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Abstract: One- and two-dimensionaPF high-speed MAS NMR are used to probe motion of the fluorine
sublattices in the fluoride-ion conductar®bF, and potassium fluoride-dopedPbF,. The two crystallographic

sites F(1) and F(2) are resolved in tHE spectrum of the pure material and are assigned on the basis of their
20/Pp—19F J-coupling. A resonance from fluoride-ions jumping rapidly between the two sites is also observed
above 120C, which increases in intensity as the temperature is raised. The resonance from the mobile fluoride-
ions is observed at room temperature for thBbF, sample containing potassium impurities and for samples

that have been intentionally doped with KF by direct reaction of KF and.PBRe correlation times of the

rigid and mobile fluoride-ions in these samples differ by more than 2 orders of magnitude, and 2-D magnetization
exchange methods show that the exchange between these two sets of fluoride-ions is negligible. The vacancies
produced by potassium doping appear to remain closely associated with the potassium defects at low
temperatures, and the mobile fluoride-ions at these temperatures are assigned to fluoride-ions near the potassium
defects. In contrast, in the pure, or more uniformly potassium-doped, materials, the vacancies are more uniformly
distributed over the solid, resulting in spectra with a narrower range of correlation times for fluoride-ion motion.
Finally, a low activation energy conduction pathway between F(1) and F(2) sites alop@xieis proposed

to rationalize the rapid F(¥}F(2) fluoride-ion diffusion.

Introduction sodium in, for example, crystalline and amorphous silicates,

_ L _aluminum fluorides, layered materials, and cerariic! The

The defects formed in doped crystalline ionic-conducting relatively recent development of high speed MAS probes,

solids have been ‘ghe.subject of considergble study, in part duecapable of spinning over 20 kHz, has allowed strongly dipolar

to the enhanced ionic transport properties of many of these ooy pled systems such as inorganic fluorides to be probed, and
materialst™> Descriptions of the local defect structure in these a limited number of one-dimensional (1-D) high-resolution

materials have largely been proposed as a result of macroscopigpecira of inorganic fluorides have been repotted.
measurements of diffusion and conductivity, NMR splattice

relaxation times, and diffraction data® Magic angle spinning

(MAS) NMR provides an ideal method to probe the local order
and motion of the defective sublattices of ionic conductors
directly®-13 Many of these studies have involved the study of
cation mobility of monovalent cations such as lithium and

We recently published a preliminary communication dem-
onstrating the use dfF MAS NMR to study the fluoride-ion
mobility of oo PbR.° o PbR, has been considerably less well
studied than the solid-electrolyfePbF,. o PbF; is a moderate
anion-conductor with conductivities between 3.9 and>6806
Q~1cm1at 100°C8 and adopts the Pbgitructure'® Fluoride-
ion diffusion is thought to occur via a vacancy mechant$m.
Doping with monovalent cations such as potassium results in
an increased ionic-conductivity of, in some cases, several orders
of magnitudeé® In this paper, we report a detailed one- and
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Preparation N Detection during the subsequent mixing peridg, before the third pulse
w2  Evolion 2 Mixing m2 returns the magnetization to the transverse plane for detection.
il tm ,\ﬁ‘f‘v Equations can be written for two site exchange<¢AB) with

rate,k, in terms ofMA andMz2, the magnetization of spins A
Figure 1. Schematic representation of the 2-D magnetization exchange and B at the end of the mixing peritd
pulse sequence. The pulse sequence employs thtgriB@s, separated
by the evolution timetf) and the mixing timetf). The spectrumis  M,(t,t,) = —1/2M[(1 + & ™) cosv,t, +
acquired ;) following the third pulse. _ _
quired &) 9 P (1 — e 2 cosvgt,Jle ™ (3)

doping on the fluoride-ion mobility. We show th#iF MAS
NMR is extremely sensitive to the distributions of the dopan
potassium ions within the lattice and that very different fluoride-
ion motion is obtained depending on preparation conditions.
Chemical exchange processes occurring between sites witl
differing chemical shifts result in characteristic NMR line
shapes, when the rate of the exchange process enters the s
called intermediate regime of motidh. Thus in principle, if

