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Abstract: '°F and *°Sn MAS NMR spectroscopy have been used to investigate the fluoride ion conductor,
BaSnF,, a member of the MSnF, family of fluorite-related anionic conductors containing double layers of
Sn?* and M?* cations. Two fluorine sublattices were observed by °F MAS NMR, which could be assigned
to specific sites in the lattice. The first sublattice is due to fluorine atoms located in Ba?* double layers and
is rigid on the MAS NMR time scale at room temperature. The second sublattice comprises the fluoride
ions between the Ba?* and Sn?" layers, and the few fluorine atoms that inhabit the Sn?*—Sn?* double
layers. These ions are in rapid exchange with each other, and an extremely short correlation time z¢ for
the motion of these ions of <3 x 1075 s is obtained at —100 °C. T; measurements indicate that zc approaches
1078 s at room temperature. °F-to-11°Sn cross-polarization (CP) experiments confirmed the assignments
of the resonances, and that the fluorine atoms located next to the tin atoms are extremely mobile at room
temperature (and thus do not contribute to the CP process). Two-dimensional °F exchange experiments
showed that exchange between the rigid and mobile lattice does occur, but at a much slower rate (¢ ~ 10
ms at 250 °C). Low-temperature 1°F MAS and °F-to-11°Sn CP NMR spectra demonstrate that the motion
of the fluoride ions has almost completely frozen out by —150 °C. The results are consistent with rapid
two-dimensional (anisotropic) conductivity involving the fluoride ions between the Ba and Sn layers.
Conductivity in three dimensions requires hops between the ions in the BaF,-like layers and the
mobile ions. This process does occur, but with exchange rates that are at least 6—7 orders of magnitude
slower.

Introduction At room temperature, BaSpkand SrSnk adopt a layered

BaSnk is a member of the MSnRM = Pb, Ba, Sr) family2 tetragonal P4/nmm a = b = 4.3551 A andc = 11.2323 A)
of layered anionic conductors, PbSrdnd its solid solutions ~ Structure, which is isostructural to tifePbSnfk phase synthe-
showing the highest fluoride ion conductivities reported to date Sized by using high-temperature methods. The MsSr#tion
(103 Q@ cm™! at room temperaturé).PbSnk is of some sublattice is derived from the fluorite structure, as adopted by
technological interest because it can be used as an electrolytd’-PbF2 and other M systems, but the cations are ordered
in place of an oxide conductor in a solid-state oxygen sensor. forming alternating double layers of M and tin atoms along the
Oxygen sensors containing oxide ion conductors such as yttrium-c-direction of the tetragonal celf®"!° This cation ordering
stabilized zirconia cannot be used below 5@ because the results in three different normal, fluorite-type sites for fluorine
low oxide ion conduction at lower temperatures results in a very (Figure 1), ie., between the two barium, the two tin, and the
slow response of the cell to changes in the oxygen partial tin and barium layers. These will be referred to as the-Ba,
pressuré.In contrast, PbSnfbased amperometric sensors show Sn—Sn, and Ba-Sn fluoride ions or the F3, F1, and F2, sites,
greatly improved response times (25 s) at room temperétfire.  respectively. Diffraction studies for the isostructural tetragonal
More recently, PbSnfhas also been used as an electrolyte and Phase of PbSnFshowed considerable disorder on the fluorine
separator, allowing various metals, such as tungsten andsublattice, particularly in the PESn and Sr-Sn layers: The

vanadium, and & to be fluorinated under controlled conditiohs. ~ fluorine sites (F1's) in the SaSn layers were found to be almost
completely empty in a single-crystal study of an orthorhombic

form of PbSnk, prepared hydrothermally. In contrast, 28%
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Figure 1. Layered structure of BaSnBhowing the cation double layers
and three types of fluoride ions. The partially occupied F4 sites in the
Ba—Sn layers have been omitted for clarity.

1l

Figure 2. Sn coordination environment of BaSnfased on refs 2, 12,
13) showing the Sn(ll) lone pairs pointing in tieedirection. Only one of

the four partially occupied F4 sites in the Sn local coordination sphere is
shown. Both the F2 and F4 sites are located in the 8alayers, while the
Sn(ll) lone pair is located in the S1&n layer.

of these sites were occupied in a powder neutron diffraction
study of3-PbSnR,2 the displaced fluoride ions occupying a new
site (F4) in the PbSn layers (see Figure 2 for BaS)F

To date, only an extremely brief report of a neutron diffraction
study of BaSnkhas been publishéd.The tin environment, in
this structure refinement, contains four F2 ions in its local
coordination sphere, with four equal Sk bond lengths of 2.28
A. sn is also coordinated to four partially occupied F4 sites,
with shorter bond lengths of 2.02 & The four F4 sites, which
are generated by the four-fold symmetry axis running through
the tin atom, are very close together@.8 A). Thus, only one

the tin sites is less well defined than that around the lead%ifes.
The local environments of the F3 ions in the-B3a layer are
very similar to those in Baftype environment? However, the
additional F4 ions in the BaSn layers and the tetragonal
distortion of the unit cell result in a slightly distorted cubic
environment for the B& ions, with two sets of BaF bond
distances: the B4 ions are slightly shifted from the center of
the Fs cube, resulting in four slightly longer B&2 bonds of
2.955 A and four shorter BaF3 bonds (2.626 A). In addition,
the B&" ions are coordinated to four more distant F4 ions at
approximately 3.15 A.

Although BaSnk and PbSnk-are isostructural, PbSpks a
so-called superionic conductor near room temperature, while
BaSnk shows between 1 and 2 orders of magnitude lower
conductivity, the conductivities and activation energies for
BaSnR varying significantly in the two reported studies of this
compound*1> Fluoride ion conduction is thought to occur
primarily in the M—Sn and Sh-Sn layers, and the size and
polarizability of the M cations appear to play a crucial role
in controlling the conductivity and conduction mechanisms
shown by these compounds. Wideline NMR reports have
confirmed that there are two different sublattices with different
mobilities 1516

The diffraction studies provide only an average representation
of the structure. Furthermore, the refinements of the structure
of these relatively high symmetry materials were nontrivial,
given the high level of disorder in these systems and the
consequent problems with overlap of electron/neutron densities
in the Fourier maps and the strong correlations between
occupancies and thermal parameters. In addition, preferred
orientation problems are often seen for powdered samples of
layered materiald8 Thus, the diffraction results do not neces-
sarily provide a complete picture of the structure. Solid-state
NMR may be used to probe local structure and is ideally suited
to study the local environments and motion of the fluoride ions
that are responsible for conduction in inherently disordered ionic
conductors. For example, we have uséd MAS NMR to
identify the anion sublattices responsible for motion in a series
of fluorides, and to study the effect of cation doping on
conduction mechanism$:1° In more recent work, molecular
dynamics (MD) studies were used to examine the effectof K
doping on the moderate ion conductofPbF, and to explore
the predictions for the jump pathways made on the basis of our
NMR experimentg® We have published preliminary results
from a joint NMR and MD study of BaSnFfand PbSnkin an
earlier communicatio Here we present a detailed multinuclear
NMR study of BaSnk. We chose to focus initially on BaSpF
because the time scales of the fluoride ion motion fall on the
time scale probed by many high-resolution MAS NMR methods.
(13) Birchall, T.; Denes, GCan. J. Chem1984 62 (3), 591-595.

