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Abstract

Characterising the local structures (e.g., the cation distribution) of mixed-metal

ceramics by NMR spectroscopy is often challenging owing to the unfavourable

properties (low γ, large quadrupole moment and/or low abundance) of many

metal nuclei. 17O is an attractive option owing to the prevalence of oxygen

within ceramics. The moderate γ and small quadrupole moment of 17O mean

that the greatest barrier to accessing the information available from this

nucleus is isotopic enrichment. We explore the challenges of ensuring uniform

isotopic enrichment with 17O2(g) for the pyrochlore solid solutions, Y2SnxTi2–

xO7, La2SnxZr2–xO7 and La2SnxHf2–xO7, demonstrating that high enrichment

temperatures (900 �C for 12 hr) are required. In addition, for sites with very

high symmetry (such as the tetrahedral OY4 and OLa4 sites with CQ ≈ 0

present here), we demonstrate that quantitative 17O NMR spectra require

correction for the differing contributions from the centreband of the satellite

transitions, which can be as high as a factor of �3.89. It is common to use

first-principles calculations to aid in interpreting NMR spectra of disordered

solids. Here, we use an ensemble modelling approach to ensure that all

possible cation arrangements are modelled in the minimum possible number

of calculations. By combining uniform isotopic enrichment, quantitative NMR

spectroscopy and a comprehensive computational approach, we are able to

show that the cation distribution in Y2SnxTi2–xO7 is essentially random,

whereas in La2SnxZr2–xO7 and La2SnxHf2–xO7, OLa2SnZr and OLa2SnHf sites

are slightly energetically disfavoured, leading to a weak preference for

clustering of like cations.
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1 | INTRODUCTION

Oxides play an important role in technology and indus-
try, with applications in catalysis, as electrode materials,
in the energy arena, as pigments and ceramics, and in
the immobilization of radioactive waste.[1] The crystal
chemical flexibility of oxide structures allows the fine
tuning of their physical and chemical properties upon
substitution of iso- or aliovalent ions. However, structural
characterization of such disordered systems can be
challenging; only information on the average structure is
provided by techniques based on Bragg diffraction, but
the local chemical structure has a significant impact on
how a material behaves. Understanding the number and
distribution of species within the crystal lattice is a vital
step in understanding the structure–property relationship
and, ultimately, in the future design of novel and
improved functional materials. NMR spectroscopy pro-
vides an ideal tool for the characterisation of disordered
solids,[2–4] with its sensitivity to the local environment,
and the recent combination of experiment with computa-
tion (often referred to as NMR crystallography[5,6]) has
facilitated the interpretation of the complex spectral
lineshapes that are often encountered.

For oxides, oxygen NMR spectroscopy should be
expected to be a useful (perhaps even routine) tool,
potentially providing insight into the cation distribution
in mixed-metal systems.[7,8] However, such measure-
ments are limited by the low natural abundance of the
only NMR-active isotope of O, 17O (0.037%), while its
high spin quantum number (I = 5/2) leads to spectra
affected by second-order quadrupolar broadening, limit-
ing both sensitivity and resolution. Solutions to the latter
problem include the use of higher magnetic fields and
two-dimensional approaches such as multiple-quantum
MAS (MQMAS)[9] NMR experiments. In the former case,
the easiest solution is isotopic enrichment.[8] However,
this is typically very costly, often requiring the adaption
of synthetic methods to ensure the enrichment is cost
effective and atom efficient, with recent work exploiting
ionothermal synthesis, dry gel conversion reactions,
solvent steaming, reversible small scale hydrolysis and
mechanochemistry for enrichment of a range of
inorganic solids.[10–15] Oxides are often enriched via post-
synthetic exchange with 17O2(g),

[7,8] but recent work on
A2B2O7 ceramics[16] has shown that care has to be taken
over the choice of enrichment temperatures and times,
both to mitigate preferential enrichment of chemically
different O species, and to prevent any modification of
the structure at high temperature.

Here, we explore the use of 17O NMR spectroscopy to
investigate the cation distribution in three mixed-metal
pyrochlore solid solutions; Y2SnxTi2–xO7, La2SnxZr2–xO7

and La2SnxHf2–xO7. For Y2SnxTi2–xO7,
89Y and 119Sn (both

I = 1/2) NMR spectroscopy have been used previously for
structural characterization of Y2SnxTi2–xO7.

[17–23] MAS
NMR experiments, first-principles calculations (and more
recently ensemble-based modelling approaches[23]),
revealed that the 89Y and 119Sn isotropic chemical shifts
are sensitive to small changes in the local environment
(in the number of Sn/Ti next nearest neighbours (NNN)
and in their spatial arrangement). However, the resulting
NMR spectra contain complex and overlapped reso-
nances (particularly for 119Sn), which cannot be easily be
unambiguously decomposed, limiting quantitative analy-
sis. Comparison of the experimental spectra to those
simulated using an ensemble of all possible models
suggested that the cation distribution was close to
random; however, there was some evidence for low levels
of clustering/ordering of like cations.[23] In principle, the
large shift range of 17O and the presence of both the
chemical shielding and quadrupolar interactions should
make this nucleus a sensitive probe of the local
structure,[7,8] allowing (assuming quantitative measure-
ments can be made) the composition and distribution of
cations to be investigated. Periodic planewave density
functional theory (DFT) calculations[24,25] (on a suite of
disordered structural models) are used alongside 17O
NMR experiments on isotopically enriched materials, to
aid interpretation and assignment of the spectral signals
and to provide insight into the origin of the changes in
the NMR parameters that are observed. This complemen-
tary approach should offer new insight into disorder in
these important materials and allow the evaluation of the
value of such measurements to oxides more generally.