 WhereT, is the spin-lattice relaxation time. An analogous
expression can be written fdl,2. The finalsz/2 pulse returns
the magnetization into they plane for detection, and two
presonances with frequencieg and vg are detected, whose
amplitudes are directly proportional ¥ andM2. Magne-
5i_zation which has precessedatin t; and resumes precession
atvg afterty, will appear as a cross-peakat = Qa andw, =
the individual fluorine crystallographic sites can be resolved in Q?' Diagonal peak§ result from magnetization that has not
migrated from one site to another. The amplitudes of the peaks

an F MAS NMR spectrum of a fluoride, one-dimensional he 2D dilv b louldfeand .
methods can be used to obtain correlation times between the!” the 2D spectrum can readily be calculateand are given

different fluoride-ion sublattices, when the frequency of the
motion is of the same order of magnitude as the separation in
frequency between the different resonances of the sublattices.
This was demonstrated in our earlier papersoobF, and

apa(ty) = agg(ty) = 1/2[1+ eﬁZktm]eletm 4

LaFR:.%10 For the case of a simple two-site exchange process ang(tyn) = agalty) = 1/2[1— e_zmm]e_T1tm (5)
between two different sites of equal populations, a broadening .
of the two resonances is initially observed, given by, whereaas andags, andaag andaga are the amplitudes of the

where 7. is the correlation time, as the rate of exchange diagonal peaks and cross-peaks, respectively. Combining and
approaches the difference in frequency between the two sitesfearranging these equations allows the rtep be obtained
and enters the intermediate regime of moibnAs the rate of ~ from the cross-peak and diagonal amplituéfes:
exchange increases, the two resonances coalesce, and the ok
correlation time at coalescence is a function of the chemical (Ban — @np)/(Bpn T+ pg) = € 2 (6)
shift difference between the two resonances € vg):

A 2-D magnetization exchange experiment has recently been

1) applied to study lithium-ion motion in a crystalline lithium
silicate ionic-conductor and rates for exchange between different
) ) ] ) cation sites were extractéd. In this paper, we report the use
As the correlation time decreases, the line width of the of the technique to study fluoride-ion motion énPbF and to
resonance decreases, and when the exchange rate is close {monstrate that domains of mobile fluoride-ions exist in some
the fast-regime, a single Lorentzian line is observed with aline of the doped materials, which do not undergo significant

__nl/2
Tooal. = 2 In(vy — V)

width given by exchange with the rest of the rigid lattice.
Ay, = 1U27(v, — VB)ZTC (2) Experimental Section
Materials Preparation. Two commercially available samples of
wherek; is the first-order rate constant for exchange {/z.). o PbF; (Aldrich, nominal purity 98-% and Alfa, nominal purity 99.9%)
In the fast regime of motiork{> (va — vg)), the line width is were used. Impurity levels, as provided from the two chemical

no longer sensitive to changes in the exchange rate. The ”necompanies, were based on different chemical analysis. The figure
shapes that are observed for two-site exchange can be readil etermined from Aldrich was determined from the metals content, while
. . . . e hat from Alfa was based on the fluoride-ion conteA? NMR and
simulated, allowing correlation times for specific jump processes further chemical analyses (see below) indicated that the Aldrich material
to be extracted. _ _ contained lower levels of cation impurities, and hence, this purer sample
Another NMR technique that can be used to probe chemically was used in all the syntheses reported below. X-ray powder diffraction
exchanging systems is 2-D magnetization exchange NMR of both samples gave powder diffraction patterns consistent with the
spectroscopy? 2-D magnetization exchange spectroscopy is PbR structure, and no impurity phases were detected. Anion deficient
widely used in solution NMR spectroscopy to probe correlation potassium-dopedx PbF, samples were prepared by two different
times in the slow regime of motiork(< (va — vg)), Where methods. In the “dry” method, appropriate amountsxoPbF, and
again the 1-D spectrum is no longer sensitive to the exchangeKF were mixed together and fired under vacuum at 25Gor 5 h.In
rate. The standard 2-D magnetization exchange pulse Sequencgn attempt to distribute the small concentration of potassium cations
is sHown in Figure 1. The first/2 pulse excites th&F spins more evenly throughout the crystallites, a wet or solution method was