4) Denes, G.; Birchall, T.; Sayer, M.; Bell, M. Bolid State lonic4984 8,
213.

site may be simultaneously occupied, consistent with the refined (15) Chadwick, A. V.; Hammam, E. S.; Van Der Putten, D.; Strange, Gribt.

occupancy for this site (25%). This leads to an overall so-called ()

SnksE-type coordination environment for Sn, E indicating the
stereoactive lone pair of electrons on the tin(ll) ion pointing in
the c-direction (Figure 2). Mesbauer experiments have con-
firmed the pentacoordinated Sn(ll) environments, while EXAFS
studies of PbSnfhave shown that the local structure around
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18) Wang, F.; Grey, C. RChem. Mater1997, 9, 1068.

(19) Wang, F.; Grey, C. Rl. Am. Chem. Sod.998 120, 970.
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By using!%F, 1195n, and'°F/1%Sn NMR one-dimensional and
two-dimensional (2D) experiments, we show that there are two
distinct fluorine sublattices, which can be assigned to specific
sites in the lattice. The fluoride ions between the Ba layers are
held rigidly in the lattice and exchange only very slowly with
the set of very mobile fluoride ions in the B&n and Sr-Sn
layers. All the ions between the B&n and SaSn layers are
involved in the conduction process. This results in highly
anisotropic motion in these layers, the-BBa layers acting as
barriers to three-dimensional conductivity. Motion in the
Ba—Ba layers is proposed to occur primarily via jumps into
the Ba-Sn sites and not directly between sites in the-Ba
layers.

Experimental Section

Materials Preparation. BaSnk was prepared by the solid-state
reaction of stoichiometrically equivalent amounts of BaRd Snk.
The metal fluorides were mixed thoroughly in an &mosphere by
using an agate mortar. The powder was packed in a Cu tube, which

T
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Figure 3. 1%F MAS NMR spectra of BaSnfat a spinning speed{ of 19

was then crimped to minimize exposure to the outside air. The Cu tube kHz, showing the two different fluoride ion environments. The isotropic

was then placed in a quartz-glass tube and sealed under vacuum. Th%

quartz tube was heated at 2%0 for 8 h, followed ly 1 h at 500°C,
and slowly cooled to room temperature at 0&min. No impurities
were observed in the X-ray powder diffraction pattern of the resultant
product, and the pattern matched the simulated powder pattern
calculated using the reported cell parameters for BaSNEutron
diffraction experiments performed at ISIS (at the Rutherford Laboratory,

UK) of a sample prepared using the same method, but on a much larger,

scale, did reveal the presence of small impurities that were not detected
in the powder pattern obtained with the laboratory X-ray diffractometer.
These included very small concentrations of Bafd an as-yet
unidentified third phase.

NMR. NMR experiments were performed on a 360 MHz Chemag-
netics spectrometer with operating frequencies of 338.75 and 134.12
MHz for 1°F and*'°Sn, respectively. The NMR spectra were collected
with a double-resonance Chemagnetics 4 mm pencil probe at spinning
speeds of 1219 kHz and with a 2 mnprobe, built by A. Samoson
and co-workers, that is capable of reaching MAS frequencies of 45
kHz.22 19 and!'°Sn spectra were referenced to liquid CEF&i 0 ppm
and the secondary reference, solid $n@ —604.3 ppm (when
referenced to the primary reference Snglatdt O ppm)2 respectively.
Standard one-pulse and rotor-synchronized Hahn-eaf@®—g—m—
r—acquire;r = 1 rotor period) pulse sequences were employed for
data acquisition. Two-dimensional magnetization exchange NMR
spectroscopy was used to study the exchange between fluorine sites
Experiments were performed as a function of the rotor-synchronized
mixing time interval Tr) from 4 to 56 ms. A standard cross-polarization
(CP) pulse sequence was used with a flip-back pulse of®hspins
following data acquisitiod* NasSnF; was used as a standard to set the
Hartmann-Hahn match under MAS conditions, and the match was
optimized for a 12 kHz spinning speed. An inversiagecovery pulse
sequence was employed to measure the-gsgittice relaxation times
(T.'s) at different temperatures. TR# relaxation times in the rotating
frame (T1,'s) were measured by using a standard spin-locking pulse
sequence by varying the spin-locking time. Typical recycle delays of
40 s for tin and 2 s for fluorine were used, along witl? values of
3.2 and 3.3s for 1% and'*°Sn, respectively.

eaks are labeled. Theand # denote the spinning sidebands of t&
pm peak and the impurity peaks, respectively.

determined in a separate set of experiments by using the temperature
dependence of thé®Pb chemical shift of Pb(N€,. The actual
temperatures at moderate spinning speeti3 kHz are typically 16

15 °C higher than the measured temperatures, except for the low-
temperature data (measured temperatures of betw&&0 and—130

C), where the real temperatures are-30 °C higher. The measured
temperatures are quoted in the text.

Results

19 and 119Sn Variable-Temperature MAS NMR. The1%F
MAS NMR spectrum of BaSn{Figure 3) at room temperature
shows two clearly resolved resonances—& and —49 ppm.
Unlike the resonance at3 ppm, the resonance at49 ppm
has a Lorentzian line shape and no associated spinning side-
bands, suggesting that it is due to fluoride ions that are mobile
on the time scale of thé°F homonuclear coupling. This is
consistent with earlier widelin€F NMR results for BaSnk
where two sublattices could be distinguished on the basis of
their different dynamic$>16

The two resonances can readily be assigned, given the
chemical shifts for Baj-(—13.6 ppm) and Snftype environ-
ments 40 to —100 ppm in SnEZ>29. The fluoride ions in
the Ba—Ba layer (F3; Figure 1) have local environments that
are very similar to that in Baf-and thus the-3 ppm resonance
is assigned to ions in these layers. The resonanesgttppm
is assigned to the remaining fluoride ions that are undergoing
rapid chemical exchange between different sites in the &a
and Sn-Sn layers. The assignment is supported by the ratio of
the peak areas calculated from the one-ptiBeNMR spectrum
of 1:3.1 @&0.1) for the—3 and—49 ppm resonances, respec-
tively, since there are 3 times more fluoride ions in a combina-
tion of the Ba-Sn and Sr-Sn layers than in the BaBa layers.

Nitrogen was used as both the spinning and purge gas for the The small resonance at approximateh ppm is due to an

variable-temperature experiments. The actual temperatures for the 4.

mm probe at different spinning and temperature conditions were

(22) Du, L.-S.; Samoson, A.; Tuherm, T.; Grey, C.Ghem. Mater200Q 12
(12), 3871-3878.

(23) Clayden, N. J.; Dobson, C. M.; Fern, A.Chem. Soc., Dalton Trans989
5, 843-847.