2 | METHODS

2.1 | Synthesis and X-ray diffraction

Materials were prepared using a conventional mixed
metal oxide process. Stoichiometric quantities of com-
mercially available Y2O3 (Sigma Aldrich, 99%), La2O3

(Sigma-Aldrich 99.9%), SnO2 (Sigma Aldrich, 99.9%),
TiO2 (Sigma-Aldrich 99%), ZrO2 (Sigma-Aldrich 99%) or
HfO2 (Sigma Aldrich, 99%) were heated at 800–850 �C for
10 hr to dry, before being ball milled in ZrO2 media
(600 rpm) with acetone. After drying, the resultant pow-
ders were pressed into pellets using a uniaxial press.
Y2SnxTi2–xO7 samples were prepared in a similar way to
previous work,[23] being calcined at 1400 �C for 48 hr at a
rate of 5 �C min−1 before being cooled, reground and
pressed into pellets before heating at 1400 �C for a
further 48 hr. For La2Snx(Zr,Hf)2–xO7, samples were
calcined at 1400 �C for 24 hr at a rate of 10 �C min−1,
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cooled, reground, pressed into pellets and heated at
1400 �C for a further 24 hr.

Samples were studied by powder X-ray diffraction
(PXRD) to determine phase purity using a PANalytical
Empyrean Diffractometer, with CuKα1 (λ = 1.540598 Å)
radiation operating at 45 mA, and 40 kV, with an
X'celerator linear detector. Patterns were collected over
the 2θ range of 10� to 80�, with a step size of 0.02�, and
step duration of 0.4 s per step (total experimental time
1–2 hr). For the end members, patterns were compared
with those from the ICSD. All mixed-metal materials
were confirmed to be single phase pyrochlore using
PXRD. See Supporting Information for further
information.

2.2 | Isotopic enrichment

Samples were enriched by condensing �0.03 L of 70%
17O2(g) (Cortecnet) into a pre-evacuated quartz vial con-
taining �0.20 g of oxide, before heating in a tube furnace
at temperatures of 900 �C for 12 h (unless otherwise
stated). A ramp rate of 5 �C min−1 was used for heating
and cooling. No significant changes were seen in PXRD
patterns after enrichment. Enrichment levels were esti-
mated to be �5%–7% by comparison to NMR spectra of a
sample of 17O-enriched Y2Sn2O7, determined in previous
work[16] using secondary ion mass spectrometry to be
enriched to 5%.

2.3 | NMR spectroscopy

17O NMR spectra were acquired using a Bruker Avance
III 600 MHz spectrometer, equipped with a wide-bore
14.1 T magnet, at a Larmor frequency of 81.4 MHz.
Powdered samples were packed into 3.2 mm thin-walled
ZrO2 rotors and rotated at 18–21 kHz, using a 3.2 mm
HX probe. Spectra were acquired using a radiofrequency
nutation rate, ν1, of �71 kHz, a pulse duration of 0.5 μs
(π/14) and a recycle interval of 5 s (except where
otherwise stated), and are the result of averaging between
1024 and 2048 transients. Chemical shifts are given in
ppm relative to distilled H2O(l). T1 measurements were
performed using a saturation recovery experiment (also
with a short flip angle pulse), with a typical saturation
train of 100 pulses separated by intervals of 10 ms. 17O
MQMAS spectra were acquired using a z-filtered
pulse sequence[26] with ν1 of �71 kHz for the excitation
and conversion pulses and a CT-selective (ν1 of �3 kHz)
π/2 pulse. Spectra are shown after shearing and the
δ1 axis is referenced according to the convention of
Pike et al.[27]

Fitting of the spectral lineshapes was carried out
using the SOLA program (available within the Topspin
software). Experimental intensities were compared to
those in spectra simulated using the density matrix
simulation program SIMPSON,[28] as described by
Fernandes et al.[16] Spectra were simulated at 14.1 T
(under the experimental conditions described above)
using detection operators of I1x (i.e., all single-quantum
coherences from the central transition (CT) and satellite
transitions (ST)) or I1c (i.e., only CT coherences), using
250 × 320 angles.

2.4 | Calculations

Calculations were carried out using the CASTEP DFT
code (version 8.0 or version 16.0),[24] employing the
gauge-including projector augmented wave (GIPAW)[25]

approach to reconstruct the all-electron wavefunction in
the presence of a magnetic field. Calculations were
performed using the GGA PBE functional,[29] with
core-valence interactions described by ultrasoft
pseudopotentials, and accounting for scalar relativistic
effects using ZORA.[30,31] A planewave energy cutoff of
60 Ry (�816 eV) was used, and integrals over the first
Brillouin zone were performed using a Monkhorst-Pack
grid[32] with a reciprocal space grid spacing of 0.04 2π
Å−1. In the geometry optimisation all atomic coordinates
and unit cell parameters were allowed to vary, with a
geometry optimization energy tolerance of 1 × 10−5 eV
per atom and an decreased electronic structure energy
tolerance of 1 × 10−9 eV per atom, as discussed in more
in detail in previous work.[23] For each solid solution, a
complete set of 279 symmetry unique structural models
(containing a total of 15,624 unique O sites) was
generated as described by Moran et al.,[23] using the site
occupancy disorder (SOD) program,[33] and the geometry
of each model was then optimised using CASTEP. See
the Supporting Information for more detail.