hich th ve duri h uti iod Th d also used. The KF was first dissolved in a minimum of distilled water.
which then evolve during the evolution perity € secon The KF solutions were then added to appropriate amountsRIHF,

/2 pulse returns the magnetization along the direction of the 5 coqt the particles. The wet slurry was then slowly heated under
static magnetic field. Exchange takes place predominantly yacuum to 250C, to remove the water, and was held at 280for a

To i L
(18) Abragam, A.The Principles of Nuclear MagnetismOxford furthgr 8 h. % NMR of the KF-doped samples indicated complete
University Press: Oxford, UK, 1961. reaction and a resonance from KF could not be detected. No new
(19) Jeener, J.; Meier, B. H.; Bachmann, P.; Ernst, RI.RRhem. Phys. phases were detected in the X-ray pOWder diffraction patterns. All
1979 71, 4546-4553. samples were stored in a drybox, under inert nitrogen atmosphere, to
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Table 1. o PbR, Sample Notation Used in This PaperPbF
Source, KF Dopant Levels (mol %), and Method of KF
Incorporation

sample source %age KF method of incpn

PbR—-1 Aldrich
PbR—2 Alfa

PbR—w Aldrich 0.2 wet

PbR—d Aldrich 0.2 dry b.
Table 2. Composition of the Two Samples of PbF-1 (Aldrich
99+%) anda PbR-2 (Alfa 99.9%}

sample sputter time (min) F (0] C Pb K

o PbR—1 0 41.0 111 218 26.1

o PbR—1 7 620 0.0 38.0

o PbR—1 15 61.7 0.0 38.3

o PbR—2 0 410 85 179 229 9.7
o PbR—2 7 63.9 0.0 35.6 <0.5
o PbR—2 15 64.1 0.0 34.0 <0.2

o

aAs Determined from X-ray Photoelectron Spectroscopy, as a
Function of the Sputtering Time. Elemental Analyses Are Given as
Atomic Weight Percentages.

minimize effects of moisture and oxygen. The details of the prepara-

tions, doping levels, and labeling of the samples used in this paper areFigure 2. Room temperature very fa¥F MAS NMR spectra of ao.

shown in Table 1. PbFR-1 at 20 kHz (insert at 29 kHz), l. PbR-2 at 23 kHz, co. PbR-w
Elemental Analysis: X-ray Photoelectron Spectroscopy This was at 20 kHz, and da. PbR-d at 20 kHz.

used to characterize the surface composition of the lead fluoride

samples. Data were acquired with a Physical Electronics Model 5701 Only elements wittZ > 9 can be detected with the setup used,

LSci spectrometer with a monochromatic aluminum X-ray source. An due to absorption of the emission from light elements by the

analysis region of 2x 0.8 and 0.8x 0.8 mnt before, and after ~ detector window, and accurate quantitative analysis of trace

sputtering, respectively, an exit angle of4énd an electron acceptance  amounts of elements with > 9 is difficult. Nonetheless, the

angle of£7° were used. analysis showed that the PbF,-1 sample was relatively free
Electron Microprobe Analysis. A CAMECA Camebax Micro  of jmpurities, while o PbR-2 contained trace amounts of

(WDS) scanning electron X-ray microprobe analyzer, equipped With iae5iym.  Variation in the potassium concentration was

an EDS spectrometer for semiquantitative sample analysis for elements . o L .
with Z > 8, was used. Analysis was performed with an approximately observed for the different crystallites: negligible potassium