(24) Michel, D.; Engelke, FNMR Basic Principles Progl994 32, 69.
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impurity and is tentatively assigned to Bad¥ Sr¢™-doped Bak
on the basis of our neutron diffraction results.
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Figure 5. Enlargement of thé°F MAS NMR spectra, showing the effect
of temperature on the two BaSnBotropic resonances (= 17 kHz), in
the temperature range of 3250 °C.
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ppm The observation of a single, motionally averaged resonance

Figure 4. Low-temperaturé®F MAS NMR echo spectrav{ = 16 kHz; at —100 °C and above indicates that the fluorine ions in the

15.3 kHz at—150°C) of BaSnk, showing the gradual slowing down of  Ba—Sn and Sr-Sn layers must be undergoing very rapid jumps

the fluoride ion motion as the temperature is lowered. ¥keindicate

spinning sidebands, between the different sites that give rise to the resonances at

—28,—47, and—74 ppm with a ratek (=1/tc, wheret, is the

19F variable-temperature NMR experiments were performed correlation time associated with the motion), that is greater than
to follow the chemical exchange between the different fluorine the frequency separation between these resonances. The cor-
sublattices. A dramatic change in the echo spectra is seen (Figurdelation time required for coalescencya,, can be readily
4) as the temperature is reduced from room temperaturdf® ~ eStimated and is given by 2%a(va — ve) (whereva — vs,
°C. A series of sites become visible as the ionic motion freezes the separation in hertz between the resonances 1k kHz);
out on the chemical shift time scale. The resonances alsothus, the ions are moving with a rate that is greater than 3
broaden considerably, and the intensity of the sidebands 10°s7 at =—100°C. . o
increases dramatically as the reduced motion of fluoride ions A small shift of the'*F mobile, fluoride-ion resonance from
reintroduces the homonucle¥F dipolar coupling between all ~ —49 Ppm at room temperature 644 ppm at 250°C is
the fluoride ions. Additional broadening may also result from OPserved as the temperatures is raised, along with a broadening
a distribution of local environments for fluorine, due to the ©f this resonance (Figure 5). The shift indicates that the average
disorder in the BaSn and Sr-Sn layers. Analysis of the lowest quorin.e environ.ment changes with temperature. This implies
temperature spectrum is complicated due to the overlap of thethat either the time spent by the mobile fluorine atoms in the
broad resonances and their spinning sidebands. Nonetheless, Sifferent flyorlde ion sites changes as a.functlon of temperature,
least three new resonances-@8, —47, —74 ppm are resolved. O New sites start to become occupied as the temperature
On the basis of the chemical shifts of Sn#e tentatively assign mcrea_ses. One possible explanation for thIS §h|ft is that these
the weaker—74 ppm resonance to the SBn layer fluoride ~ NeW sites correspond to some of the F3 sites irBa layers;
ions. The broad resonances-e47 and—28 ppm are assigned -6 the Ba-Ba fluoride ions become involved in the motion
to the disordered fluoride ion sites in the B&n layers. The (0N the time scale probed by this experiment,< 107 s) at
apparent decrease in the relative intensity of the-Ba higher temperatures. Exchange betwee_n the_ rigid and mobile
resonance at-3 ppm is not believed to be real but is a sublattices, involving a single correlation time, should be

consequence of the large fraction of the intensity contained in @companied by a broadening of the resonances foth
the sidebands for the broader28, —47, and —74 ppm sublattices. This is not observed experimentally. This broadening

resonances, in combination with their shorfers. Further may not necessarily be seen (or may be difficult to detect) either

confirmation of the validity of these suggestions is seen by for motion involving a distribution of correlation times or for

comparing the one-pulse and the echo spectra, both acquired afhotion involving only a subset of the B&a ions. To test this
—150 °C (shown in the Supporting Information, Figure S1) latter suggestion, we examined the intensities of the resonances

the relative intensity of the-3 ppm resonance decreasing in @S @ function of temperature, to determine whether any

th_e One-pUIse spectrum due to the Iong'@rassomated with (27) Abragam, A.The Principles of Nuclear Magnetisr®xford University
this resonance. Press: Oxford, 1961.
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Figure 6. 119Sn one-pulse MAS NMR spectrum (= 17 kHz), showing
the large spinning sideband manifolds and an isotropic resonane@9t Contact Time (ms)
ppm. Figure 7. 19F-to1°Sn CP intensity, plotted as a function of the contact

time. Two separate sets of data are plotted, which depend dPRharmor
significant changes in the populations of the sublattices could frequency used for the original/’2 pulse and the spin-locking. The filled
be detected. Both the 3 and—44 to —49 ppm resonances are squares and open circles represent on-resonance irradiation of trelF
. o f their initial i . h h Fu fluoride ions, respectively. Two CP dynamics curves are shown. The
predicted to lose 55% of their initial intensity when the first (— —) represents the best fit to the experimental data, obtained with a
temperature is increased from 35 to 28D, on the basis of a  simple (1 - exptt/Tis)) growth curve. The second (- -) is calculated, using

calculation of the normal Boltzman distributions f6F at a the measuredy, value and the calculated value B (see text).

static magnetic field strength of 8.4 T. Integration of the _peak the dipolar couplings between the tin and fluorine sublattices.
area reveals that both sets of resonances drop by apprommatelyl.h e relaxation times in the rotating frame (ffig values) were

53.&5)%’ and no .significant change in.the ratio of mqbilg 0 first determined for the twédF sublattices, in view of the strong
rigid resonances 1s ob;erved, _sugge_stlr_]g that the shift n thedependence of the CP efficiency on these values. The intensities
resonance is not associated _W|th a significant depopulation of of the two resonances were measured at room temperature with
the Ba-Ba layers and rapid exchange between the two a spin-locking pulse sequence, as a function of the spin-locking

sublattices. time. Both sets of data could be fit to a single-exponential decay
The room-temperature, one-puls&Sn MAS NMR spectrum ¢ 1. yieldingT;, values of 0.77+ 0.03 and 52+ 5 ms for

of BaSnfz shows large spinning sideband manifolds, consistent he mopile and rigid fluoride sublattices, respectively. Thus, the
with a large chemical shift anisotropy (CSA) for the tin atoms - opije fluoride ions will remain spin-locked only for a very
(Figure 6). The sideband manifold was simulated using Herzfeld  gort period of time in comparison to the static fluoride ions.
Berge?® methods to extract the three principal values, oz, Two sets of CP experiments were performed by setting the
andoss, of the shi(_elding tensor. The best fit to the experimental 19r ~4rrier frequency to the frequency of either the rigid sites
spectra was obtained with a sp@n(=oss — o11) 0f 890 ppM, () or the mobile () sites. In both sets of experiments, the
a skewy (3(022 — diso)/€2) of 1.0, and an isotropic chemical 1195, magnetization grew very slowly with increasing contact

shift diso ‘?f —893 ppm. A skew value of 1.0 indicates an axially  jme. Only very slightly different CP profiles (Figure 7) were
symmetric shielding tensor. The large value of span< o33 obtained in these two experiments, the maximd#iSn