Diagonalisation of the absolute shielding tensor, σ,
yields the three principal components, σ11, σ22 and σ33,
from which the isotropic shielding is given by σiso =
(σ11 + σ22 + σ33)/3. The corresponding computed chemi-
cal shift tensor, δ, and isotropic chemical shift, δiso, can
be determined from σ to aid comparison to experiment.
The details of the referencing procedures used in this
work are given in the Supporting Information.
Diagonalisation of the electric field gradient tensor, V,
gives the principal components VXX, VYY and VZZ, from
which the magnitude of the quadrupolar interaction,
CQ = eQVZZ/h, and the asymmetry parameter, ηQ =
(VXX − VYY)/VZZ, can be determined. Q is the nuclear
quadrupole moment, for which a value of 25.58 mb was
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used for 17O.[34] The quadrupolar product is defined as
PQ = CQ(1 + ηQ2/3)1/2.

3 | RESULTS AND DISCUSSION

As shown in Figure 1, the A2B2O7 pyrochlore structure
(space group Fd–3 m) is based on a supercell of AO2

fluorite, with the ordered removal of 1/8th of the oxygen
anions.[35–37] In addition to an eight-coordinate A site
and six-coordinate B site, this results in two crystallo-
graphically distinct O species; O1, coordinated by four A
cations and O2, coordinated by two A and two B cations,
which occupy the Wyckoff 8a and 48f sites, respectively.
(Note that in some pyrochlore crystal structures in the lit-
erature the definition of O1 and O2 is reversed, but here
we follow the nomenclature of Brisse and Knop[38]). A
pyrochlore phase is formed when the ratio of the radii of
the A and B cations (rA/rB) is between 1.46 and 1.78 (with
defect fluorite and layered perovskite phases usually
formed if the ratio is lower or higher, respectively).[35–37]

The pyrochlore structure is able to incorporate a diverse
range of elements, can tolerate both cation and anion
disorder, and supports variable oxidation states, resulting
in over 500 known synthetic compositions. Lanthanide
and actinide pyrochlores are of particular interest for use
in the safe long-term disposal of radioactive waste,
and are often found as components within ceramic
wasteforms such as Synroc.[39] Titanate pyrochlores
exhibit high chemical durability, while the substitution of
elements such as Zr or Hf increases the resistance of the
system to amorphization.[39] The ability to mix cations,
and thus modify the properties of the pyrochlore
materials, is key to the design of improved materials.

Figure 2 shows 17O MAS NMR spectra of five
pyrochlore end members, Y2Sn2O7, Y2Ti2O7, La2Sn2O7,

La2Zr2O7 and La2Hf2O7, isotopically enriched in 17O at
700�C for 12 hr. All show two distinct O signals,
corresponding to O1 and O2 sites, and the NMR parame-
ters extracted are given in Table 1. Also shown in Table 1
are the NMR parameters predicted from DFT

FIGURE 1 (A) Structure of an A2B2O7

pyrochlore, and local environments of (B) O1

(8a) and (C) O2 (48f) sites. Atoms are coloured

with a = blue, B = green, O1 = orange and

O2 = red

FIGURE 2 17O (14.1 T) NMR spectra of (A) Y2Sn2O7,

(B) Y2Ti2O7, (C) La2Sn2O7, (D) La2Zr2O7 and (E) La2Hf2O7. Spectra

were recorded with MAS rates of (A–D) 21 and (e) 18 kHz.

Spinning sidebands are marked with asterisks (*)
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calculations. Spectra for Y2Sn2O7, Y2Ti2O7 and La2Sn2O7

are in good agreement with those in the previous litera-
ture.[16,40] By symmetry, the CQ for O1 in all structures
should be zero (reflecting the –43 m point symmetry at
the 8a site), although very small quadrupolar couplings
are observed experimentally (extracted by fitting the ST
sideband manifold in a slow MAS spectrum[16]), resulting
from defects and/or surface effects, as discussed
previously.

For the La-containing pyrochlores, the O1 signal is
broader, with a complex and asymmetric lineshape seen
upon expansion (see Supporting Information). As shown
previously for La2Sn2O7,

[16] this is thought to result from
the presence not only of a J coupling to four equivalent
139La (I = 7/2, 99.9% abundance) nuclei, but also to the
existence of a quadrupolar-dipolar cross term (or residual
dipolar coupling).[41,42] This second-order interaction,
resulting from a dipolar coupling to a nucleus with a very
large CQ, cannot be removed by MAS, owing to its more
complex angular dependence. As shown in the
Supporting Information, 139La CQ values for La2Zr2O7

and La2Hf2O7 (obtained from wideline NMR experi-
ments[43] and supported by DFT calculations) are slightly
larger (�87 MHz) than that previously observed for
La2Sn2O7 (�79 MHz), confirming a similar cross term is
likely to be present, perturbing the intensities and
spacings of the J multiplet. For O2, larger CQ values are
predicted by DFT calculations (ranging from 0.6 to
3.8 MHz), reflecting the lower symmetry of this site (and
its OA2B2 coordination environment). Good agreement
is also observed with the experimental values (and where
it exists, with previous literature[16,40]). It is noticeable,

however, that when B = Sn (i.e., Y2Sn2O7 and La2Sn2O7)
the CQ is considerably larger (�3.3 MHz experimentally)
than when B = Zr, Hf or Ti (0.7–1.5 MHz).