1 micron electron beam concentrations were observed for some regions, while others
NMR Measurements. 1F NMR measurements were performed on  contained significant amounts. Different morphology was also
a 360 MHz Chemagnetics spectrometer at an operating frequency forS€en for the two samplest PbF-1 consists of regular needle-
19F of 338.75 MHz. Use of a double resonance Chemagnetics pencil Shaped polycrystallites, while tlePbF>-2 particles show more
probe equipped with 3.2 mm rotors, allowed spinning speeds of up to variations in morphology and are comprised of mainly smaller

24 kHz to be attained. The room-temperature spectra &bk-1, rounder particles which appear to consist of smaller agglomer-
collected at 29 kHz, were acquired with a Chemagnetics prototype probe ated particles. The differences in morphology suggest two
with 2.5 mm rotors.*F MAS NMR spectra were referenced to GEI different methods of manufacture.

at 0 ppm. The 2-D magnetization exchange pulse sequence, that was  §e-Dimensionall®F MAS NMR. Figure 2a,b shows the
used in all 2-D experiments, is shown in Figure 1. Spectra are recordedl_D room temperaturé® MAS NMR spectrum ofx PbR-1
for regular increments df;; TPPI was used to acquire phase sensitive - ]
spectra in the, dimension. anda PbR-2, collected at spinning speeds qf 20 kHz; %Plé
spectrum ofa PbR-1, collected at 29 kHz, is shown in the

NMR Simulations. Chemical exchange simulations were performed .
with MATHEMATICA @, using an expression for the line shape of a INSert. The spectrum collected at 29 kHz shows an increased

set of two spins with equal populations undergoing chemical exci#nge. res_0|Uti0n for th_e two resonances aR0.5 and_57-? ppm,
which were previously assigned to the crystallographic sites F(1)

Results and F(2), respectively, on the basis of their differéfiPb-1°F
. J-coupling pattern8. Seven major peaks (separated by 1.0 kHz)
Elemental Analysis. X-ray photoelectron Spectroscopy  4re ghserved for the multiplet at20.5 ppm. Deconvolution
_(Table_ 2) WE:]S plerfolrme;j_on bQFh the samplesudPbF to h of the septet yielded intensity ratios of 2.0:7.4:16.6:49.9:16.7:
investigate the evels o impurities present on, or near, the 7.6:2.0, which can be compared to the previously reported septet
surface of the crystallites. Although both surfaces contained a i, intensity of 1.5:7:17:49:17:7:0.2 obtained foPbF-2.2

significant amount of oxygen, none was detected in either ¢y js coordinated to four lead atoms, and thus, five magneti-
sample after they had been subjected to extended ion SPUlteringe|jy inequivalent environments are possible for F(1):

The a_PbFz-Z contained a r.elatively high concentration of F@7Pb)(Pb)_, (Where Pb represents lead nuclei with no
potassium at the surface, while none was detectedRibF-1. nuclear spinx = 0—4), which give rise to a singlet, doublet,

Trace amounts of potassiunt(.2 at. %) were still detected triplet, quartet and quintet for= 0, 1, 2, 3, and 4, respectively.

in a PbR-2 even after 15 min.of sputtering. ) . The 29Pb4%F J-coupling for F(1) is given by twice the
Electron microprobe analysis was performed in point mode gsenaration of the peaks in the multiplet and is therefore 2.0 kHz.
over a series of crystallites of approximately.@h in length. Given a natural abundance f¥Pb of 22.6%, probabilities for

