undergoes a series of phase changes from the room
temperature orthorhombic structure just described, to a tetragonal
form (space group /4cm) above 925 °C, in which O3, O2 and
vacant sites exchange.!” Subsequently a disordered cubic phase
forms above approximately 1040-1075 °C."2' It is only in the
tetragonal and cubic forms that the material displays substantial
ionic conductivity.*'” While the presence of a large number of O
vacancies in the tetrahedral layers of Ba,In,Os might be thought
of as conducive to rapid O conduction, freezing of the vacancies
in the low temperature orthorhombic phase allows for only
limited O motion.* Hydration of BayIln,Os at moderate
temperatures results in a tetragonal structure with space group
P4/mbm within which the intrinsic O3 layer vacancies of
Ba,In, 05 are fully occupied by the O atoms of water, as described
by Jayaraman et al.’
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Figure 1. Room temperature crystal structure of (a) ground state
orthorhombic Brownmillerite Ba,In,Os in space group Ibm2 with
-OctTetOctTet - staggered O vacancy arrangement and (b) the higher
energy --OctTetOctTet+ stacked O vacancy arrangement.'”'¢ (c)
Schematic representation of the O3 layer showing the O vacancy
ordering.

Previous solid-state ’O NMR measurements under static,
magic angle spinning (MAS) and dynamic angle spinning
(DAS)? by Adler et al.” observed three 'O resonances at room
temperature: two very broad peaks that were attributed to the Ol
and O2 environments, and a narrow peak at 220 ppm assigned to
the O3 environment. The peak broadening and line shapes of the
Ol and O2 environments were ascribed to second-order
quadrupolar effects arising out of the highly asymmetric
distributions of charge at these sites.” The narrow third resonance
was shown to nutate rapidly (on the order of liquid H,'’0), and
was attributed to a site lying upon a crystallographic inversion
center (in space group Pcmn, as used in the earlier structural
reﬁnements).23 However, as discussed above, Speakman et al. 17
subsequently showed that Ba,In,Os crystallizes in an
orthorhombic structure with space group I/bm2 or Icmm rather
than Pcmn, both space groups lacking oxygen sites on an
inversion center, suggesting that the previous assignment by
Adler et al.” of the 'O NMR spectra of Ba,In,O5 was based on an
inaccurate crystallographic model. Furthermore, the presence or
lack of inversion symmetry does not necessarily imply a non-zero
quadrupole coupling constant, Cq, so the origin and assignment
of this third resonance remains unclear.

Brownmillerite Ba,In,O5 has also been the subject of a number
of prior theoretical studies, largely focused on understanding the
O transport mechanisms, phase transformations and the structure
of the hydrated phase.*''**?’ Of particular relevance to the
present work, Mohn et al. performed a comprehensive treatment
of the energy hypersurface of a 36—atom supercell of Ba,In,0;
within a series of periodic density functional theory (DFT)
calculations and showed that the orthorhombic structure with
staggered O vacancy arrangement (Figure 1a) is favored over the
stacked arrangement (Figure 1b) as discussed carlier,'”® and in
agreement with experimental findings by Gregory and Weller'.
Optimizations of all  crystallographically  inequivalent
configurations in a reasonable supercell provided static
thermodynamic parameters directly, revealing in particular that
the low energy minima all conserve the 50% tetrahedral to 50%
octahedral InO, alternating layer motif (where “n” is the
coordination number). More recently, Lee et al.®’ used DFT
energies to parameterize a cluster expansion of the O-Va
(Va=vacancy) pseudo-binary system. They predicted a complete
phase diagram associated with O-Va ordering in good qualitative
agreement with experiments, including the Brownmillerite
ground state at low-temperature, while upon heating they
predicted first the onset of a partially disordered tetragonal phase
by a first-order transition and the subsequent formation of a fully
disordered cubic phase by a second-order transition.