Figure 3 shows 17O MAS NMR spectra of three
mixed-metal pyrochlore solid solutions; Y2SnxTi2–xO7,
La2SnxZr2–xO7 and La2SnxHf2–xO7. Samples were
enriched at 900�C for 12 hr. In all three cases, additional
resonances are seen when compared to the respective
end members, confirming the formation of mixed-metal
materials. Signals at �290, �390 and �350 ppm can be
tentatively assigned to OY2SnTi, OLa2Zr2 and OLa2Hf2
environments, respectively. Note that as substitution is
thought only to occur at the B site, this affects the local
coordination of only the O2 site (OA2B2), and not that of
O1 (OA4), meaning that local environments such as
OA3B and OAB3 will not occur unless antisite disorder
is present.

The assignment of the additional signals seen experi-
mentally can be confirmed by DFT calculations on a suite
of structural models of all possible atomic arrangements
of B site cations in a pyrochlore unit cell (see Supporting
Information). For Y2SnxTi2–xO7,

[23] as shown in
Figure 4A, DFT calculations predict isotropic chemical
shifts of 260–340 ppm for the range of OY2SnTi environ-
ments seen throughout the solid solution, with predicted
CQ values between 2.5 and 3.1 MHz. While the shifts are
in good agreement with the new signal seen in the exper-
imental 17O MAS NMR spectra, it is difficult to determine
CQ experimentally owing to the additional broadening
arising from the distribution of NMR parameters that
results from the increased disorder. However, informa-
tion on the average PQ and δiso values can be obtained

TABLE 1 Experimental and calculated 17O NMR parameters (isotropic chemical shift, δiso, quadrupolar coupling constant, CQ, and

asymmetry parameter, ηQ) for Y2Sn2O7, Y2Ti2O7, La2Sn2O7, La2Zr2O7 and La2Hf2O7 pyrochlores

Composition O site

Experiment Calculation

δiso (ppm) CQ/MHz ηQ δisocalc (ppm) jCQjcalc/MHz ηQcalc

Y2Sn2O7 O1 384.0 (5) �0.02 (2) n.d.a 388.2a 0.0b —

O2 172.5 (5) 3.2 (1) 0.4 (1) 174.9a 3.52b 0.35b

Y2Ti2O7 O1 386.1 (5) �0.02 (2) n.d.a 374.5a 0.0b —

O2 454.6 (5) 0.7 (1) 0.5 (1) 459.6a 0.64b 0.75b

La2Sn2O7 O1 641.5 (5) �0.02(2) n.d.a 631.0b 0.0c —

O2 222.0 (5) 3.3 (1) 0.9 (1) 208.5b 3.79c 0.99c

La2Zr2O7 O1 626.3 (5) �0.02(2) n.d.a 622.9b 0.0c —

O2 394.0 (5) 1.5 (1) 0.4 (1) 421.5b 1.08c 0.98c

La2Hf2O7 O1 629.9 (5) �0.02(2) n.d.a 626.3 0.0c —

O2 350.8 (5) 1.4 (1) 0.6 (1) 343.8b 1.03c 0.58c

an.d. = not determined.
bCASTEP version 8.0.
cCASTEP version 16.0.

FERNANDES ET AL. 5



the centre-of-gravity of the signal in an MQMAS spec-
trum. As shown in the Supporting Information, for
Y2SnTiO7, this gave hPQi and hδisoi of �2.4 MHz and
�300 ppm, respectively, in reasonable agreement with
the predicted values. Calculated NMR parameters for
OY4, OY2Sn2 and OY2Ti2 species in mixed-metal mate-
rials are also in good agreement with the experimental
results.

As shown in Figure 3, there are small changes in the
position of the 17O resonances as a function of composi-
tion, resulting from changes in both δiso and CQ, as
shown in the Supporting Information. Experimentally,
for Y2SnxTi2–xO7, relatively little change in shift is seen
for O1 (OY4), although for the mixed-metal materials this
signal is significantly broader, with a range of δiso values
predicted by DFT. The lowering of symmetry upon cation
substitution also results in a non-zero CQ in many cases.
Although, in principle, this will also lead to increased
broadening, this is small in comparison to the

distribution of δiso (typically �0.6 ppm at 14.1 T for
CQ = 0.6 MHz). As shown in the Supporting Information,
for the three types of O2 species seen in mixed-metal
materials, significant ranges of δiso and CQ are predicted
(particularly for OY2Ti2 and OY2SnTi), explaining the
broadened lineshapes seen experimentally, and the lack
of features characteristic of quadrupolar broadening. As
shown in the histograms in the Supporting Information
for Y2SnTiO7, the range of shifts seen is in good
agreement with the width of the lineshapes seen in the
experimental 17O MAS NMR spectra, suggesting it is this
distribution that dominates the spectrum. This is also in
good agreement also with the 17O MQMAS spectrum of
Y2SnTiO7 shown in the Supporting Information, where
significant broadening is observed along the axis
(+17/31) associated with a distribution of chemical shifts.