(20) Harris R. K. Nuclear Magnetic Resonance Spectroscopy: A the occurrence of each of these environments of 35.8, 41.9, 18.4,
Physicochemical Viem.ongman Scientific & Technical: Essex, UK, 1983. 3.6, and 0.3, respectively, can be calculated. Thus, a nonet with
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intensities 0.02:0.45:4.7:21.9:45.1:21.9:4.7:0.45:0.02 is pre- J-coupling is not as well resolved as in thePbF-1 spectrum.
dicted. Both samples show reasonable agreement between thé slight increase (86 Hz) in the line width of the F(1) and F(2)
calculated and experimentally observed values, although thesites is seen, in comparison to the spectrura &bF,-1, in the
central peak is slightly more intense than predicted. The outer 227Pb decoupled spectrum. As was the casexf®bR-w, this
satellites of this multiplet have very small intensities and were is likely a result of small increases in FH&JF(2) exchange rates,
not detected experimentally. Nine peaks are observed for thealthough a small contribution from FE@F(1)/F(2y~>F(2) jump
F(2) site at—57.7 ppm with intensities, obtained by deconvo- processes cannot be completely ruled out. Again, the presence
lution, 0f 0.3:1.1:9.6:14:42:14:101.0:0.3. In contrast to the F(1) of spinning sidebands and some fine structure in the F(1) and
site, the resonances of the nonet-&7.7 ppm are not evenly  F(2) resonances suggest that the increases in fluoride-ion motion
spaced, significant differences in the splittings between the first are small. Likeo. PbFR-2, the spectrum oft PbF,-d shows an
and second sets of satellite peaks of 0.75 and 0.50 kHz, beingadditional resonance at39.0 ppm, with no associated spinning
observed, respectively. The F(2) site in th@bF, structure is sidebands, that accounts for #32% of the total number of
coordinated to five lead atoms and hasfbond lengths that  fluoride-ions. This is due to a subset of fluoride-ions that are
vary from 2.41 to 3.03 A. The variations in PE bond lengths undergoing rapid jumps between the F(1) and F(2) fluorine sites.
should lead to a more complex J-coupling pattern in comparison  Figure 3 shows the variable temperat® and 20%Pb
to that from F(1) which has much smaller variations in-fb decoupled®F MAS NMR spectra ofx PbR-1. Thel®F spectra
bond lengths £0.1 A). The lower intensity of the center remain unchanged at temperatures below 420 The20%Pb-
frequency is also consistent with a higher coordination number 19 j.coupling is still clearly resolved at this temperature,
for fluorine. indicating that the fluoride-ions that give rise to the F(1) and
The spectrum ot PbF-2 shows an additional resonance at F(2) resonances remain rigid. At 12G, a small resonance at
—39.0 ppm which is intermediate in chemical shift between the —39.0 ppm is detected, which increases in intensity as the
resonances from the F(1) and F(2) sites. We previously assignedemperature increases. By 200, this resonance accounts for
this resonance to a subset of fluoride-ions that are undergoing26 + 2% of the total number of fluorine and overlaps with the
rapid jumps between the F(1) and F(2) fluorine sites, at rates resonances at20.5 and—57.7 ppm. The?°’Pb decoupled
that are larger than the frequency separation of the two spectra shows a small increase in line width (51 Hz) of the F(1)
resonances (i.e., 12.6 kH%)The fluoride-ion motion results  and F(2) sites at 16WC. The F(1) and F(2) line widths continue
in a reduced®F homonuclear dipolar coupling constant, and to increase as the temperature is raised: thesFf{2) exchange
no spinning sidebands are observed for this resonance, inrate of the rigid fluoride-ions is gradually approaching 12.6 kHz
contrast to the resonances aR0.5 and—57.7 ppm. The and entering the intermediate regime of motion.
number of mobile fluoride-ions can be obtained by integrating  The line shapes are not consistent with a simple two-site
the spectrum and is equal to 322% of the total number of  exchange process but result from multiple regimes of motion.
fluoride-ions. For example, at 250C, a complex line shape is observed: the
The room temperatuféF MAS NMR spectra of Pbfw and central resonance is due to fluoride-ions undergoing (1)
PbR-d collected at 20 kHz are shown in Figure 2c,d, respec- F(2) jumps in the intermediate regime of motion, but with a
tively. The KF dopant levels (0.2 mol %) were chosen so that frequency greater than that required for coalescence, i.e., of more
they are similar to the impurity levels detected close to the than z(veq) — ve)/2Y2 (28 kHz) (see eq 2). No spinning
surface ofa. PbR-2. Only two resonances are observed at sidebands are observed for this resonance, consistent with rapid
—20.5 and—57.7 ppm from the F(1) and F(2) crystallographic fluoride-ion motion. NoJ-coupling is discerned for the F(1)
fluorine sites in the spectrum of Ppiv, and the resonance from  and F(2) resonances, indicating that the fluoride-ions giving rise
the mobile fluoride-ions is not observed. TRE&PbIF J- to these resonances are undergoing motion with a rate of more
coupling, however, is no longer so clearly resolved for the F(1) than Jxz/2Y2 (approximately 4 kHz). Line shape simulations
site. This observation may be attributed to some increased (see below) allow more detailed analyses of the correlation times