The current work re-examines Ba,In,Os using contemporary
solid state 'O NMR spectroscopy techniques, applying higher
field strengths than previous studies and two-dimensional
multiple-quantum  magic  angle  spinning (MQMAS)
experiments.’**" A technique that had not been developed when
the previous 70 NMR study of Ba,In,O5 was reported by Adler
et al.” and which allows high-resolution solid state NMR spectra
of quadrupolar nuclei (such as "0, spin I = 5/2) to be obtained.
The application of a similar approach to the hydrated Ba,In,0s
[i.e. BayIn,O4(OH),] phase will be presented in a subsequent
paper.*? First principles periodic DET NMR calculations within
the gauge—including projector augmented wave (GIPAW)
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approach® are also performed, providing a robust interpretation
of the experimental spectral assignments. Similar theoretical
approaches have previously been fruitfully applied to a very large
range of systems.***’ Relevant studies of related phases including
the 'O and *°Si spectra of the MgSiO; perovskite,® the
multinuclear “Na and “*Nb MQMAS spectra of the NaNbO; and
NaTaO; perovskites***! by Ashbrook et al, and some of the
current authors’ recent work on pure and doped LaGaO5** and
BaSn0;* perovskites. We first present the DFT calculations of
Ba,In,0s, examining a series of energetically similar structures.
The energetics calculations are then used in combination with the
GIPAW NMR data to help assign the experimental ’O NMR
data to the specific O environments in Ba,In,Os.

2. Materials and Methods

2.1. Experimental section

2.1.1. Sample preparation

Ba,In,0s powder was prepared by a solid state route™ using
stoichiometric quantities of BaCO; (Sigma-Aldrich, > 99%) and
Iny,O3 (Sigma-Aldrich, 99,99% trace metals basis) which were
first ground in a planetary ball mill (Retsch PM100) at 600 rpm
for 4 h. The powder was then pelletized, sintered at 1300 °C for
24 h and re-ground by mortar and pestle, and these steps were
repeated until a pure phase was obtained as determined by
powder X-ray diffraction (Figure S1). '’O enriched Ba,In,Os was
obtained by heating dry Ba,In,Os (dried at 900 °C under vacuum
for 12 h) in 50% 0 enriched O, gas (Isotec, 99%, used as
received) in a sealed quartz tube at 1000° C for 24 h.** Powder X-
ray diffraction patterns were obtained on Panalytical Empyrean
and Bruker DS8-Focus X-ray diffractometers using Cu K,
radiation (A= 1.5418A) (Figure SI in the Supplementary
Information).

2.1.2. Solid State NMR Spectroscopy

Solid state '’0 MAS NMR experiments on 170 enriched Ba,In,Os5
were performed on a 94 T Bruker Avance 400 MHz
spectrometer using a Bruker 4 mm HX probe; a 11.7 T Oxford
magnet with a Varian Infinity Plus 500 MHz spectrometer using a
Chemagnetics 4mm HX probe; a 14.1 T Bruker Avance 600 MHz
spectrometer using a Bruker 4 mm HFX probe; and finally, a 21.1
T Bruker Avance II 900 MHz spectrometer equipped with a 3.2
mm HX probe. Spectra were recorded using a ~m/2 pulse length
of 1.2 ps at a radio frequency (RF) field amplitude of ~70 kHz
and a MAS frequency of 15 kHz at 9.4, 11.7, 14.1 T, and a ~m/2
pulse length of ~2 us at a RF field amplitude of ~40 kHz and a
MAS frequency of 20 kHz at 21.1 T. The 70 two dimensional
(2D) triple-quantum MAS (3QMAS)* 3147 experiments (using a
z-filter’®™*'* pulse sequence) of 'O enriched Ba,In,Os were
carried out at 14.1 T and at a MAS frequency of 13 kHz. Twenty-
eight t; increments of 1024 scans were co-added. Hard and soft
pulses were performed at RF fields of ~80 and ~10 kHz,
respectively. All 7O NMR data were collected on freshly 'O
enriched samples packed in ZrO, rotors. A recycle delay of 10 s
was used for all experiments averaging ~6500 to ~30000 scans.
"0 chemical shifts were externally referenced to water at 0.0
ppm at 20 °C. NMR data were processed using Bruker TopSpin
3.0%, and the MatNMR™ packages, the latter running on MatLab.
Simulations and deconvolutions were also performed using the

same software packages.
2.2. Computational Methods

2.2.1. Energetics and configurations

The first principles solid—state electronic structure calculations
used here are similar to those used in various recent studies of
oxides and gallates,® perovskites***! and pyrochlores,’**?
and were all performed within the projector augmented wave
approach in the CASTEP code.*® Full structural optimizations
(both cell and atomic positions) of Ba,In,Os were performed in
the absence of any symmetry constraints (i.e. space group P1), a
plane wave kinetic energy cut—off of 40 Ry and a linear spacing
of 0.04 A or smaller for the reciprocal space sampling mesh,
yielding Monkhorst-Pack meshes of dimension 5x2x5 for the
BaglngO, supercell. NMR is very sensitive to small deviations in
atomic positions, and so we have averaged NMR parameters over
multiple fully relaxed structures starting from similar but slightly
different, randomly perturbed atomic positions. This process
yields insight into the sensitivity of the computed NMR
parameters to the small variations in bond lengths and angles
arising out of the finite numerical accuracy of the simulations.

