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YF/23Na Double Resonance MAS NMR Study of Oxygen/
Fluorine Ordering in the Oxyfluoride NasW3OgFs
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Three resonances corresponding to the three crystallographically distinct fluorine sites
were resolved in the high-resolution **F MAS spectrum of chiolite (NasAlsF14) collected at a
field strength of 19.6 T and at a spinning speed of 40 kHz. In contrast, only one broad
resonance is observed in the F MAS NMR spectrum of the isostructural compound
NasW30gFs. Thus, a combination of °F MAS, °F — 22Na CP, and %Na — *F HETCOR
NMR experiments was required to resolve the resonances from the different local environ-
ments in this compound. Fluorine was shown to preferentially occupy two of the three anion

sites.

Introduction

Solid-state NMR spectroscopy is a potential method
for studying ordering in disordered systems such as
glasses and disordered ceramics.™* For example, we
have used ?5Te MAS NMR to distinguish between
disorder originating from stacking faults (one-dimen-
sional disorder) or from substitution (three-dimensional
disorder), in a series of layered tellurates.>® We have
also applied fast 1°F MAS NMR to study disorder in
crystalline fluorides, systems in which the disorder of
the fluorine ions plays an important role in controlling
ionic conductivity.”® Oxygen/fluorine ordering is very
difficult to determine from both X-ray and neutron
diffraction experiments, due to the similar scattering
factors of O and F in both experiments. In many
instances, where anion ordering has been proposed, this
has been deduced from bond-strength—bond-length
calculations,®1° from Raman spectroscopy,!! or from
Madelung calculations.!? In a previous paper we showed
that the different local environments for fluorine could
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Figure 1. The structure of chiolite NasAlsF14.

be resolved in a series of molybdenum, tungsten, and
niobium oxyfluorides, allowing the extent of O/F order-
ing to be determined.!2 In this paper, very fast 1°F MAS
NMR is used to study O/F ordering in a tungsten
oxyfluoride, NasW3OgFs.

NasW30gFs, which adopts the chiolite structure, is
a ferroelectric—ferroelastic oxyfluoride with a high F/O
value.’®> The mineral chiolite, NasAlsFy4, consists of
alternating layers of corner-sharing AlFg octahedra and
edge-sharing NaFg octahedra (Figure 1).1617 The Al
layer contains All atoms (see Figure 1) linked by
bridging fluorine atoms to four other Al octahedra (Al2
in Figure 1). The ratio of All to Al2 atoms is 1:2. An
8-fold cubically coordinated Na site, labeled Nal in
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Figure 2. The anion sites, labeled X1, X2 and X3, in the ideal
chiolite layer, viewed along the z axis.

Figure 1, is located within the Al layer and is bound to
four Al2Fs octahedra. The ratio of the cubically coordi-
nated Nal site to the octahedrally coordinated Na site
in the Na layer (Na2) is 1:4. A detailed refinement of
the NasW30gFs structure has been performed at differ-
ent temperatures by Abrahams et al. in order to
understand the ferroelectric—ferroelastic properties of
this material.’® Oxygen/fluorine ordering in NasWsOgFs
has been studied by Raman scattering.'® On the basis
of these Raman results, a model for the O/F ordering
was proposed, where the bridging anion site, X2, is fully
occupied by oxygen (Figure 2), while the other two sites,
X1 and X3, are half-occupied by F and half-occupied by
O, resulting in trans O—W1-F, cis O—W2-0, and cis
F—W2—F linkages, where W1 and W2 correspond to the
All and AI2 sites in chiolite, respectively.