— oy1) is slightly smaller than the value obtained for SnO (975 magnetization being achieved at approximately 30 H#Sn
ppn?9) but much larger than that found in five-coordinate agnetization dropped slightly between 35 and 50 ms. The
tin(IV) compounds such asnQ (367 ppntd), consistent with jnjsia| part of the CP profile is, to a first approximation,
a highly distorted electron cloud'surroundlng the tin(ll) atoms independent of an;, effects and may be used to estimate the
and the presence of a stereoactive lone pair. polarization transfer timel;s. A fit to the first 20 ms of the CP
The low-temperaturé'*Sn spectra were slightly broader than  profile (short-dashed line, Figure 7) yielded an approximate
those at room temperature, presumably due to a distribution of yq)ye for T, of 16 ms. (Fits to the first 510 ms of the data,
(rigid) fluorine positions in the tin local coordination sphere, \yhich should be less affected by tfig, relaxation, resulted in
and the CSA increased slighty The signal-to-noise ratio of  gp apparent increase s to 20 ms, the increase most likely
the low-temperatur&’*Sn MAS NMR spectra was not very high,  reflecting errors in the measurements of #&n intensity.)
since a very long acquisition period was required to achieve a Gijyen the extremely shofls,'s measured for the mobile fluoride
good signal-to-noise ratio. Thus, we did not attempt to quantify jons (i.e., T1,)m < Tig), the fluoride ions in the BaBa layers
the change in the CSA parameters with decreasing temperaturemyst be primarily responsible for the polarization transfer.
Cross-Polarization Experiments andTi, Measurements.  Furthermore, the relatively longs value indicates that the
Cross-polarization experiments were performed to help confirm fluoride ions in the tin first anion coordination sphere are not
the assignments of the differefi resonances and to probe involved in the CP process. This provides further confirmation
that (i) the resonance at3 ppm is not due to fluorine directly

(28) Herzfeld, J.; Berger, A. El. Chem. Phy498Q 73, 6021-6030. P F B
(29) Cossement, C.; Darville, J.; Gilles, J. M.; Nagy, J. B.; Fernandez, C; C_(_Jordmated_ tothe tin, i.e., in the_Sl_Sn or Ba-Sn I_ayers, and
Amoureux, J. PMagn. Reson. Chem992 30, 263-270. (ii) the fluorine atoms near the tin ions are mobile.
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The CP efficiency is sensitive to the offset frequency of the 3[Uo\? 1
19 radio frequency (rf) field? the efficiency of the polarization Myqy = —| — v A+ 1)2— (1)
transfer decreasing b, S\, ) rij6
A=1=vw + 0or) (1) 4 [4o)? 1
Mgy = —|—]| 77/ H°SS+ 1)2— €)
as the offset frequencydgs) of the applied rf field is 15\4x Nl
increased. Given an rf field strengthr;) of 78 kHz and a
maximum offset frequency of only 15 kHz (i.e:(Fr — Fu)), where the individual terms are expressed in terms of gyromag-

the reduction in CP efficiency is smak@%) for off-resonance netic ratio and the distance between the spifs Due to the

19 irradiation of the k spins at the | frequency and will not (/rj)® dependence of the second moment, the calculation

be considered further. converges quickly, even in an extended solig.can then be
The CP experiments were repeated at low temperat®&s( expresset in terms of Van Vleck second moments:

°C) under conditions where the ionic motion should be

considerably reduced, in an attempt to transfer polarization from 1_3 (ﬂ)”2

all the sublattices. As before, théF T,,'s were measured Ts 2 29 SMy)

initially at —150 °C to explore the spin-locking efficiency of

the different sites. The intensities of the resonances3at-47, The rate of polarization transfer between twoand S

and—74 ppm were measured as a function of the spin-locking coupled spin¥z spin reservoirs can be described by a cross-
time (see Supporting Information, Figure S2). Due to overlap Polarization transfer rate, Tig. The buildup inSmagnetization,
problems, the intensity of the resonance-&8 ppm could not ~ As(t) (assumed to be zero &t= 0), can be described by the
be readily determined. Fits to the experimental data by using a following equation, assuming a single rate procéss:
single-exponential curve yielded very similky, values of 2-3 1

ms. The fits are not good, and the behavior is clearly more Bt) =— m(l — g M) g0 g (5)
complex than this simpl&, analysis suggests. The important
point to note, however, is the difference between the room- and
low-temperaturd1, values. TheTy, values for the BaBa-like
environment have decreased from 41 to 2 ms, whereab;jtse

of the mobile fluoride ions have actually increased te323 are dilute.

ms (from a room-temperature value of 0.7 ms). Presumably,  ynder the relatively fast MAS conditions used in the work
the freezing out of the ionic motion at low temperatures on the jaoscribed in this paper, and the fairly weak homonuclear

T, time scale, and the accompanying reintroduction of the o hjing (in comparison to many proton-containing systems),
homonuclear coupling betw_een all th_e qu_orl_ne ions, results in o approach is not expected to be completely valid at room
a more strongly coupled spin bath with simify, values. temperature and above. A numerical calculation, using the full

Th? ShortTlpls for_aII the sites resulted in very int_efficient Hamiltonian, is, however, nontrivial given the large number of
polarization transfer in the low-temperature CP experiment, and spins that would be required to produce a realistic spin system.

consequently, the signal-to-n(ljise ratios of ##€n spectrawere e methods, which involve modification of the thermo-
very poor. The slightly larget*Sn CSA and broader isotropic  gynamic approach described above, also require additional

resonance may also contribute to the poorer CP efficiency at 5ggmptions and are also suitable only under slow or moderate
low temperatures. On the basis of data collected with spin- yyag conditions. Thus, we have used the simple second moment
locking times of 05 1, and 2 ms (with tE carrier frequency (i.e., thermodynamic) approach to provide an approximate of
sgt at afreque.ncy lntgrmedlalte between th‘?Se of el Fy Tis, but we recognize that there are limitations of this method,
sites), a maximum in thg tin magnetization was observed especially for our systems, which may result in calculdfed
between 1 and 2 ms. This suggests tfigt has decreased 5,65 that are shorter than those observed experimentally.
S|gn|f|cant|_y at lower tempera_ture_s. Equations 2 and 3 were used to calculate the homonuclear
Calculations of the Polarization Transfer Rates. To and heteronuclear second moments, to compare the theoretical
compare the experimentally determined value§ with those cross-polarization rate (L) with the experimental data. We

calculated for the BaSnFwe require a model with which 10 e ysed two models to describe the fluorine spin bath and
describe the spin system, which shoidelally be able to account e ict the effect of motion on the CP dynamics. In the first

for the mobility of a subset of the fI_uoride ions. The simplest |\ qel (the model for the rigid solid), we assumed that all the
approa_ch, gnd one that has been W|dely u_sed t_o analyze the CRiuoride spins contribute to the polarization transfer, while in
dynamu;s in extended, nonrotating solids, is based on ae second model (the model for one rigid and one mobile
calculation of the Van Vleck second momertt(i) andMzs) sublattice), the rapidly moving fluoride atoms in the-Bn
that describe the homonuclear and heteronuclear coupttds. 4.4 sp-sn layers (with shofT, values) were not assumed to
The method is expected to work well under conditions of strong ., tribute to the polarization transfer.