All the geometry parameters (Table 1) reported subsequently
were averaged over five --OctTetOctTet’--- (Figure 1a) and four
-OctTetOctTet---  (Figure 1b) BayInyOs DFT optimized
configurations, proceeding from initial configurations in which
the unit cell sizes and atomic positions were randomly perturbed
over a 0.0 to 0.1A length scale. The resultant optimized
configurations for both --+OctTetOctTet’- - and
---OctTetOctTet - differ in energy by 0.2 kImol™ (per formula
unit) within each set and by 5.0 kJmol' (per formula unit)
between sets, where the ---OctTetOctTet’- - configurations all lie
lower in energy. The octahedral and tetrahedral tilts are all the
same within given sets. All of these structures are detailed in the
Supplementary Information (SI). The Perdew-Burke-Ernzerhof
GGA-type exchange-correlation functional has been used
throughout.55 Convergence of total energy with respect to
numerical parameters was estimated at 0.2 kJmol™ per atom or
better. Optimisations were pursued until energy difference,
maximum atomic force, maximum atomic displacement and
maximum stress tensor component fell below tolerances of 1x10™
eV, 1x107 eVA™, 1x10 A and 5x107 GPa, respectively. The
effect of decreasing the tolerances listed above by a further order
of magnitude was investigated, yielding only minimal changes in
geometry and computed NMR parameters. Oxygen ion Mulliken
charges and O-In bond population overlaps were also
calculated.”®’

2.2.2. NMR Calculations

Fully periodic calculations of NMR parameters within the gauge-
including projector augmented wave (GIPAW) method**™® have
also been performed within the CASTEP code, including
determinations of the electric field gradient tensors and associated
quadrupolar interaction parameters for 0 sites.”” The NMR
parameters were obtained by a single point calculation within
each optimised geometry, differing only from the -earlier
optimizations in that a larger basis set cut—off of 60 Ry was
applied. The isotropic shielding was obtained as o;g, = i(cxx +
oyy + 0,,), Where oy, G,y and o, are the principal components of

the shielding tensor, ordered such that |o,, — 0is0| = |0y — Ojsol =
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|6,y — Oisol- The isotropic chemical shift 8, is then derived from
the computed site shielding o;, by application of a shielding
reference Oyr according to 8;;, = O, + moj,. Both 6,r and m for
70 are obtained from the previous work of some of the current
authors which yielded 6, = 223.70 £ 3.03 ppm, m = -0.888 +
0.014 with a mean absolute error (MAE) in computed d;, values
of 12.1 ppm relative to experiment.50 The chemical shift
anisotropy and asymmetry are also computed, defined as
Saniso = Ozz =5 (O = Oyy)  and N = (Oyy-03)/(0270i0)s
respectively. The quadrupole coupling constant for 'O sites is
obtained as Cq = eQV,,/h; and the asymmetry, as ng = (Vix —
Vyy)/V,,; where an ordering |V,,| = |Vyy| > |V | of the principal
components of the traceless electric field gradient tensor is
assumed. An experimental value Q = —0.02558 barns has been
used for the "0 nuclear electric quadrupole moment.*® All the
chemical shift and quadrupolar NMR parameters of Ba,In,0Os
were averaged over the five ---OctTetOctTet’--- and four
---OctTetOctTet -~ optimized configurations obtained starting
from perturbed configurations, as discussed above. The full set of
computed NMR parameters for each structure are given in the SI.
Unless otherwise specified, all the corresponding simulated 'O
NMR spectra were obtained by simulations of single spectra due
to each individual O site using the SIMPSON®' software, and
subsequent summation to form the full spectrum for each crystal
cell.