27Al, 28Na, and 1°F solid-state NMR have been used
to study the sodium fluoroaluminates, chiolite, and
cryolite (NazAlF).20722 The 22Na MAS spectra of chiolite
were originally reported by Stebbins et al.?2® Two over-
lapping resonances were observed at room temperature
with intensity ratios 1:2. Values for the quadrupolar
coupling constants (QCCs), asymmetry parameters (7),
and chemical shifts (diso) of QCC = 3.2 MHz, = 0.15,
and diso = —6 ppm, for the six-coordinated site, and QCC
= 1.5 MHz, n = 0, and diso = —21 ppm, for the eight-
coordinated Na site, were extracted. A shift in the 2Na
resonance to lower frequency for both chiolite and
cryolite, as the sodium coordination number increased,
was noted.?* The chemical shifts of the ?’Al octahedra
were found to be controlled by the number of bridging
Al-F—Al atoms, a shift to lower frequency being
observed as the number of bridging fluorine atoms
increased. The variable-temperature 2’Al, 22Na, and 1°F
static NMR spectra were also collected in order to probe
the cation diffusion and the nature and causes of the
phase transitions in both cryolite and chiolite.??2 Sodium
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mobility in chiolite was shown to be limited to within
the layers of edge-sharing NaFg octahedra (Na2 in
Figure 1), and no exchange between the Nal and Na2
was observed. No significant change of the 1°F spectra
was seen, up to 150 °C, indicating the lack of any
oscillatory motions of the AlFg octahedra in chiolite in
this temperature range.

In this paper, both chiolite and the isostructural
oxyfluoride are studied. A series of NMR experiments
including °F and 22Na MAS, 22Na — 1°9F CP, and °F —
23Na HETCOR are used to first assign all three fluorine
resonances in chiolite to their respective crystallo-
graphic sites. Results from the isostructural compound
are then used to help explain the 2Na/*°F spectra of
NasW30g9F5s and to study the O/F ordering in this
compound.

Experimental Section

Sample Preparation. NasW;0qFs was made from a sto-
ichiometric mixture of NaF and WOs3;, which was ground in
air and pressed into a 13 mm pellet and placed into a copper
tube. The tube was crimped and sealed with silver solder. The
tube was heated at 700 °C for 4 days and then annealed at
200 °C for 2 days. The product was characterized with powder
X-ray diffraction (XRD); the X-ray powder pattern was com-
pared to that reported in JCPDS, confirming the presence of
only one phase (NasW3OgFs). NasAlsF14 was obtained from Dr.
N. Dando (ALCOA).

NMR Measurements. Fluorine-19 NMR spectra were
obtained at a field strength of 8.5 T with a wide-bore Che-
magnetics CMX-360 and at a field strength of 19.6 T with a
narrow-bore Bruker AMX-833 at operating frequencies of 338.7
and 783.8 MHz, respectively. Sodium-23 MAS NMR spectra
were obtained at a field strength of 8.5 T with a CMX-360
spectrometer at an operating frequency of 95.23 MHz. Fluorine-
19 and sodium-23 chemical shifts are expressed in ppm
relative to CFCl; and aqueous NaCl (at 0 ppm). A Chemag-
netics pencil probe with a reduced *°F background signal was
used at 8.5 T. This probe is equipped with a high-speed MAS
stator and 3.2 mm rotors that are capable of reaching spinning
speeds of 24 kHz. Typically, spectra were acquired with 7/2
pulses of 2 us and recycle delays of 10 s for °F and with pulse
lengths of less than /16 (~0.2 us) and recycle delays of 3 s
for 2Na. Each spectrum required approximately 40—200
acquisitions. An ultrafast MAS probe that was designed and
built at the National Institute of Chemical Physics and
Biophysics (Tallinn) and has 2.0 mm rotors that can reach
spinning speeds of 50 kHz was used for the acquisition of 1°F
MAS spectra at 19.6 T. The *F — 22Na and ¥Na — °F CP
MAS and °F — 2Na HETCOR experiments were performed
at 8.5 T at spinning speeds of 20 kHz. In these experiments,
rf field strengths of ~5 and ~30 kHz, determined on the actual
sample, were used for 2Na and '°F, respectively, to match the
optimal Hartmann—Hahn condition for quadrupolar nuclei
with nonzero quadrupole coupling constants:?3%* w; = (S +
Y)wis + nwr, N = +1, where w1 and wis are the rf field
strengths for spin | (*°F) and spin S (**Na), respectively, and
wy is the spinning frequency. These CP conditions correspond
to the sudden-passage regime, where adiabatic passages
between the eigenstates of quadrupolar nuclei spin systems
do not occur.?32* A contact time of 500 us was used for the CP
experiments, which corresponds to an optimal °F to 2Na CP
efficiency for directly coordinated Na—F atoms.?®> The °F —
2Na HETCOR experiments were performed with the same CP
conditions as used for the CP experiments, except that a
shorter contact time of only 50 us (which corresponds to one
rotor period) was used in order to probe the shortest Na—F
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Figure 3. Na MAS spectra of (a) NasAlsFi4 and (b)
NasW309Fs, and **F MAS spectra of (c) NasAlsF14 and (d)
NasW30gFs collected at a field strength of 8.5 T and a spinning
speed (v¢) of 20 kHz. The asterisks denote spinning sidebands;
small impurity peaks not detected by XRD (labeled as ®) are
seen at ca. 0 and — 5 ppm, in a and b, respectively.

distances. The 2-D data were collected using the time propor-
tional phase increment method (TPPI), to obtain phase sensi-
tive detection in the t; dimension.