For La2SnxZr2–xO7 and La2SnxHf2–xO7, the calculated
δiso and CQ values (shown in Figure 4B,C, respectively)
confirm the assignment of the OLa2SnZr and OLa2SnHf

FIGURE 3 17O (14.1 T, 21 kHz MAS) NMR spectra of (A) Y2SnxTi2–xO7, (B) La2SnxZr2–xO7 and (C) La2SnxHf2–xO7. Grey vertical lines

serve as guides to the eye. All spectra are vertically normalized to the most intense resonance
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O2 species (with average calculated values of
315 ppm/3.2 MHz and 276 ppm/3.1 MHz, respectively).
In general, smaller ranges of calculated parameters are
seen as a function of composition for both materials
relative to Y2SnxTi2–xO7, (see Supporting Information),
leading to lineshapes with features more characteristic of

quadrupolar broadening for the sites with larger CQ.
Experimentally, the most significant change in δiso is seen
for O1 (OLa4), where an increase in shift is observed with
increasing Sn content (as shown in Figure 3). This is
supported by the DFT calculations (see Supporting Infor-
mation), which show a shift increase (but relatively little
shift distribution) for O1 in both La2SnxZr2–xO7 and
La2SnxHf2–xO7. Interestingly, for all O2 species, δiso
decreases with increasing Sn content, although larger
distributions of shift are seen. For the quadrupolar
interaction, the lowering of the O1 point symmetry in the
mixed-metal compounds again leads to non-zero CQ

values. However, these are still very small (�0.1 MHz)
and considerably smaller than the corresponding values
seen in Y2SnxTi2–xO7. The larger CQ values predicted for
OLa2SnZr and OLa2SnHf species (3.2 and 3.1 MHz) are
also seen experimentally, where hPQi values of �2.7 and
�2.6 MHz can be extracted from 17O MQMAS NMR
spectra (as shown in the Supporting Information).

In principle, the relative amounts of each type of O
species present can be determined from the integrated
intensities of the signals in the 17O MAS NMR spectra,
potentially providing insight into the cation distribution.
However, in practice, this requires uniform enrichment
of the chemically different O species and the acquisition
of quantitative NMR spectra, the latter being potentially
challenging for quadrupolar nuclei such as 17O. Previous
work on 17O NMR of A2B2O7 materials (including
Y2Sn2O7, Y2Ti2O7 and La2Sn2O7)

[16] showed that uniform
relative enrichment of O1 and O2 sites was only achieved
at higher enrichment temperatures or longer enrichment
times. For the pyrochlore end members studied, preferen-
tial enrichment of O2 was observed for enrichment
temperature below �850 �C (for 12 h heating). Although
significant changes in spectral intensities were seen with
longer heating times at 600 �C, uniform relative enrich-
ment was not observed at this temperature for all end
members even after 96 hr. Possible origins for this obser-
vation were suggested to be the difference in bond
strengths between O1 (surrounded only by A cations)
and O2 (surrounded by 2 A and 2 B cations), or
differences arising from the mechanism of enrichment
(including the ability to create split vacancies) as pro-
posed by prior computational work.[44–46] For La2Zr2O7

and La2Hf2O7 (which were not studied in the original
work), 17O enrichment was carried out in this work at a
variety of temperatures and times. The resulting 17O
MAS NMR spectra reveal that for both materials the
overall signal intensity increases as the enrichment tem-
perature is raised, with higher levels of 17O incorporated.
Preferential enrichment of O2 is seen at the lowest
temperatures, with an approximately constant O1:O2
ratio observed above �700 �C (for 12-hr heating), in good

FIGURE 4 Plots of calculated 17O jCQj against δiso for
(A) Y2SnxTi2–xO7, (B) La2SnxZr2–xO7 and (C) La2SnxHf2–xO7
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agreement with the previous results for other pyrochlore
end members.[16] At 500 �C, a similar O1: O2 ratio is not
observed even with much longer heating times (up to
72 h for La2Hf2O7). As an example of a mixed-metal
material, Figure 5 shows 17O MAS NMR spectra of
Y2SnTiO7, enriched for 12 hr at 600 �C, 700 �C and
900 �C. Each O2 species (i.e., OY2Ti2, OY2Sn2 and
OY2SnTi) has a similar absolute level of enrichment at
the three temperatures, but there is a significant increase
in the relative level of enrichment of O1 between 600 �C
and 700 �C (with little additional change on moving to
900 �C). To ensure the most uniform relative enrichment
of all O species in all mixed-metal materials, therefore,
enrichment of mixed-metal materials was carried out at
900 �C for 12 hr.

For the end member pyrochlores, the theoretical O1:
O2 ratio is 1: 6, reflecting the Wyckoff 8a and 48f
positions. For mixed metal materials there are three types
of O2 present in the disordered system (OA2B2, OA2BB'
and OA2B'2), but a ratio of 1: 6 (0.1667) would still be
expected when all O2 sites were considered together.
This, however, is not what is seen experimentally.
Figure 6 plots the integrated O1/O2 ratios (black points),
extracted from the 17O MAS NMR spectra of
Y2SnxTi2–xO7, La2SnxZr2–xO7 and La2SnxHf2–xO7 in
Figure 3. The ratios are relatively constant as a
function of composition, suggesting the temperature of
enrichment is sufficient to ensure consistent relative

enrichment of all chemically distinct species. However,
O1/O2 is 0.4–0.5 for Y2SnxTi2–xO7 and �0.6 for
La2SnxZr2–xO7 and La2SnxHf2–xO7, rather than the 0.1667
expected. As 17O is quadrupolar, the relative spectral
intensities need to be corrected for any differences in
nutation for species with different quadrupolar couplings,
and for any contribution of the STs to the CT centreband.
Furthermore, any differences in T1 relaxation between
different sites would also need to be accounted for to
ensure quantitative spectral acquisition.