3. Results and Discussion
3.1 DFT Calculations (Structures and Energetics)

The DFT-based structural optimizations for Ba,In,Os proceeded
from models with /bm2 space group proposed by Berastegui et
al.,l8 Speakman et al.'” and Fischer et al.'® Note that although
Speakman et al. and Berastegui et al. reject the I/bm2 structure in
favour of an Iemm solution, it is difficult to reasonably represent
a lattice with fractional occupancies in the present theoretical
approach, and so we regard the /bm2 cell as the closest available
structure consistent with the constraint to full site occupancies.
The final mean optimized lattice constants, along with relevant
mean bond lengths and angles of the /bm2 derived
---OctTetOctTet’--- arrangement are compared with the ground
state /bm2 calculated structure of Mohn et al.“, and the
experimental Ima2 and Ibm2 structures of Fischer ef al. ' and
Speakman et al,'” respectively, in Table 1. The final mean
optimised structural parameters deviate markedly from those
obtained by Fischer e al.,' most notably with respect to the
internal distortions of the In-O polyhedra away from their
respective ideals. Specifically, the optimisation yields InOg
octahedra wherein the In-O bond lengths fall in a 4-short and 2—
long pattern, in agreement with the /bm2 structure of Speakman
et al.,'” Berastegui et al,'® and Gregory and Weller,'® whereas
the Fischer et al. ' structure presents a distortion in the opposite
sense. Assuming that the disposition of and standard deviation in
the In—O bond lengths makes for a reasonable basis upon which
to judge the agreement of the various structures, it is concluded
that the present calculations lend more support to the Speakman
et al. structure.'” We note again that further tightening of the

optimization tolerances yields no appreciable change in the
calculated structural parameters.

@ Barium @ Indium @ Oxygen

Figure 2. (a) The Icmm structure proposed by Speakman et al."”
and Berastegui ef al."® illustrating the atomic disorder and partial
site occupancy (denoted by sector filling of atoms).

The Jemm structure of Speakman et al.'” and Berastegui ef al.'®

suggests that we need to consider the possibility of residual
disorder in the room temperature structure (Figure 2). To explore
this, we introduced deviations from the ground state, by randomly
perturbing all atomic positions by as much as 0.1 A as discussed
above. After minimization, very few structural differences were
observed between these structures (Table 1), their formation
energies differing by only 0.2 kJmol™ per BayIn,Os formula unit.
We also investigated the ---OctTetOctTet--- (Figure 1 (b)) high-
energy structure of Mohn et al.'' again randomly generating a
series of very similar structures. Noticeable variations in In-O-In
bond angles of 2 - 6° are observed between the ground and high-
energy structures (Table 1), their energies differing by
approximately 5 kJmol™ per formula unit.

3.2. Diffraction and NMR

The experimental x-ray powder diffraction patterns obtained here
for both Ba,In,05>'*!” and "0 enriched Ba,In,Os are consistent
with previous reports™’ (Figure S1 in the SI), and indicate that
the structures are orthorhombic at room temperature. The patterns
match structures modeled in either 1bm2>'%" 1718 space
groups, both yielding very similar diffraction patterns.

The one-dimensional 'O MAS NMR spectrum of ‘7O
enriched Ba;In,Os obtained at 21.1 T shows two similarly
broadened and well-resolved resonances centered at 179 and 138
ppm with an intensity ratio of approximately 3:2. An appreciable
increase in the broadening of the resonances occurs as the field
strength is decreased from 21.1 T to 9.4 T, indicative of the
presence of significant second order quadrupolar broadening
(Figure 3a). Large quadrupolar coupling constants are to be
expected given that the In-O-In environments in the structure are
inherently asymmetric, leading to large electric field gradients.

or Iemm
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Table 1. Cell lengths and angles (A, °), and In-O bond distances (A) and In—-O—In bond angles (°) involving O1, O2 and O3 sites, as obtained
from optimizations of the initial perturbed P1 symmetry BagIngO, cells in both the ground ---OctTetOctTet’: - (5 structures) and high-energy
states ‘--OctTetOctTet: - (4 structures), all compared with corresponding experimental and computational literature values. Means and
standard deviations (sd) in the values are shown.