Results and Discussion

25Na MAS NMR. The 22Na MAS spectra of NasAlzF14
and NasW30gFs, collected at 8.5 T and at spinning
speeds of 20 kHz, are shown in parts a and b of Figure
3. Two distinct resonances with line shapes broadened
by the second-order quadrupolar interaction were ob-
served in each spectrum. This is consistent with the
crystallographic results where two type of sodium sites,
one coordinated to six anion sites (labeled Na2) and the
other coordinated to eight anion sites (Nal) were found.
The quadrupolar and chemical shift parameters ob-
tained by simulating the 22Na MAS spectrum of Nas-
AlsF14 are consistent with those reported by Stebbins
et al.?% (diso = —6 and —21 ppm, QCC = 3.2 and 1.5 MHz,
and 7 = 0.15 and 0O, for Nal and Na2, respectively).
Simulations of the spectrum of NasW3O0gF5 show that
there are significant distributions in the chemical shifts
and quadrupolar parameters for both Na sites. Esti-
mated parameters for Nal and Na2 are dis, = —6.5 and
—16 ppm, QCC = 1.3 and 2.0 MHz, and » = 0 and 0.5,
respectively. Since the ratio of the multiplicities of Nal
to Na2 is approximately 1:4, the broad, more intense,
resonance is assigned to Na2, while the sharp, less
intense, resonance is assigned to Nal.

1F MAS NMR. The °F MAS spectra of chiolite and
the oxyfluoride, collected at 8.5 T and at spinning speeds

Chem. Mater., Vol. 12, No. 12, 2000 3613

(@)

Figure 4. Local environments of the three crystallographi-
cally distinct fluorine sites, (a) F1, (b) F2, and (c) F3, in chiolite.
Na—F bonds of <2.7 A are shown.

of 20 kHz, are shown in parts c and d of Figure 3. There
are two resonances, —163.8 and —189.9 ppm, in the
spectrum of NasAlsF14 with an intensity ratio of 2:5. A
broad asymmetric fluorine resonance ranging from —135
to —180 ppm was observed for NasW3Oq9Fs. There are
three crystallographic fluorine sites in NasAlgF14,16:17
named F1, F2, and F3, as shown in Figures 2 and 4 a—c,
with multiplicities of 4, 8, and 16, respectively. F1 is
coordinated to one All and four Na2 atoms, F2 is bonded
to two Al sites (All and Al2) and two more distant Na2,
while F3 is coordinated with one Al2, two Na2, and one
Nal atom. Thus, the F2 site possesses a very different
local environment than the other fluorine sites, due to
the two adjacent Al atoms. A significant chemical shift
difference between F2 and the other fluorine sites (F1
and F3) is therefore predicted. On the basis of these
chemical shift arguments, and the intensities of the
resonances in Figure 3c, we assign the resonance at
—163.8 ppm to the F2 site. The F1 and F3 resonances
clearly have very similar chemical shifts and cannot be
resolved at the field strength of 8.5 T.

A dramatic (~3-fold) improvement in resolution is
obtained at a high magnetic field strength (19.6 T) and
a very fast spinning speed (40 kHz) (see dotted and solid
lines in Figure 5 a). Thus, the broadening of the line
width in the °F MAS NMR resonances at lower fields
and spinning speeds is mainly due to the °F homo-
nuclear dipolar interaction. This interaction is signifi-
cantly reduced at higher fields and spinning speeds. The
increase in field increases the chemical shift difference
(in units of hertz) between resonances, decreasing the
spectral overlap between the different resonances, thus
making it easier to average the dipolar coupling between
different resonances. Three resonances may now be
clearly resolved in the spectrum of NasAlzF14 at —165.0,
—189.5, and —191.4 ppm with intensity ratios of 2:4:1,



3614 Chem. Mater., Vol. 12, No. 12, 2000

F3 (3Na,1Al)

(2)

F2 (2Al)
b

/ F1 (4Na,1Al)

g ot posy

-1130 -14I0 -15I0 -1(;0 -17ID -1!;0 -19IO -2(;0 -21I0 -220
ppm

Figure 5. The °F MAS spectra of (a) NasAlzFi, and (b)

NasW;OqFs, collected at 19.6 T for v, = 40 kHz (solid lines).