fluoride-ion motion, over that detected in PbF-1. and allow estimations of the populations of the ions undergoing
F(1)<F(1) and/or F(2>F(2) jump processes will lead to a  the different regimes of motion.

change in the numbers and spin states of?#@b nuclei that The variable temperatuté= MAS NMR spectra ofx PbR-2

are coupled to th#°F nuclei and an averaging of tecoupling (Figure 4) shows a gradual increase in intensity and a decrease

pattern will result if the frequency of the motion is of the same in the line width of the resonance at39.0 ppm, as the

order or larger than thécoupling. As the rate for the F(®& temperature is increased. By 23G, only this resonance is

F(1) fluoride-ion motion approaches tR&Pb-1%F J-coupling observed. Although the intensity of the F(1) and F(2) reso-
frequency (i.e., 2 kHz), a broadening of the peaks within the nances gradually decreases, #H&b-<°F J-coupling remains
J-multiplet will be observed. F(¥rF(2) exchange, however, well resolved throughout. The spectra are consistent with a
will also give rise to broadening of the F(1) multiplets but in gradual increase in the fraction of fluoride-ions that are
contrast to F(X¥>F(1) exchange will also lead to an increase in undergoing fluoride-ion motion close to the fast regime of
the line width of the?®Pb decoupled resonance. Comparison motion. A reduction of the temperature, below room temper-
of the F(1) and F(2) line widths of t"Pb decoupled spectra  ature, results in a gradual decrease in the intensity of the
of a-PbR-w and a-PbF-1 show only a slight broadening of resonance at-39.0 ppm, and at 8C, the resonance can no
55 Hz in thea-PbFR-w F(1) and F(2) line widths. The slight longer be detected. The motion of all the fluoride-ions is
increase in line width is consistent with an increased ¥(1) therefore in the slow exchange limit by°€.

F(2) exchange process, but small contributions from (1) The spectra of the potassium-dope&bF; samples produced

F(1) and F(2)>F(2) jump processes cannot be totally excluded. by “wet” and “dry” methods show very different behavior as a
The room temperaturféF MAS NMR spectrum ofx PbF-d function of temperature. An additional broad component,

(Figure 2d) shows two broad resonances-a0.5 and—57.7 between the F(1) and F(2) resonances, is observed itfhe

ppm and a narrower resonance-&89.0 ppm. The?*"Pb19F MAS NMR spectra of. PbR-w (Figure 5) as the temperature
J-coupling can be discerned, but likePbR-w, the 207Pb19F increases, due to fluoride-ion exchange in the intermediate
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Figure 3. Variable temperaturé®F (left column) and?®Pb decoupled (right column’PF MAS NMR spectra ofa PbR-1 collected at room
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Figure 4. Variable temperaturé® MAS NMR spectra ofx PbR-2
collected at—10, 25, 60, 100, and 25T at spinning speeds 221
kHz.

regime of motion. By 8C°C, the broad resonance at39.0
ppm accounts for 8& 2% of the total amount of fluorine. As
the temperature increases, the resonane€38t0 ppm narrows
and increases in intensity, while the resonances 2.5 and

slightly. Analysis of the populations and correlation times of
the different regimes of motion are provided by line shape
simulations (see below). At temperatures above ¥@0only

a single resonance at39.0 ppm is observed. The fluorine
motion observed at high temperatures can be “frozen out” by
lowering the temperature. The decrease in fluoride-ion motion
at temperatures below10 °C is evident in the appearance of
better resolved®Pb-°F J-coupling patterns.