Optimized— Ba,In,O5

Optimized— Ba,In,O5

Experimental Experimental

O?(ygen ground state present high-energy state present Computatlon]all Fischer et al. Speakman et al.
Environment calculation (P1) calculation (P1) Mohn et al. (Ima2) 19 (Ibm2) 17
--:OctTetOctTet’- - --:OctTetOctTet" -
a=6.233,b=16.905,c= | a=6.190,b=17.072,c= a:fézgfl’b: = 16658139’ b= a:féo%;b:
(A.°) 6.043 o :?%8’03 =900, ) 6045 :?%8’03 =900 —6085,a=p | c=5956,a=p | c=5970,a=p
V=0 v= =y=90 =y=90 =y=90
distances 2.174 (sd 0.000), 2.160 (sd 0.000), 2.188, 1.844, 2.127,
n-O1-In ar(lAl)eS 2.177 (sd 0.001) 2.168 (sd 0.001) 2.196 2.421 2.143
(%) 172.2 (sd 0.0) 178.1 (sd 0.3) - 173.1 173.1
distances 2.064 (sd 0.000), 2.068 (sd 0.001), 2.096, 1.927, 2.012,
In.02-In (Al) 2.364 (sd 0.001) 2.376 (sd 0.001) 2.341 2412 2.310
"‘n(%)es 147.4 (sd 0.1) 150.0 (sd 0.3) - 149.7 154.6
distance 2.111 (sd 0.000), 2.116 (sd 0.000), 2.137, 2.184, 2.091,
n-03-In A) 2.122 (sd 0.000) 2.125 (sd 0.001) 2.144 2.369 2.109
angles (°) 127.6 (sd 0.1) 124.6 (sd 0.2) - 115.8 129.3

As discussed above, structural refinements in space groups
Ibm?2 and Icmm all give rise to three O sites O1, 02, O3 (Figure
1) occurring in a 2:2:1 ratio. However, only two O chemical
environments are detected in the 1D 7O NMR spectra. Thus, 'O
3QMAS experiments*®*"*7 were also performed in an effort to try
to resolve any additional 0 sites in Ba,In,Os that may have
been missed in the 1D spectra, even at high field. However, again
only two 7O sites in an approximately 3:2 ratio are observed
(Figure 3a). Simulations of the 7O 1D and MQMAS NMR
spectra yield a quadrupole coupling constant (Cq) value of 5.0 (=
0.2) MHz for the O environment associated with the high
frequency signal at an isotropic chemical shift 85, = 179 + 4 ppm,
and a slightly larger value of 5.8 (£ 0.2) MHz for the low
frequency signal at d;, = 138 + 4 ppm in Figures 3 and 4. We
note that the high frequency signal shows a slight broadening
along the dy/dx=+1 direction of the MQMAS spectrum
corresponding to a small distribution of chemical shifts, 263
suggesting that more than one site might be buried under this
resonance. The isotropic shifts obtained from the field
dependence of the peak positions in the 1D spectra, (Figure S2;
Table 2), differ slightly from those obtained by NMR simulation
of the 1D and MQMAS data, suggesting that the data cannot be
fit by a single set of NMR parameters for each resonance. The
0 MAS NMR spectra of the Ba,In,Os presented above are
obtained when BayIn,Os was dried at 1000 °C prior to 70
enrichment, as discussed above. The resonance at 220 ppm
observed previously by Adler et al.” appears only very weakly in
the 8.5 T spectrum in Figure 3, and its presence depends strongly
on the n/2 pulse length used to acquire the spectra. It cannot
reasonably be ascribed to a BaO impurity, which might be
present if the sintering step of the Ba,In,Os synthesis was not
complete, since this would give rise to a much higher shift at d;5,
= 629 ppm.** The most likely assignment of this resonance is that
it is due to surface water. Having identified water as a potential
source of this resonance following the measurement performed at
8.5 T, the samples were kept in a desiccator, helping to minimize
the intensity of this resonance in subsequent experiments.

"300 200 100 0 100
70 Shift / ppm

Figure 3. 'O MAS NMR spectra of '’O enriched Ba,In,Os as a function
of magnetic field strength. Experimental spectra are shown in full lines,
and best-fit simulations in black dashed lines. The simulations using site
components are shown in red [site A (O1 and O3)] and blue [site B (02)]
dashed lines, based upon the experimental NMR parameters shown in
Table 2. The green dashed line represents an O site that may be associated
with partial hydration of the sample from contact with air. The asterisks
denote the O signal arising from the ZrO, rotor.”®
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Figure 4. Two-dimensional "O 3QMAS spectrum of 'O enriched
Ba,In,05 obtained at 14.1 T. Right: experimental cross sections (full
lines) obtained at 8, = 156 (blue) and 192 (red) ppm, along with best-fit
simulations (dashed lines) using the experimental parameters given in
Table 2.

This is also consistent with the nutation frequency behavior and
with the absence of second-order quadrupolar broadening®
observed previously. The '"O MAS NMR spectrum of 7O
enriched Ba,In,O4(OH), obtained using a pulse length similar to
the one measured by nutation on a water reference, reveals an
intense and sharp resonance at 220 ppm (Figure S4). This will be
further described in a forthcoming publication by the present
authors.*® Note also that no explicit pre-drying step prior to 0
enrichment was mentioned in the methodology of Adler et al.’