I—I'homonuclear couplings and slow to moderate magic angle  \;oqe| |. The second moments have been calculated for the

spinning. The second moments may be readily calculated for Arigid solid by including all théF spins within a sphere of 8 A
solid by using the following expressiofs:

andl = Tig/T1,(*%F). 10 represents the initidtspin magnetiza-
tion. This expression assumes that thevalues for theSspins
are much longer than those of thepins and that th& spins

(32) Michel, D.; Engelke, F. Cross-polarization, Relaxation Times and Spin-

(30) Mehring, M. Principles of High-Resolution NMR in SolidSpringer: diffusion in Rotating Solids. IiBolid State NMR IIl: Organic MatteiDehl,
Berlin-Heidelberg-New York, 1983. P., Fluck, E., Gunther, H., Kosfeld, K., Seelig, J., Eds.; Springer-Verlag:
(31) Vleck, J. H. V.Phys. Re 1948 74, 1168. Berlin, 1994; Vol. 32, p 69.
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radius from a central atom (Sn or.H)o account for the presence (a

of partially occupied F4 sites, the calculations were performed 0.14
by assuming that only one of the four nearby sites was occupied 0.12 .« *
(i.e., the Sn is coordinated to four F2's and one F4 site only). o1 . *FR)
To simplify the calculation further, we placed a single F4 atom ' . = F(M)
on the center of the square formed by the four possible F4 & 0.08 L .
positions obtained in the neutron diffraction study (see Figure - 0.06
2)812(j.e., the F4 site was placed on tig symmetry axis that 0.04 .
runs through the Sn atom in tleedirection). Second moments
for the homonuclear and heteronuclear dipolar couplingsy 0.02 "am & *
andMygs)) of 9.4 x 107 and 0.4x 107 HZ?, respectively, were 0- =" omon
calculated with this modeM(;, was calculated for the F2 site, 0 %0 100 150 200 250 300
and the value obtained for the F4 site was very similar. A very Temperature (C)
short value forT;s of 140 ms is calculated with these values, (b)
with eq 4. 50

Model Il. A much smaller value ofl,s) of 1.95x 10° HZ? 45 3
was calculated by now only including all the fluoride ions in 40
the Ba—Ba layer within a sphere of 8 A radius from a central 35 t
Sr?t atom. Similarly,Mzqy was calculated by including all the e 20 L3
couplings due to spin pairs withima8 A radius from a central T 3 3
fluorine spin in the Ba-Ba layer, yielding a value of 2.% 10’ 29 3 s t
Hz2. These values were used to calculate a much longer cross- 20 : 2
relaxation time,T;s, of 15.9 ms. 1.5

The value forTs obtained from model | is clearly much too 1.0 4
short to account for the room-temperature CP process. This 18 20 25 30 35
conclusion is consistent with od, measurements: because 1/T (1000 /K)

two very differentTy, values are measured for the mobile and Figure 8. (a) Dependence df, on temperature (35250°C) for the mobile
iy i 9 ; ; ; _and rigid fluorine sublattices,Fand k. (b) Natural log of 1T for the
ngld.Spm.S’ the’°F spins cannot Comprlse a single therm.Ody rigid sublattice (R) vs LIT (temperatureT, in Kelvin).

namic spin bath. The value @fs obtained from model Il is,

however, i_n surpri_singly 90_0‘?' agreement_ with the experimental o qpije fluoride sublattice has an extremely shbrof 11 ms,
data, consistent with our original suggestion that the CP process,ije the ions in the BaBa layer (the rigid sublattices) show

involves the Ba-Ba fluorines only. Clearly, the motion in the longerT; of 69 ms. On raising the temperature, ffigs of

Ba—Sn layer is sufficiently fast to remove the homonuclear and yhe mopile sublattice decrease gradually, reaching a value of 4
heteronuclear dipolar coupll_ngs_ involving spins in this layer, o at 250°C. In contrast, the variation in tH's of the Ba-
so that the Ba'Sn layer fluoride ions do not contribute to the g, f1uoride ions is more complicated: First, tiigs increase

polarization transfer process. The CP dynamics curve was
calculated by using the calculated value ©f and the
experimentally determined value for tie, for the Ba-Ba
spins, and the result is plotted in Figure 7. A reasonable
agreement is obtained, given the limits of the model and the
fact that we have not included tfg,'s of the 11°Sn spins in are essentially identical from room temperature to 280
the analysis. indicating that thel1, values are controlled by the shdtts of
The low-temperature data are not well described by model these spins in this temperature regime. Thevalues for the
Il, and it is clear that the fluorine atoms in the B&n (and mobile sublattice remain very short (0:25.2 ms) up to 250
Sn—Sn) layers must now start to contribute to the CP process. °C, and no clear minima or maxima are observed.
This is consistent with the similarity of th€F Ty, values at 2D Magnetization Exchange®® Experiments were performed
low temperatures, which suggests that t# spins are more  as a function of the mixing time to determine whether any
strongly coupled and are close to forming a single thermo- exchange occurs between the two sublattices with slower
dynamic spin bath. Using tHi,'s determined at-150°C, and ~ exchange rates. Cross-peaks between the two fluoride ion
the value ofTs obtained from model I, a maximum in the CP  syplattices start to become visible in the room-temperature 2D
intensity is predicted to occur at approximately 48 which magnetization exchange spectra (Figure 9) at mixing times of
is shorter than the experimentally observed maximum of 8 ms and above.
between 1 and 2 ms. ThUS, some residual motion of the fluorine The intensities of both diagona| peaks decay as the mixing
spins in the Ba-Ba layers appears to remain, even at the lowest time increases, but the decay is much faster for the mobile
temperature studied. fluoride ion peaks, in comparison to that for the rigid fluoride
19F T, (and Ty,) Variable-Temperature Measurements. ions in the Ba-Ba layers. This unequal decrease in the peak
The spin-lattice relaxation Ty) values were measured from intensities is attributed to the much shorferrelaxation times
room temperature to 25 (Figure 8a) to help analyze the 2D  of the mobile fluoride ions and will be discussed in more detail
magnetization-exchange data presented in the next section andbelow. A cross-peak intensity ratiBa—g(tmix), can be calculated
to provide additional insight into the fluoride ion motion. The from the intensities of the diagondht) and crosslig) peaks

reaching a maximum of 130 ms at approximately 225 The
Ty's then decrease rapidly, dropping to 12 ms at 260 The
plot of In(1/T3) versus 1/temperature (Figure 8b) clearly shows
that twoT; regimes are present for the rigid (BBa) sublattice.
TheT, (data not shown) and; values for the rigid sublattice
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Figure 9. Room-temperature 2D magnetization exchange spectra for mixing 0 10 2?»‘Iixing '?i?‘ne (ms4)0 S0 60
times between 8 and 56 ms and a spinning speed of 12 kHz. The relative
intensities are scaled to the intensity of th@ ppm resonance. Figure 10. Plot of the 2D magnetization exchange cross-peak intensity

ratio, P, versus mixing time for transfer from (a) the mobile fluoride ions,
Fu, to the rigid ions, k, in the Ba-Ba layers Pu—r) and (b) iz to Fu
(Pr—m). Two MAS spinning speeds were used: the data were acquired at
a spinning speed of 12 kHz at room temperature, 100, 150, 200, and 250

using the following formula:

(IAA — IAB) °C, and also at a faster spinning speed of 36 kHz at room temperature.
P=——— 6
(IAA + IAB) ( ) Scheme 1
kR-)M
The dramatically different relaxation times of the two sublattices Fo > | Fp
means that the cross-peak intensities cannot be readily analyzed R

. . . . kM-)R
by using standard and widely used formulas, given in the

literature33 (See for example, the 2D magnetization exchange 1/T1R 1/T1M
study of lithium ion motion in a crystalline lithium silicafé)

In particular, unlike the case for a process involving a single
T, relaxation time, the value d®ag is no longer independent X
of the T1 times of the fluorine ions. Thus, a plot & Vs tmix Lattice

will not necessarily follow a single-exponential curve of the  gynected for a single rate process (Figure 10b). Very different
form e 2K expected for a single rate process; this is clearly the apparent rates are required to fit the two sets of curves.

case for the room-temperature data presented in Figure 10. The - at jeast four rate processes are involved in controlling the
cross-peak ratio ari-sing. from magnetizgtion .transfer from the hagnetization exchange curvesTiK, 1T, kg v, andky g,
Ba—Sn/Sn-Sn fluoride ions () to the ions in the BaBa whereTir and Ty are 69 and 11 ms, respectively, the subscripts
layers (Fr) increases steadily as the magnetization time increasesreferring to the rigid (R) and mobile (M) sublattices (Scheme
(Figure 10a). In contrast, the cross-peak ratio for transfer in the 1). Given the fixed concentration of ions in the two sublattices
opposite direction appears to drop rapidly and then levels off (1:3 for Fr:Fw), kr—m andky_r are not independent, are_y
at approximately 0.6, deviating significantly from the behavior _— 3ky_r. Magnetization exchange fromgRo Fy, during the

mixing time of the 2D experiment, createg fmagnetization

(33) Jeener, 3.3 Meier, B. H.; Bachmann, P.; Ernst, RI.REhem. Phys1979 that decays much more rapidly than thg Fagnetization.
(34) XU, A.; Stebbins, J. FScience1995 270, 1332. Equilibrium will be established wheks—r[Fr] — km-r[Fm] is
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of the same order of magnitude &gs. Under these conditions,  determined, allowing assignments of the different sublattices,
new magnetization is transferred to thg ites as rapidly asit  to the different sites in the crystal structure, to be made. The
decays via al; process. In contrast, magnetization exchange chemical shift,Ty, Ty, values and the line width of the resonance
from Ry to F (the Ba—Ba fluorine spins) results in the creation observed at-3 ppm at room temperature, are consistent with
of magnetization that becomes part of a pool of rigid fluoride its assignment to the rigid fluoride ions in the -BBa layer.
ions with much longefT;’s (69 ms); the magnetization will,  The second resonance is due to the mobile ions of theSBa
therefore, decay much more slowly. Hence, the cross-peakand Sn-Sn layers. The coalescence of the resonances due to
intensity, Pu—r, grows steadily until at least 56 ms and is not ions in this sublattice at temperatures-6100 °C and above
expected to reach equilibrium and level off until longer mixing indicates that the correlation time for the jump processes is
times. Thus, it is not surprising that the behavior of the two approximately 3x 107%s. The absence of any effects due to
sets of spins is so different. 19 homonuclear an&F/*19Sn heteronuclear dipolar couplings
The two most common mechanisms for magnetization transfer involving these spins at room temperature is consistent with
between two sets of spins are spin-diffusion and chemical this correlation time for motion. Th&F to 11%Sn CP experi-
exchange. The former process, which is driven by the dipolar ments confirm the assignments of the resonances and the
coupling and involves mutual spin flips between coupled spins, calculations of the CP dynamics clearly demonstrate that
is normally reduced significantly in solids by fast MAS. polarization transfer only occurs from the more distant spins in
Additional 2D magnetization exchange experiments were, the rigid Ba-Ba layers at room temperature. At low temperature,
therefore, performed with a probe capable of very fast MAS the mobile spins start to freeze out on the time scale governed
spinning to suppress any residual spin-diffusion between fluorine by theF homonuclear coupling, which should be determined
spins. The data collected at a MAS frequency of 36 kHz still by (Mzqy)™*2 (i.e., 1 x 107%s) and the'*F chemical shift.
show qualitatively similar cross-peak intensity ratios (Figure Even atthe lowest temperature investigated%0°C), the cross
10), but now the cross-peak ratio for spins originating in the polarization rate did not reach the value predicated for the rigid
Ba—Ba layers levels off at an even higher ratio (approximately lattice, indicating some residual motion of the-Ban/Sn-Sn
0.87). One likely explanation for this behavior arises from the fluoride ions. The high temperatuté MAS NMR spectra are
difference in sample temperature, and tAy's, caused by the consistent with additional exchange between different sites and/
different MAS speeds and probes used to acquire the two setsOr @ change in the sites that are occupied by fluorine.
of data. The sample temperature under fast MAS conditions is  The shortT; and Ty, relaxation times observed in these
expected to be approximately S@ higher than the sample  materials are attributed to field fluctuations due to motion. Both
temperature under relatively slow MAS conditions. The higher theTi's andTy,s of the two sublattices show complex behavior,
temperature results in a longgy for the Rk spins, but a shorter which are clearly indicative of more than one set of dynamical
T1 for the Ry spins; this is predicted to result in a leveling off ~processes. Motion is expected to reduce Thesubstantially,
of Pr—-m at a higher value, consistent with the experimental When it enters the time scale governed by the Larmor frequency.
results. For a dipolar-coupling driven relaxation process, the value of

2D magnetization-exchange experiments were performed atthe Ti, and theT; minimum depends on the size of the dipolar
100, 150, 200 and 25TC, to explore the effect of temperature ~ €OUPling (or M) via the following expressioff)
on the magnetization exchange process in more detail (Figure
10). Surprisingly, on increasing the temperature to 100 and 150 1_6_1 r Tc n 4z, )
°C, Rk->m decreases more slowly with mixing time than at room T, 5 Mz(”)[ 1+ WOZTC2 1+ 4(1,02%2
temperature. The results are similar to those obtained with fast
MAS at room temperature gRP-y leveling off at approximately
0.93 and 0.95 at 100 and 13C, respectively. This apparent
decrease irkr—v appears to be consistent with an increase in
Tir and a decrease iy as the temperature is increased. As
the temperature is raised above 2@ kg Now appears to
increase, R--u dropping significantly as a function of the
mixing time, decreasing more rapidly than the decrease observe

at room temperature. SimilarlyyR-g drops noticeably at 200 temperature; i.ez; approaches 10 s. This very short correla-