The variable temperature spectrafPbF,-d is shown in
Figure 6. In contrast to the spectracmPbF,-w, but similar to
those of PbE2, the spectra at room temperature and above
consist of two sets of resonances: one from fluoride-ions in,
or close to, the slow regime and one from ions in, or close to,
the fast regime of motion. The resonance-89.0 ppm, from
ions close to the fast regime, continues to sharpen, as the
temperature is raised, and increase in intensity. By (60a
single resonance at39.0 ppm is observed. Th&®Pb de-
coupled spectra at intermediate temperatures shows a gradual
broadening of the F(1) and F(2) line widths due to increases in
the F(1y>F(2) exchange rates. The mobile fluoride-ions can
be frozen out at lower temperatures, and at temperatures below
—10°C, only two resonances are observed-20.5 and—57.7
ppm. More clearly resolve@Pb-°F J-coupling patterns for
the F(1) and F(2) sites are observed at lower temperatures, again
confirming a decrease in fluoride-ion motion at these temper-
atures. Analysis of the populations and correlation times of
the different regimes of motion are accomplished by line shape
simulation (Table 3).

Spectra of all four-PbF, samples were reproducible even
after multiple variable temperature runs, indicating effects such
as oxidation or changes in cation distributions did not occur to
any great extent, under the conditions used to acquire the spectra.

Line Shape Simulation. To obtain more detailed informa-
tion concerning the ranges of fluoride-ion correlation times

—57.7 ppm decrease in intensity and increase in line width present in the samples, spectral simulation was performed on
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Figure 5. Variable temperatur®F MAS NMR spectra ofx PbR-w collected at-10, 25, 70, 80, 100, 140, and 253G at spinning speeds 221
kHz. 27Pb decoupled®F MAS NMR spectra are shown on the right for 25, 70, 80, and D0
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Figure 6. Variable temperatur®F MAS NMR spectra ofx PbR-d collected at-10, 25, 60, 80, 120, and 25C at spinning speeds 2@1 kHz.
20Ph decoupled® MAS NMR spectra are shown on the right for 25, 60, 80, and %20