3.3. NMR GIPAW Calculations

It has been shown previously that differences in the chemical
shifts and quadrupole parameters of ’O NMR in ABO; metal-
oxides depend strongly upon the B site cation species, the B-O
bond distances, and the M-O-M (M=A or B cation) bond
angles.“’“’67 It is not obvious, however, whether the observed
resonances can be unambiguously assigned and rationalized in
light of these trends. Recent work on doped perovskites and other
oxides,***** demonstrate that '’0O GIPAW NMR calculations are
very reliable and likely to be of use in the present system also.
The optimised structures obtained for Ba,In,Os are used for a
series of single point NMR calculations as described above. The
computed 'O isotropic chemical shifts, anisotropies,
asymmetries and quadrupole NMR parameters are fully detailed
in the SI, where the 0;, values were obtained using the fitted
reference parameters discussed above. A broad range of di,
values emerge, as is evident in Figure 5a. Averaging over the
shifts obtained in the ground and four near-degenerate perturbed
structures (all within a range 0.2 kJmol" of the lowest energy
structure) separately for each O sublattice leads to values of
181.6, 158.2 and 195.4 ppm in a 2:2:1 ratio for the O1, O2 and
03 sites, respectively, in the ---OctTetOctTet’:-- arrangement.
The range in O2 values, at approximately 5.5 ppm, is larger than
those obtained for the other two sites, and may be attributed to
the broader range of In—O bond lengths experienced by the O2
sites (see Table 1). In particular, the optimisations reveal
generally more asymmetric In-O2 bond lengths as compared with
the O1 and O3 values and larger deviation from linearity in In-
02-In  bond angles compared to In-Ol-In in the
---OctTetOctTet’--- arrangement (Table 1).

The computed oxygen Mulliken charges have also been
examined, so as to discern any potential correlation with &,

values, but it is found that the charges vary in only a narrow
range from —0.94 to —0.96 |e| across O sites. So, we instead turn
to examine the distribution of In-O bond lengths and Mulliken
overlap populations.
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Figure 5. (a) Dashed black line: simulation of the GIPAW calculated '"O
NMR spectra of the sum of all O sites of one (the lowest energy) of the
five optimized Ba,In,Os structures having the --OctTetOctTet
staggered arrangement. The Ba,In,Os cell in P/ symmetry generates 10
crystallographically distinct O sites, which are grouped into the O1, O2
and O3 sites, based on their labeling in the higher symmetry space groups
(Figures 1 and 2). Color dashed lines: simulation of the GIPAW
calculated '’O NMR spectra of the individual O sites (color grouped and
noted for O1, O2 and O3 sublattices) of the same structure. All spectra
were simulated at 14.1 T. (b) Comparison of the experimental 7O NMR
spectra of Ba,In,O5 (solid black lines) and the sum of the simulated
GIPAW calculated 'O NMR spectra (dashed red lines) for all five near-
degenerate Ba,In,05 --OctTetOctTet’-- arrangements at magnetic field
strengths of 14.1 and 21.1 T.

We find that the comparatively large shieldings of the O2
nuclei are associated with a strongly asymmetric bonding
environment characterised by mean bond lengths of 2.064 and
2.364 A. associated with mean Mulliken overlap populations of
0.50 and 0.26 |e|, respectively. For comparison, the mean
distances and overlap populations at O1 sites are 2.174 and 2.177
A, and 0.34 and 0.34 |e|, respectively; while, for O3 sites, the
values are 2.111 and 2.122 A, and 0.39 and 0.37 |e], respectively.
On this basis, it is suggested that the high chemical shieldings of
the O2 sites may be due to the heightened polarization of these
anions. In support of this suggestion, we note the study by
Bastow et al.%® of a wide range of ABO; and A,BO; phases,
which found a strong correlation between the degree of anion
polarization and the measured chemical shift. In the interest of
completeness, the '°In and **'*’Ba NMR parameters are also
calculated and presented in SI, although they are not
experimentally measured here.
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Table 2. Experimental and calculated '"O isotropic chemical shift, 8, (ppm); quadrupole coupling constant, Co (MHz); and quadrupole
asymmetry mq for Ba,In,Os. Standard deviations are also given for the calculated parameters; those for Cq and m¢ values are less than 0.01
and so are omitted.