C and above, becoming negauve at mixing pmes of longer tion time is consistent with those already uncovered using other
than 10 ms at 250C. A negative value of P indicates that the NMR techniques

cross-peak intensity is larger than the intensity of the diagonal
peak. The temperature dependence @f#is consistent with

an increase inky--r at above 150°C. The temperature
dependence of these 2D spectra is clearly very complex, and
will be discussed in more detail in the following section.

wherewy is the Larmor frequency. A similar expression can be
written for Ty,, exceptwo should be replaced by the rf field
strengthws. A T; minimum occurs whemtc ~ 0.6 and a
significant reduction in theT; is not observed until 1t
approachesyo. The very shorfl;’'s measured at room temper-
ture and above suggest that the motion in this temperature
draegime is fast and must be close towd/ even at room

The observedl;’'s for the mobile spins are shorter than
predicted by the dipolar-mechanism alone, and thus must be
affected by a combination of different relaxation mechanisms.
One additional relaxation source come from the lat§e
chemical shift separations between sites, and'#%ReCSA of
the different sites. The large numbers of different sites in the
Ba—Sn and Sr-Sn layers, all with different chemical shifts,

Thel®F NMR data clearly provide experimental evidence for CSAs and presumably different correlation times, is consistent
two different sublattices with very different dynamics. In with the lack of a cleaif; minimum for the mobile ions, and
contrast to previous wide-line studies, the MAS experiments the weak dependence of tfie on temperature in the range
allow the chemical shifts for the different fluorine sites to be investigated here. An additional source of the sHals may

Discussion
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also arise from any paramagnetic ions in the material. Since no Scheme 2

clearT; minima are observed for either the rigid or mobile ions, F »
it is difficult to obtain extract accurate values for the activation R M
energies from the measuréd values. Nonetheless, thg
measurements are key to the interpretation of the 2D exchange
data (see below) and confirm that the motion of the mobile ions
approaches that typically observed for a liquid, even at room
temperature.

There are at least two possible sources for the relatively short
Ti's andTy,s of the “rigid” sublattice at room temperature and
above. First, the very rapid motion of fluoride ions in the-Ba
Sn fluoride ion sublattice can result in fluctuating fields that

F'y

Relaxation via motion-
driven spin flips

Slow relaxat
pathway

1/Tm

Lattice

tions: First, the line shape and line widths of the resonance
will reduce theT;'s of the Ba-Ba sublattice, via a dipolar- du;e to thetm(:b".fhlo?s ang.ablsence Olf. splk;mtlng ad;;bandiflre
driven, cross-relaxation process between the two subIattices.no.ncogf';e‘i\ze\g:] thsert(\)/\:]og Igl(;t?'rczougg:;%ns \tl;feean |'iéno' dltr?
This process is analogous to the mechanism that can result inPnS, . su ICES. - Ine widths
of the Ry diagonal and cross-peaks are Lorentzian, which again

a nuclear Overhauser effect in liquitsSecond, the onset of is not consistent with anv dinolar lina between th N
jump processes (i.e., chemical exchange) between the two'> MOt consiste any dipofar coupling between the spins.
In apparent contradiction with this, the 2D magnetization

sublattices should also result in a gradual reduction of the — A
g exchange data indicate that significant exchange does occur

Ba—Ba T time, so that it approaches that of the mobile ions. . .
The first process occurs for correlation times for motion close between _th_e tW_O sublattlces_, on the time scz_ale probgd by the
to the Larmor frequency, which is consistent with the values of Ionggr mixing times used in the 2D experiments (i.e., ap-
7c estimated directly from th&;’'s of the mobile sublattice. proximately 16-40 ms) at room temperature. Furthermore, the
Thus, we ascribe the reduction of tfig of the rigid ions, gpparent exchange rgte appears to. glecrease as the temperature
observed near room temperature to this cross-relaxation processf?r:.nc.r eased anq then increases 5|gn|f|can.tly at’zoand above.

is is not consistent with a simple chemical exchange process.

Furthermore, the increase in thR as the temperature is Th that spin-diffusi laxati dri
increased, suggests that we are aboveTth@inimum caused us, we propose that spin-diffusion (or cross-relaxa |o’n), riven
by the same process that was responsible for the Jherof

by this mechanism (i.eze < 0.6/wo). The T; decrease above . . . L
y ism (i.ezc wo) ! v the rigid sublattice, results in the magnetization exchange

150 °C can then be ascribed to increasgeemicalexchange .

between the two sublattices. This mechanism will become observed between the two sub[attlces at room temperature. As

gradually more important as the temperature increases andthe temperature increases, this process gradually decreases,

appears to dominate above 150 ' resulting in a reduction itir—y andkv—gr. The increase in the

The shortTy,s (for both sets ;)f ions) in this temperature exchange rate at 20 is then ascribed to the onset of actual
regime are Iz;?gely a consequence of the sfials in this magnetization exchange between the sublattices, which will
) . . " incr he temperature is raised. Th xchan

temperature regime, and do not necessarily provide additional crease as the tempe ‘F.ﬂu €S aised us, atesexe ange

between the two sublattices is clearly occurring on the time scale

ver mmicer g of femporatures ond maunote el shengtns3Veed by the mixing time of the 2D exchange experiment
9 P 9 9 The 2D results, in combination with tHE, measurements,

IS now in progress, to attempt to separate some of these dntferentmdicate that the major; relaxation pathway for the rigid spins

pr(_)rcr:]essztla:;s. tizati h dat id . . tat room temperature and above occurs via the mobile spins;
€ magnetization exchange data provide an importan the T, pathway directly to the lattice, shown earlier in Scheme
check on our proposglg fqr the source of the .relaxatlon 1, appears to be associated with a much lafigeralue and is
meChaf?'S”?S for the rigid lons. The tW(.) most |mportant not a major relaxation pathway. The dominant relaxation
magne_tlzatlo_n_ transfer rr_lechanlsm_s th_at ty_plcally_result In Cross- pathways, based on the experimental data, are shown in Scheme
peak intensities are (i) the spin-diffusion “flip-flop”-type 2. Thus, ke represents the rate-limiting step in the
exchange driven by the dipolar interactions between the two mechani’sm for the fEspins. Furthermore, sinCEiy < T
spin reservoirs and (ii) the chemical exchange or actual jumps ke n ~ 11 An estimate f.0|kR  may th,en b oNlIJtaineldeon

gf t_hg fIluorlde ll?r?s n %nd Ott.jt of ftTE BaBz:)_:ayﬂers .'Sto_ the . the basis of Scheme 2 and tligz data presented in Figure 8.
a—->nlayers. The rapid motion of the mobile Tiuoride 1ons 1S example, Ik ~ 1072 s at 250°C. This is consistent

expectgd to_ re_d_uce the dipolar coupling be_tween the two with the data presented in Figure 10. A detailed analysis of 2D
sublattices significantly, and MAS should readily remove any magnetization exchange curves is in progress, and the results

reS|dua! dipolar coupling. Furthelrmore,' the large chemical sh|ft will be reported elsewhere.
separation between the sublattices will also help quench this o . .