The data collected at 8.5 T and v, = 20 kHz are also shown

(dotted lines) for comparison. The asterisk denotes a spinning

sideband.

which can be readily assigned to the F2, F3, and F1
sites, respectively, on the basis of their multiplicities.

The high-field spectrum of NasW3OgFs is shown in
Figure 5b as a solid line. Although the line width at 19.6
T is narrower than that at 8.4 T (dotted line in Figure
5b), the resonance is still extremely asymmetric. Clearly,
a major contribution to the residual line broadening
seen in this more fluorine-dilute sample, at high fields
and spinning speeds, must arise from local disorder and
not from residual homonuclear dipolar coupling.

An assignment of the 1°F spectrum of NasW3OgFs is
essential in order to establish the nature of the oxygen/
fluorine ordering. Due to the lower symmetry space
group of NasW3OgFs (12) in comparison to that of Nas-
AlsF14 (Pr/mnc), there are eight different crystallo-
graphic anion sites in NasW3OgFs instead of three.!8
However, these anions can be grouped to three types of
anions, X1, X2, and X3, on the basis of their coordination
environments, where the same labeling scheme for the
anion sites, as is used for chiolite, has been employed.
Thus, the prototype chiolite structure will be used for
the following discussion of O/F ordering. There are 14
anion sites per formula unit in the high-symmetry
chiolite structure (Pr/mnc), two X1, four X2, and eight
X3 sites, which are occupied by nine oxygen atoms and
five fluorine atoms. The oxygen anions will show a
tendency to order on the site coordinated to the largest
number of higher valent cations (W®*), (i.e., X2), as was
proposed previously.1® Thus is it appears reasonable to
assume that all X2 sites are occupied by four out of the
nine oxygen atoms. There are then three major pos-
sibilities for the anion distributions in the remaining
two sites: (1) preferential occupation of O in X1, (2)
preferential occupation of O in X3, and (3) random
substitution of O on both sites.

Each of these distributions results in different num-
bers of fluorine atoms occupying the X1 and X3 sites
and thus very different F1:F3 intensity ratios of 0:5, 2:3,
and 1:4 for models 1, 2, and 3, respectively, where F1
and F3 denote the fluorine atoms in X1 and X3,
respectively. Unfortunately the two sites cannot be
resolved at both high and low fields. Simulations of the
asymmetric line shapes by using two resonances with
relative intensities given by the three models were

Du et al.
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Figure 6. The 2Na — °F CP MAS spectra of (a) NasAlzFi4
and (b) NasW30gFs, collected at a field strength of 8.5 T and
ve = 20 kHz (solid lines). The '°F carrier frequency was placed
in the center between the two groups of resonances for Nas-
AlsF1,. The F MAS data are shown as dotted lines for
comparison.

Table 1. Na—F and F—F Distances (in A) in for the Three
Fluorine Sites in NasAlzF14 to within 3 A

F1 F2 F3

F2 x 4 2.53 F3 x 2 2.51 Na2 2.27
Na2 2.29

Flx2 2.53 F3 2.49

F2 251

Na2 x 4 2.63 F2 x 2 2.54 F3 2.57
Nal 2.58

Flx2 2.60 F2 2.60

Na2 x 2 2.84

attempted, and the best fit to the experimental spectrum
was obtained with intensity ratios of 3:2 and chemical
shifts of ca. —158 and —164 ppm, consistent with model
2. The intensity ratios and chemical shifts extracted
from these simulations are not, however, unambiguous,
and thus, 3Na — 19F CP and °F — 2Na HETCOR
experiments were performed to explore the connectivity
between Na and F, to test the different models. These
experiments are discussed in the following sections.