Structure Environment d1 (ppm)* diso (ppm) Co (MHz) Mo N°
Experimental

Site A (01+03) 192 179(4)/189(8)" 5.002) 0.2(1) 0.6

Ba21n205 4
Site B (02) 156 138(4)/146(8) 5.8(2) 0.2(1) 04

Calculated®

ol 199.2 (sd 6.7) 181.6 (sd 4.2) 5.74 0.05 04
--OctTetOctTet - 02 179.2 (sd 4.9) 158.2 (sd 3.1) -6.27 0.15 0.4
03 211.3 (sd 4.1) 195.4 (sd 2.6) -4.70 0.89 0.2
ol, 2213 (sd 2.7) 203.6 (sd 1.7) 5.77 0.02 02
Ol 169.9 (sd 1.9) 152.1 (sd 1.2) 573 0.09 0.2
OctTetOctTet 02 178.6 (sd 4.3) 158.2 (sd 2.7) 6.19 0.14 0.4
03 214.8 (sd 5.1) 198.4 (sd 3.2) -4.57 0.98 0.2

* Slices were extracted from the isotropic dimension of the MQMAS spectrum at isotropic shifts of 8, (ppm). The calculated values of 8, are obtained with

"4
2(4Q
5 (1)

2
500 V3

278150108,

5, = with §, = 8;5, — for 70 (I = 5/2) (see ref %), the errors arising from the range of 8, values.” Molar fraction of the site in the

structure specified.  Obtained from the 3QMAS experiment and 1D spectra, and calculated as §;5, = (g) 5, + (%) 8,. ¢ The first listed 8y, value is

obtained by a joint fit of the 1D and MQMAS spectra. The second value was obtained by analysing the field dependence of the 1D spectra. ¢ Obtained
from the averaged DFT calculated NMR parameters of the five perturbed and structurally re-optimized ground state structures (---OctTetOctTet’---) and

the four perturbed and structurally re-optimized high-energy structures (---OctTetOctTet:-).

On the basis of the 'O GIPAW calculations we assign the
experimental '’O resonance at 8, = 179 ppm (Table 2) to a
combination of the O1 and O3 sites, while the experimental site
seen at d;, = 138 ppm is assigned to the O2 site (Figures 3a and
4). However, it is clear that the experimental splitting
5(01+03)-56(02) = 41 ppm is underestimated by the calculations,
which yield a value of 30 ppm. Note, however, that the mean
absolute error in calculated 7O shifts arising from the shielding
reference amounts to 12 ppm, as discussed above.*® Figure 5b
plots the comparison between the experimental and calculated
70 spectra at both 14.1 and 21.1 T (see Figure S3 for both the
experimental and the computed O spectra at magnetic field
strengths of 8.5, 11.7, 14.1 and 21.1 T) where the underestimated
separation of peaks by the calculations is more clearly visible.
The reason for this apparent discrepancy remains the subject of
ongoing work.

The calculations provide Cq values of the same order of
magnitude for all three sites (Table 2), while the EFG asymmetry
parameters, 1)q, vary more markedly, reaching a maximum for the
tetrahedral sublattice. The difference between the mean of the
computed Ol and O3 Cg, value and the O2 Cg value, of
approximately 1.0 (+0.5) MHz, is in very good agreement with
the difference 0.8 (+0.4) MHz obtained from the fits to the
experimental spectrum discussed above. The calculated O1 Cq
value is approximately 15% larger than the experimental one
extracted by assuming that the higher frequency resonance can be
fit with one set of NMR parameters. In summary, the present
first principles calculations provide a clear assignment of the
experimental NMR data of BayInyOs, although some
discrepancies remain. We ascribe this to three main factors. The
first error is ascribed to the errors inherent to the DFT method.
Second errors between the calculated O1 NMR parameters and
the experimental values result from the fitting of the lineshape of
the major experimentally observed resonance with only a set of
parameters, even though it must originate from multiple O1 (and
03) sites. Unfortunately, the lack of any further distinct features,

despite acquiring spectra at multiple fields, meant that a fit to the
lineshape using more than one set of NMR parameters could not
be justified. Third, it is not practical to sample all the possible
(i.e., energetically favourable) configurations of this disordered
structure within our DFT calculations. Some higher temperature
configurations may also be trapped on cooling to room
temperature, which may yield additional oxygen disorder that
again we have not captured in our calculations. No evidence for
any sites with a small C, values emerges from these calculations,
confirming that the narrow resonance observed at 220 ppm in
some of the experimental spectra is unlikely to arise from an O3
site in the dry material.