e . Implications for the Conduction Mechanism of BaSnF,.
spin-diffusion process. For example, measurements for the . - A .
oxyfluoride BaWOsF,4, which contained two sets of resonances Rapid motion occurs primarily in the BéSn sublattices at
seyarated b 2 rgxzihmatel 75 ppm showed spin-diffusion ratesambient temperature. Even at room temperature Tifmes

P y app y ropp P are very short, indicating that motion in the B&n/Sn-Sn

1 _ L
gfjg.s?aitigl.iar:fribuétlig?] Est)hit:xiﬁgr?lgg Srggggso\jiﬁhk:tz f;;al layers is occurring even on the much faster time scale probed
gep yp by this measurement{ approaches-1078 s). This very short

spin-diffusion process seen in rigid solids can be further L - . .
excluded on the basis of the following experimental observa correlation time is consistent with the value fgrestimated at
9 exp —100°C (<3 x 1075 s™1) and the activation energy for motion

1 X .
(35) Ernst, R. R.; Bodenhausen, G.; WokaunPAinciples of NMR in one and of 0.34 eV mea_lsured by D_enes et'affor BaSnk In_th|$
two dimensionsClarendon Press: Oxford, 1987. temperature regime. Chadwick et'&lmeasured an activation
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temperatures. Furthermore, unlike BagrtRe ionic motion in
PbSnk is sufficient to remove thd®F homonuclear dipolar
coupling between all the spins, even at room temperature, and
two distinct sublattices are not so clearly observed by NMR.
Thus, it appears likely that the more polarizabléHbn appears

to play an important role in improving conduction in the
c-direction. Distinct fluorine ion sites are not clearly resolved
by NMR for PbSnk, consistent with the neutron diffraction
results, where a better refinement of the structure was obtained
for BaSnk in comparison to PbSnF

Conclusion

Solid-state NMR has been used to develop a detailed
understanding of the anionic conduction in BagnifF MAS
Figure 11. Diagram illustrating some of the major conduction pathways N_MR spectroscqpy was used _to identify the sublattices reSp_O”'
in BaSnF; (view down the [100] direction). The rigid BeBa layers prevent sible for conduction. CP experiments were used to help confirm
rapid conduction in all three directions. The vacancies in the partially the assignments of the resonances and to probe mobility:
occupied SmSn layers are omitted for clarity. Transfer of polarization to Sn occurs over a distance of 4.7 A

energy of 0.5 eV, and on the basis of these two activation from the distant fluorine spins in the B&a layers. The fluorine

energies, the correlation time is expected to decrease by a facto'gons near Sn are mobile at room temperature and do not appear
of between 6x 10° (0.34 eV) and 3x 10° (0.5 eV) between tE_contnbuti S|gn|f||cartlty to thfeﬂ(]:Pcl:rIIDt(insn);. Cor:ssgent \(/jwth
173 and 273 K. Thus, the activation energy measured by |stL|1giﬁets on, caicu ;'clnfho N f rg:s erra e,. asgl ona
Chadwick et al. is higher than the activation energy suggestedrno el that assumes that the B8a fluorides are primarily

by our NMR results. Chadwick et al. observed a discontinuity respo.n.sible for the CP processes, are able to predict, with
in & just below 0°C and an activation energy of 0.18 eV above surprisingly good agreement, the experimentally observed value

this temperature. In contrast, Denes et al. observed a discontinu-fOr Tis. The “mobile” fluoride ions slow down as the temperature

ity in o at 127°C, and the activation energy dropped slightly IS reduced, and by-150°C they are essentially rigid on the
to 0.31 eV above this temperature. The differences between the\MR time scale. Three new local environments are identified
two sets of measurements presumably results from small Which are assigned to different fluoride ions in the-&a and

differences in sample stoichiometry, impurity level, or sample Sn—Sn layers. The var_iable-temperat&?l? NMR data indicate
preparation method. that the jump frequencies for these fluoride ions are greater than

The magnetization exchange experiments demonstrate that15 kHZ: e\{en at—thO C. By using a (;(zmblnatlon of 2D
slow exchange between the two sublattices does occur, but withMagnetization exchange experiments apdheasurements, we

a correlation time that is at least 6 orders of magnitude slower Were able to probe correlation times varying over 6 ordzrs of
than the motion in the mobile layer; i.e. slow jumps between Magnitude. The 2D experiments probe slower motigr(10~

Ba—Sn and Ba-Ba layers occur on the 10 ms time scale at s) and showed that the fluoride ions in the Bédyers start to

200 °C and above. This is an important observation, because €xchange with the mobile ions at 20C€ and above. Tha,
this exchange process is required for three-dimensional con-Measurements illustrate that the correlation times for the mobile

ductivity. ions are extremely short in the same temperature regime
(re = 1078 s at room temperature). Furthermore, this rapid

¢ Motion results in a dipolar-driven cross-relaxation process, which

is driven by fluctuating fields of the mobile ions and reduces

A model for the conductivity is shown in Figure 11. The
Ba—Sn layers clearly contain large concentrations of filled an
vacant interstitial sites, allowing rapid conduction in this layer e e : e
and jumps from the fully filed BaBa layer to occur. The the.Tl’s of the .r|g|.d ions S|gn|f|can.tly. Thls behavior is more
disorder in this layer is consistent with the relatively low tyPically seen in liquid-state than in solid-state NMR.
activation energy for the jump processes near room temperature. Our study has revealed a series of NMR phenomena that
The high conductivity is consistent with the large number of occur in the presence of rapid motiand high magnetic field
mobile ions. Given the large numbers of vacant sites in the strengths. Unlike wideline NMR relaxation studies of fluorides,
Ba—Sn layers, it appears extremely likely that the major which were typically performed at much lower fields, chemical
mechanism for motion of the BéBa ions involves interlayer  shift and CSA effects now become a major relaxation mecha-
jumps between the mobile and rigid layers, rather than a direct nism; this source of relaxation appears to be larger than that
intralayer F3-to-F3 jump. This intralayer jump process requires due to dipolar relaxation and, hence, cannot be ignored in the
a vacancy on the F4 sublattice, and these vacancies should banalysis of the relaxation time daff. (andTy,) values are so
present in significant concentrations in this highly disordered short in this system that they can result in extremely inefficient
system. cross-polarization processes involving these spins. However, in

The results for BaSnfshould be contrasted with tA#F MAS the example shown in this paper, we actually exploited the short
NMR results for PbSnfpresented in our earlier communica- Ti,’s of the mobile sublattices to obtain CP curves for transfer
tion.2 Motion in PbSnk was seen to involve all the fluoride  from the other (rigid) sublattice. The shdi's also resulted in
ions on the NMR chemical shift time scale, at ambient 2D magnetization data that could not be rationalized by
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modeling the data with a single rate process. Further experimentsWiebren Veeman for discussions concerning the analysis of
are currently in progress to explore these phenomena at differentNMR data.

field strengths in order to extract more detailed information  gypporting Information Available: BaSnk 19F spectra at
concerning the motion in this system. —150 °C: A comparison of the one pulse and echo spectra
(Figure S1) and intensities of the resonancesat—47, and
—74 ppm as a function of spin-locking time (Figure S2) (PDF).
This material is available free of charge via the Internet at
http://pubs.acs.org.
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