FIGURE 5 17O (14.1 T, 21 kHz MAS) NMR spectra of

Y2SnTiO7 enriched in 17O2 gas at the indicated temperatures for

12 hr. Asterisks denote spinning sidebands. Spectra are normalized

to the most intense resonance

FIGURE 6 Plots showing the (integrated) intensity ratio,

OA4/OA2(B,B0)2, extracted from the 17O MAS NMR spectra of

(A) Y2SnxTi2–xO7, (B) La2SnxZr2–xO7 and (C) La2SnxHf2–xO7,

enriched at 900�C for 12 hr (shown in Figure 3). Red points and

axes correspond to the OA4/OA2(B,B0)2 ratio obtained after

correction for the effects of T1 relaxation and the contribution of

the STs
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Saturation recovery experiments were performed to
measure T1 times for the pyrochlore end members, with
results given in Table 2. A very wide range of T1 values
are seen, with notably smaller values (i.e., faster relaxa-
tion) for the La-based materials. This perhaps reflects the
presence of the high-γ, high abundance, quadrupolar
139La cation on the A sites (and so directly bound to both
O species), rather than the low-γ, spin I = 1/2 89Y cation
present on the A site in Y2Sn2O7 and Y2Ti2O7. Table 2
shows that for fully quantitative spectra to be obtained a
very long recycle interval would be required (e.g., 5 T1 for
O1 in Y2Sn2O7 is �1800 s). In order to avoid this
problem, spectra were acquired using a shorter recycle
interval (5 s) and corrected for the relative differences in
relaxation of all species.

In order to ensure that any differences in nutation
and any contributions of the ST are correctly taken into
account, accurate CQ values must be obtained. As
described earlier this can be challenging experimentally
(if characteristic quadrupolar lineshapes are not
observed), but the magnitude of the quadrupolar interac-
tion can be estimated either by fitting the ST sideband
manifold (when CQ is small) or from the position of reso-
nances in MQMAS experiments (when lineshapes are
broadened by disorder). Simulations using SIMPSON[28]

(shown in the Supporting Information) reveal that there
are no differences in relative excitation efficiency for spe-
cies with CQ values up to 3.2 MHz for the short flip
angles used in the spectral acquisition (formally π/14).
However, when CQ is very small, some of the signal
intensity attributed to the CT in experimental spectra
actually results from the centreband of the STs.[2,3,16] As
CQ increases, the increasingly diverging second-order iso-
tropic quadrupolar shifts of the STs and CT ensure that
these signals are separated, hence enabling integrated
intensities of signals to be unambiguously determined.

The ST contribution to any signal can be predicted from
density matrix simulations and relative spectral intensi-
ties corrected accordingly, as shown in the Supporting
Information for Y2SnTiO7. The O1/O2 ratios, corrected
both for T1 differences and ST contributions, are shown
by the red axis in Figure 6, for all three series. After
corrections have been applied, all ratios are much closer
to the theoretical value of 0.1667, suggesting uniform
relative enrichment is obtained under the experimental
conditions chosen. It is interesting to note that there is a
larger variation (both before, but particularly after,
correction) for Y2SnxTi2–xO7. This reflects the need to
apply significant corrections to both the O1 and the O2
OY2Ti2 signals for this series (unlike La2SnxZr2–xO7 and
La2SnxHf2–xO7 where a significant correction is only
applied to O1), and the much greater variation in the
quadrupolar parameters predicted by DFT as the compo-
sition varies (see Figure 4). This would lead, in principle,
to a greater variation in the correction factors required,
and so a larger error when applied to the experimental
(summed) signal.

Once the relative spectral intensities have been
corrected as described above, it is possible to compare
these to the intensities that would be obtained should the
B cations be distributed completely randomly. For O2, it
can be shown using simple statistics that the probability
of finding n Sn neighbours is P (n Sn) = Ω (x/2)n

(1 − (x/2))2–n, where Ω is the number of possible
permutations and x is taken from the formula. These
probabilities are plotted, with the experimental values for
Y2SnxTi2–xO7, La2SnxZr2–xO7 and La2SnxHf2–xO7, in
Figure 7. All three show good agreement between experi-
mental data and predicted intensities, suggesting that the
B site cation distribution is close to random in all. For
Y2SnxTi2–xO7, this is consistent with previous work using
89Y and 119Sn NMR spectroscopy.[23] Agreement between
experimental spectra and spectra simulated using NMR
parameters calculated from an ensemble of structural
models was better at higher temperatures, indicating all
atomic arrangements were likely to contribute equally,
that is, suggesting a random distribution of B site cations.
Small deviations between the experimental and
simulated spectra were noted for the less substituted
materials, but while these were potentially attributed to a
weak preference for clustering or ordering, it was shown
they could also result from the limitations of using a
single unit cell in the ensemble-based modelling.[23] The
overlap of the signals in the 89Y and 119Sn NMR spectra
make it impossible to easily determine the relative inten-
sities of specific spectral signals and necessitates a com-
parison of the whole spectrum to evaluate (qualitative)
agreement between experiment and theory. However, as
shown in Figure 3, the good spectral resolution between

TABLE 2 17O T1 relaxation time constants (measured using

saturation recovery experiments) for the pyrochlore end members

Composition O site T1/s

Y2Sn2O7
[16] O1 367 (5)

O2 295 (5)

Y2Ti2O7
[16] O1 230 (5)

O2 71 (3)

La2Sn2O7
[16] O1 12 (2)

O2 17 (2)

La2Zr2O7 O1 7 (2)

O2 9 (2)

La2Hf2O7 O1 5 (2)

O2 5 (2)
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chemically different O2 species in the 17O NMR spectra
allows (after corrections have been applied) the straight-
forward extraction of relative intensities and an easy
comparison to theory.