In order to explore whether the high-energy state
---OctTetOctTet - structures contribute to the experimental
NMR spectrum, we first note that the difference in formation
energies of ground and excited arrangements is only 5 kJmol”
(per BaIn,Os formula wunit). As a local region of
---OctTetOctTet - O vacancy stacking can be created by moving
just a few O ions, it is possible that regions of this structure could
form due to thermal fluctuations or could be kinetically trapped in
the lattice at lower temperatures. The calculated spectra of the
lowest energy ---OctTetOctTet: - arrangement and the

This journal is © The Royal Society of Chemistry 2014
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Figure 6. (a) Dashed black line: simulation of the GIPAW calculated '’O
NMR spectra of the sum (scaled down by a factor 10) of all O sites of one
(the lowest energy) of the four optimized Ba,In,O;5 structures having the
~+OctTetOctTet, stacked, arrangement. Color dashed lines: simulation
of the GIPAW calculated 7O NMR spectra of the individual O sites
(color grouped and noted for O1, O2 and O3 sublattices) of the same
structure. All spectra were at 14.1 T. (b) Comparison of the experimental
7O NMR spectra of Ba,In,0; (solid black lines) and the sum of the
simulated of the GIPAW calculated O NMR spectra (dashed red lines)
for all four Ba,In,O5 near-degenerate ‘-OctTetOctTet+- arrangements at
magnetic field strengths of 14.1 and 21.1 T.

decomposition into individual O sites is shown in Figure 6a.
Interestingly, the O1 sites in this structure split into groups: the
first, having somewhat higher chemical shifts than those in the
--+OctTetOctTet’: -, ground state, arrangement (85, = 203.6 ppm,
labelled O1, in Table 2); and the second, shifts somewhat lower
than in the low energy arrangement and closer to the O2 values
(3iso = 152.1 ppm, labelled O1, in Table 2). Thus, it is possible
that there is a contribution from the high-energy state
arrangement to the experimentally observed spectrum, and that it
is likely to be difficult to resolve such a contribution. However, it
cannot be significant, given that simulations of the spectrum of
the high-energy state arrangement predict an intensity ratio for
high and low frequency resonances of 2:3, which is not consistent
with the experimentally observed intensity ratio.

4. Conclusions

In summary, this paper reports a comprehensive analysis of the
Brownmillerite Ba,In,Os structure using solid-state 70 NMR
spectroscopy in combination with solid-state DFT calculations of
configurational energetics and NMR parameters. A similar
analysis of the corresponding Ba,In,O4(OH), hydrated form, of
interest as a solid proton conductor, will be presented in a
forthcoming paper. Two distinct O environments in a 3:2 ratio
were observed by 7O MAS NMR in "0 enriched Ba,In,Os: the
more intense resonance at 8, = 179 ppm (at 21.1 T) is attributed
to the combination of the Ol and O3 oxygen sublattices, while
the weaker resonance at J;, = 138 ppm comprises the O2
sublattice alone. The assignment is based on GIPAW NMR
calculations on both the ground ---OctTetOctTet -+ and high-
energy state ---OctTetOctTet:-- O vacancy arrangements, which
indicate that O1 and O3 sites have similar chemical shifts and

quadrupolar couplings, preventing their separate resolution even
at a very high magnetic field strength of 21.1 T. Notably the
bridging O1 and O2 sites have similar calculated quadrupolar
asymmetry parameters 1o = 0.05 and 0.15, the smaller O1 value
reflecting the more linear In-O-In bonding arrangement. By
contrast, g for the bent (127.6°) In-O3-In site is very different at
0.9. The MQMAS data reveals a small distribution of
environments consistent with some disorder in this material,
rendering the separation of the O3 and O1 sites more difficult. An
analysis of the excited ---OctTetOctTet -+ arrangement NMR
parameters reveals an intensity ratio for the high and low
frequency shifts that is not consistent with that observed
experimentally, suggesting that it is not present in significant
concentrations.

This new assignment contradicts the previous proposal by
Adler et al. that the two dominant but very different 0
resonances arose due to the presence of InO, tetrahedra and InOg
octahedra.” The sharp resonance at 220 ppm previously attributed
to the O3 site in the same previous study’ is much more intense
for samples that have been exposed to moisture, and is therefore
tentatively re-assigned as originating from surface water. The
structural models investigated here do not reproduce the 220 ppm
shift and further study is required to address this point.
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