23Na — 19F CP. Parts a and b of Figure 6 show the
23Na — 19F CP (solid lines) and °F MAS (dotted lines)
spectra of NasAlsF14 and NasW3OgFs, respectively. The
CP efficiencies for CP to F1 and F3 are very similar and
are clearly much greater than that for F2 in NasAlzF14.
From Table 1 and Figure 4, F2 is seen to be coordinated
to only two sodium atoms with relatively long Na—F
bond distances of 2.84 A, resulting in the poorer CP
efficiency. The 22Na — 1°F CP efficiency for F2 is thus
inferior to that for the F1 and F3 sites, where there are
four and three Na atoms nearby, respectively. Note that
although there is one less Na atom to within 3 A around
the F3 site than around the F1 site, the Na—F3 bond
distances are shorter, clearly resulting in similar CP
behavior for the two sites. In contrast, no discernible
difference is seen between the °F MAS and CP line
shapes for the broad asymmetric resonance in
NasW30gFs5 (Figure 6b). Thus, the resonance does not
appear to arise from F2 sites but must arise from F1/
F3 sites. Furthermore, the lack of change in the line
shape suggests that the CP efficiencies of F1 and F3
sites in NasW3OgFs are also very similar, as was
observed for NasAlzF14.
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Figure 7. The F — 2Na HETCOR spectrum of NasW30qFs
depicted as a 2-D contour plot, collected at a field strength of
8.5 T and v, = 20 kHz, with a CP contact time of 50 us. The
projection spectra for both dimensions are also displayed. The
horizontal slices through the resonance frequencies at —164.3
and —157.8 ppm in the °F dimension are shown on the top
and bottom, respectively, at the right-hand side of the 2D
contour plot.

F — 25Na HETCOR. A F — 23Na HETCOR
experiment was conducted for NasW30gFs with a very
short CP contact time (50 us), to try to separate the two
fluorine sites on the basis of any differences between
their cross-polarization transfer dynamics from the two
Na sites. The result is shown in Figure 7 as a contour
plot with the 23Na and 1°F frequencies displayed in the
horizontal and vertical directions, respectively. Two
different resonances are now resolved in the projection
of the 1°F dimension, at —164.3 and —157.8 ppm. Slices
through these two peaks show very different Na con-
nectivity: the resonance from Na2 dominates the slice
through —164.3 ppm, while the slice through —157.8
ppm contains both resonances. Returning to the F1
environment in chiolite (see Table 1/Figure 4), F1
contains only Na2 sites in its local coordination sphere
and the next coordination sphere contains only one Nal
atoms at a distance 3.42 A away from the F1 site. On
the other hand, the F3 atom is coordinated to two Na2
sites and one Nal site. Thus, the resonances at —157.8
and —164.3 ppm are assigned to F3 and F1 sites,
respectively.

The °F 1D MAS spectrum was then simulated using
the chemical shift positions obtained from the °F
dimension of the HETCOR spectrum (Figure 7), yielding
intensity ratios of F3:F1 of approximately 3(+0.2):
2(+0.2). This is consistent with a preference of oxygen
for the X3 site (over the X1 site). Although there may
clearly be an error associated with the deconvolution
shown in Figure 8, a number of points can be made:
the observation of two resonances with very different
cross-polarization behavior rules out model 1, where no
F1 intensity is predicted. Model 3 (i.e., random ordering
on the F1/F4) predicts a F3:F1 intensity ratio of 4:1,
which is also not consistent with the 1°F line shape.
Thus, only a model where there is at least some
preference of O for the X3 sites can provide a satisfac-
tory fit to the experimental data.

Discussion of O/F Ordering in NasW3Og¢Fs. O/F
ordering can be estimated by bond-length—bond-strength
calculations.® The sums of the bond strengths (valences)
for each anion site were calculated twice, first by
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Figure 8. Deconvolution result obtained with two peaks at

—157.8 and —164.3 ppm (dashed line = sum) and the °F MAS

experimental spectra (solid line) of NasW3OgFs collected at 8.5

T with v, = 20 kHz.