The good agreement seen in Figure 7A suggests a
random distribution of B site cations is present for
Y2SnxTi2–xO7, with no evidence for any substantial clus-
tering or ordering. The plots for La2SnxZr2–xO7 and
La2SnxHf2–xO7 in Figure 7B,C, respectively, also show
good agreement between the experimental data and theo-
retical predictions, but in both cases the deviation
between the two is greater than for Y2SnxTi2–xO7, with a
small underestimation of OLa2SnX (where X = Zr of Hf)
relative to OLa2Sn2 and OLa2X2, across much of the
compositional range. This could suggest there is a weak
preference for clustering, with the substitution of two like
cations (i.e., Sn2 or X2) preferred over the mixed (SnX)

substitution. For each composition studied, a complete
set of structural models (i.e., all possible B site cation
arrangements within a single unit cell) have been gener-
ated, and so it is possible to consider whether there is any
significant difference in energy between models with a
more random distribution of Sn and Zr/Hf cations
(i.e., with more OLa2SnX, where X = Zr or Hf) and those
exhibiting clustering of like cations (i.e., with more
OLa2Sn2 and OLa2X2 species). As an example, Figure 8
plots of the enthalpy of mixing (ΔHmix) for a particular
structural model against the number of O2 OA2BB'
species (i.e., OY2SnTi, OLa2SnZr and OLa2SnHf) for the

FIGURE 7 Plots of corrected experimental integrated

intensities of OA2B2 signals as a function of x (points) and expected

integrated intensities for a random distribution of cations

(dashed lines) for (A) Y2SnxTi2–xO7, (B) La2SnxZr2–xO7 and

(C) La2SnxHf2–xO7

FIGURE 8 Plots of ΔHmix against number of OA2BB' species

per unit cell for structural models of (A) Y2SnTiO7, (B) La2SnZrO7

and (C) La2SnHfO7
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x = 1 compositions of each series. (Full data for all
compositions is given in Figure S5.7 in the Supporting
Information). For La2SnZrO7 and La2SnHfO7, a correla-
tion is clearly seen, with those models having fewer of
these species (and therefore more OLa2Sn2 and OLa2X2)
having lower energy (by �8–9 meV/O atom). This sug-
gests that there is a small preference for local clustering
of like cations in these two solid solutions. Interestingly,
for Y2SnxTi2–xO7, very little correlation between the
number of OY2SnTi species and mixing enthalpy is seen,
confirming a more random cation distribution is
expected, in good agreement with the experimental
results in Figure 7A.

One significant advantage of an NMR crystallo-
graphic approach that combines experiment and compu-
tation is the possibility to gain additional insight into the
origin of the NMR parameters and their detailed depen-
dence on the atomic-scale environment. Figures 9 and 10
show how the 17O NMR parameters (δiso and CQ) vary
with changes to the local geometry (including the average
O-X bond length), hrO-Xi, the distortion index, DI,[7] and
the average electronegativity of the neighbouring cations,
hχXi. Figure 9A shows that in most cases there is very
little variation in hrO-Xi and DI for a particular type of O
species (although these parameters vary significantly
between chemically different O), and little correlation
more generally with δiso. However, larger variation in
both hrO-Xi and DI is observed for all O species in
Y2SnxTi2–xO7, with particularly large changes seen for
OY2Ti2, with increases in both parameters resulting in
an increase in 17O δiso. These substantial changes to the
local geometry (not seen for La2SnxZr2–xO7 and
La2SnxHf2–xO7) result from the size mismatch in the B
site cations (with ionic radii of 0.69 Å for Sn4+ and 0.61 Å
for Ti4+, compared to 0.72 Å and 0.71 Å for Zr4+ and Hf4
+).[47] Previous work[23] showed that it is energetically
less favourable to substitute the smaller Ti4+ cation into
Y2Sn2O7 than vice versa, with this cation too small to
satisfy the bonding requirements of all surrounding
oxygens, leading to significant distortions of the local
environment and a wide distribution of Ti-O bond
lengths.

Figure 9C shows a reasonable correlation between
17O δiso and hχXi, with an increase in hχXi leading to a
decrease in δiso. This is in contrast to the conclusion in
Ashbrook and Smith8, where it was shown that there was
little correlation between 17O δiso and hχXi. However, this
earlier work compiled many results for general X-O-X
bonding arrangements for a wide variety of materials,
where much greater structural variation is present. The
structural similarity of the pyrochlore systems considered
here (which all have similar numbers and arrangements
of the surrounding atoms for each type of O site) allows

the dependence of δiso on hχXi to be more clearly rev-
ealed. (It should be noted that the largest deviations from
the line of best fit are for O species that are coordinated
by Ti4+, likely reflecting the larger structural distortions
seen in these materials, as discussed above). The depen-
dence of δiso on hχXi allows shifts for environments such
as OA3B and OAB3, which would result from antisite
mixing (i.e., A cations occupying B sites within the struc-
ture and vice versa) to be predicted. Signals at these shifts

FIGURE 9 Plots of calculated 17O δiso against (A) mean O–
cation bond length, (B) distortion index of the O tetrahedral site

and (C) mean electronegativity of the four surrounding cations for

Y2SnxTi2–xO7 (circles) La2SnxZr2–xO7 (triangles) and La2SnxHf2–xO7

(squares)
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are clearly not seen in the experimental spectra,
suggesting that such mixing is not present (at least at
levels observable at these signal-to-noise ratios).