assuming that all the anion sites were occupied by
oxygen and, second, by assuming that all the anion sites
contained fluorine. Anion—metal and anion—anion dis-
tances up to 5.0 A were included in the sum, and all
the different X1 sites were averaged to give a single
value for the X1 environment. The process was repeated
for the X2 and X3 environments. The calculated bond
valences of the X1, X2, and X3 environments in
NasW30gF5 are 1.348/1.064, 2.123/1.703, and 1.464/
1.116, respectively, for full occupancy by either O or F.
The order of the bond valences for oxygen is X2 > X3 >
X1. Therefore, the O2~ oxygen anions should prefer to
order in the X2 site, the remainder of the oxygen anions
occupying the X3 site. The deconvolution of the 1°F MAS
spectrum yielded very different line widths (full width
at half-maximum) for the two resonances at —157.8 (F3)
and —164.3 ppm (F1) of 4.2 and 2.3 kHz, respectively,
which should also provide information concerning the
ordering. The distribution in the fluorine chemical shift
is likely to result from the O/F distributions in the
nearest-neighbor anion sites. Considering then the local
environments around the F1 and F3 sites (Table 1),
there are two X3 sites located 2.49 and 2.57 A away from
the F3 sites, but no X3 sites are within 3 A from a F1
site. Given that the O/F disorder is found on the X3
sites, a sharper resonance is predicted for the F1
resonance, as was observed experimentally.

The O/F ordering scheme presented here differs
slightly from the one proposed in the previous study.®
In this study, the peaks in the Raman spectra were
assigned to W—0 oscillators with nonbridging oxygen
atoms, W—O—W bridges, and W—F oscillators with
nonbridging fluorine atoms. As in our O/F ordering
scheme, oxygen is proposed to order in the bridging
anion site, X2; however, no preference for F or O on the
remaining X1 and X3 was found (i.e., model 3 in this
paper). Two types of tungsten octahedra were suggested
(Figure 9a): the W1 octahedron has a trans F1-W1-0
arrangement, while the W2 atom is coordinated to two
F3 atoms in a cis arrangement. Since the multiplicities
of the W1 and W2 sites are 1 and 2, respectively, this
results in a F3:F1 ratio of 4:1, as predicted by model 3.
Our model is shown in Figure 9b. On the basis of the
assignment of Raman spectra in the previous study and
our NMR results, we propose that three types of
octahedra are present. Since the X1 sites are preferen-
tially occupied by F1, a trans F1-W1—F1 arrangement
must be present. From our F3:F1 ratio of 3:2 (which
indicates that three out of eight X3 sites are occupied
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Figure 9. The different tungsten octahedra proposed on the
basis of (a) a previous Raman spectroscopy study*® and (b) from
this study. The multiplicities of the different coordination
environments are listed below each octahedron.

by fluorine), two types of W2 octahedra must be present,
one coordinated to two F3 and one coordinated to only
one F3 atom which, if the multiplicity of the W1 and
W2 atoms is accounted for, results in the appropriate
F3:F1 ratio. Our ordering scheme results in a slightly
more uniform distribution of fluorine atoms over the two
tungsten octahedra.

Conclusions

A combination of very fast °F MAS and high mag-
netic field strengths allowed all three fluorine sites of
chiolite to be resolved for the first time. Fast MAS/high
fields did not significantly improve the resolution in the
F MAS NMR of the isostructural compound NasW30gFs,
indicating that the major source of broadening in the

Du et al.

spectra of this oxyfluoride results from a distribution
of chemical shifts, due to disorder on the anion sublat-
tice. Although individual anion sites could not be
resolved in this compound, double resonance two-
dimensional NMR experiments were used to separate
the broad 1°F line shape into two different components,
which differed on the basis of their sodium coordination
environments. Chiolite served as a model compound to
test these double resonance experiments, since the
different fluorine sites were well-resolved. On the basis
of the assignments made from the double resonance
experiments and deconvolution of the asymmetric line
shape, an ordering scheme for O and F in NasW30gFs
was proposed, where oxygen orders preferentially on the
W-0O—W bridging positions and on the X3 site. The
latter site is occupied by both F and O. The broad
distribution of °F chemical shifts is then ascribed to
disorder in the first anion (X3) coordination sphere.
Finally, this paper shows how, despite the relatively
poor resolution of the °F MAS NMR spectra due to this
disorder, a series of careful double resonance experi-
ments may still be used to separate different local
environments on the basis of their different coordination
environments and thus allow models for O/F ordering
to be proposed.
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