As noted above, very different 17O CQ values are
observed for the chemically different O2 species, with
those that are coordinated by Sn usually much greater
(typically 3–4 MHz) than those that are not (typically
0–1 MHz). Notably, O2 17O CQ values for OY2Sn2 and
OLa2Sn2 species are larger than those for the arguably

less symmetrical OY2SnTi, OLa2SnZr and OLa2SnHf
environments. Figure 10 reveals this difference does not
stem from any significant difference in the arrangement
of neighbouring cations, with very similar hrO-Xi and DI
for all O2 environments in each of the Y- and La-based
materials, respectively. Instead, it is likely the differences
in CQ results from significantly increased covalency of
the Sn-O bond, leading to more directional bonding and
an amplification of the electric field gradient. The
dependence of 17O CQ on hχXi, which can be viewed as a
proxy for ionicity/covalency, is shown in Figure 10C,
with an increase in hχXi leading to an increased CQ. This
is in good agreement with the conclusions for previous
work considering a wide range of O-containing com-
pounds, which showed a correlation between CQ and the
average ionicity, I, of the O-M bonds (with CQ (in MHz)
= − 0.203 I(%) + 14.78).[8] As the electronegativity of the
coordinated cations increases (i.e., is closer to that of O)
there is an increase in covalency and a decrease in ionic-
ity, leading to an increased CQ.

4 | CONCLUSIONS

In this work, we have combined isotopic enrichment,
quantitative 17O NMR spectroscopy and first-principles
calculations on a suite of structures resulting from
ensemble-based modelling, in an NMR crystallographic
approach to investigating cation disorder in pyrochlore
ceramics. Although the quadrupolar nature of 17O
(I = 5/2) offers advantages, with both the shielding and
quadrupolar parameters able to distinguish between dif-
ferent O species and providing additional detail on the
local structure, this also poses challenges for extracting
accurate and quantitative information, while the low γ
and low natural abundance hinders sensitivity. We have
shown that mixed-metal pyrochlores can be uniformly
enriched post synthesis, by exchange with 17O2 gas, but
that high temperatures (800–900 �C) are required to
ensure this enrichment is uniform between distinct O
species. Quantitative 17O NMR spectra can be acquired
using pulses with short flip angles to minimize any differ-
ences in nutation behaviour between sites with different
CQ. However, it is also vital to correct spectral intensities
both for any differences in relative T1 relaxation rates
(which can be very long for some O species in oxides)
and (for species with very low CQ) to account for any con-
tribution of the centreband of the STs to the CT signal.
This correction (determined here using density matrix
simulations) requires a knowledge of the quadrupolar
coupling which is not always straightforward to extract if
little second-order broadening is seen or if lines are
inhomogeneously broadened by the distribution of NMR

FIGURE 10 Plots of calculated 17O jCQj against (A) mean

O–cation bond length, (B) distortion index of the O tetrahedral site

and (C) mean electronegativity of the four surrounding cations for

Y2SnxTi2–xO7 (circles) La2SnxZr2–xO7 (triangles) and La2SnxHf2–xO7

(squares)
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parameters arising from disorder. Information on CQ can
be obtained through experiments (from the ST sideband
manifolds or from MQMAS spectra) but can also be
determined using first-principles calculations. Here, we
exploit an ensemble-based modelling approach that
allows us to generate all possible atomic arrangements
for a specific composition, while ensuring symmetry-
related models are not considered, minimising the
computational cost. The predicted NMR parameters help
to assign and interpret the spectral lineshapes obtained.

The 17O NMR spectra of the pyrochlore solid
solutions show good resolution of chemically different
oxygens, allowing straightforward and accurate inte-
grated spectral intensities to be determined (in contrast
to the overlapped spectral lineshapes seen for 89Y and
119Sn NMR spectra in previous work on one of the sys-
tems studied). These intensities can then be compared to
those expected from the probability of finding different
atomic arrangements if the distribution of B site cations
was completely random (obtained from simple statistics).
Good agreement is found for Y2SnxTi2–xO7, while for
La2SnxZr2–xO7 and La2SnxHf2–xO7 the results suggest that
while a random distribution of B site cations is present,
there is also a weak preference for the clustering of like
cations (i.e., with an increase in the intensities of
OLa2Sn2 and OLa2X2 environments at the expense of
OLa2SnX). This conclusion is supported by the DFT
calculations, which show a correlation between the lower
energy of a structural model and the lower number of
mixed metal OLa2SnX environments. Such a clear
correlation is not observed for Y2SnxTi2–xO7, explaining
the observation of a more random cation distribution in
these materials, most likely owing to the more significant
structural distortions present as a result of the greater
size mismatch between the B site cations. We show that
both the 17O isotropic chemical shift and quadrupolar
coupling depend on the average electronegativity of the
coordinated cations. In the former case, this provides
additional support for the lack of any signals resulting
from antisite disorder (i.e., the substitution of B cations
onto A sites and vice versa). In the latter, larger CQ values
are seen for O species that are coordinated by Sn. This
does not result from any distortion in the local structures
but from the increased covalency of the Sn-O bond.

Despite the challenges of enrichment and quantitative
spectral acquisition, 17O NMR has great potential in the
study of atomic-scale structure and disorder in ceramics.
In many cases, 17O may be the only feasible option for
study, particularly when metals with very low receptivity
or very large quadrupole moments, such as 91Zr, 177/179Hf
and 139La, are present. The large shift resolution seen for
chemically different O species will also be an advantage
when studying more complex systems (e.g., with

substitution of multiple cations onto multiple crystallo-
graphically distinct sites). The complementary applica-
tion of experiments and computation is clearly
advantageous in assigning 17O spectra and interpreting
and analysing the results obtained. When combined with
information from other multinuclear NMR experiments
(where possible) and from diffraction and/or microscopy,
17O NMR spectroscopy should be considered as a vital
tool in the arsenal of the chemist for providing a detailed
structural picture of a material over different lengthscales
and timescales.
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