the 297Ph decoupled® MAS NMR spectra. A summary of  a very small subset (0.5%) of fluoride-ions that are undergoing
the various concentrations and correlation times for different very fast exchanger{ = 2 x 1076 s), giving rise to the very
regimes of motion obtained from representative simulations of small sharp peak at39.0 ppm that is superimposed on the
the four samples are presented in Table 3. In cases wheremuch broader resonance. Figure 7a,b show3fRé decoupled
multiple regimes of motion were present, spectra were simulatedspectra ofo-PbF-1 spectra at 200C and the corresponding
by summing the contribution of each regime. The structural simulation, obtained by summing the contributions from the
implications of these models are explored in more detail in the three sets of fluoride-ions. At higher temperatures, the cor-
Discussion section. relation times of the mobile fluoride-ions decrease only slightly,
The a-PbF-1 sample can be described by one set of rigid but the concentrations of mobile fluoride-ions increases sig-
fluoride-ions at temperatures below 120, with a correlation nificantly.
time of =4.0 x 107*s. Attemperatures above 120, however, The variable temperature spectracePbFR,-2 can be simu-
multiple regimes of fluoride-ion motion are required to rational- lated with an extremely simple model, requiring only two
ize the spectra. The low concentration of mobile fluoride-ions correlation times at temperatures above 25 One set of
at 160°C made analysis of the mobile regime difficult, and, fluoride-ions (F(1) and F(2)) is rigid and has a correlation time
therefore, a simple model with two narrow distributions of of >5.4 x 10™* s (until 120°C), i.e., theJ-coupling is still
correlation times was used to simulate the spectrum. One setyvisible, but the concentration of this set of ions drops steadily
comprising rigid fluoride-ions (F(1) and F(2)), has a correlation with temperature. Clearly, we are not sensitive to correlation
time of =4.0 x 10 s, and the other more mobile set has a times of greater than 5,4 107 s with this method. The second
correlation time of approximately Z 107> s. At higher set of fluoride-ions, that gives rise to the resonance-39.0
temperatures, the number of mobile fluoride-ions increases, andppm and increases in intensity with increased temperature, can
the complicated line shape can be simulated, somewhat surprisbe fit well by a single Lorentzian line shape, suggesting that
ingly, with a model that contains only three correlation times. the mobile fluoride-ions which make up this resonance have a
A third correlation time was required at 20Q to account for narrow range of correlation times. Representative simulations
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Table 3. Line Shape Simulation Restits a. b.
sample temp°C) % of total F 7. (S)
PbR—-1 <120 100 >4x 104
160 87 4x 1074
160 13 2x 10°°
200 74.5 3x 10
200 25 2x 10°°
200 0.5 2x 10°¢ L . .
250 59 3x 10°° 8000 10000 15000 20000 25000
250 40.5 1x 1075
250 0.5 2x 1078
PbR—2 25 68 <5x10* c.
25 32 <2x10°
60 47 <5x10*
60 53 6x 1076
100 14 <5x10*
100 86 3x 107
PbR—w 25 100 3x 104
70 45 2x 104
70 55 3x 1075
80 30 2x 10 5000 7000015006 20000 25000
80 70 2x 107 He Hz
100 14 2x 107
100 86 2x 10°° e f.
PbR—d 25 87 3x 10
25 6 1x 10°°
25 7 3x 1078
60 81 3x 1074
60 14 8x 10°°
60 5 3x 10°®
80 66 2x 1074
80 20 8x 1076
138 %g gi igi 5030 100‘00 15‘;00 200‘66)_LZSOJBO 5000 10000 15000 20000 25000
Hz Hz
gg %’ i)x( igi Figure 7. 2°Pb decoupled® MAS NMR spectra (a, ¢, and e) and

corresponding line shape simulations (b, d, and f). Spectra are shown
2The percentage of fluoride-ions with corresponding correlation time for a PbR-1 at 200°C (a and b)a PbR-w at 80°C (c and d), andx
are listed at various temperatures. PbFR-d at 80°C (e and f). Simulations were performed by summing b.
three line shapes calculated with values fpof 2.5 x 1074, 1.6 x
are shown in Table 3. Fluorine exchange rates were also107°and 1.9x 10°°s, in the proportions 74.5:25:0.5, respectively, d.

calculated for the F(1) to F(2) jump process for rates close to tV;“)?'(iJn;OShapeS V;/_itth: 2-421 Xf lt(hT °s all_ndrc : 2.0x 1(tT 4S_itrr1] a ratioI .
the fast regime of motion by using eq 2. of 70:30, respectively, and f. three line shapes sets with correlation

9 y 9 €q timest. = 2 x 1074 8 x 10°% and 2x 10°° s in the proportions
66:20:14, respectively.

The line shapes observed farPbF-w resemble those af.
PbF-1 except that the onset of mobility occurs at lower
temperatures. Figure 8c,d shows the obsef¥&b decoupled 2.2 x 104 8 x 106and 2x 10°¢s. At temperatures above

spectra and the simulated spectraxoPbF-w at 80°C. The 140°C, only a single Lorentzian line with a single correlation
spectra were simulated by summing the contribution of two time was required to simulate the spectra. These simulations
regimes of fluoride-ions with; = 2.4 x 10> and 2.0x 104 provide an indication of the ranges of correlation times and the

s. Both regimes of fluoride-ion motion show a small gradual percentages of fluoride-ions with motion in the different regimes.
increase in their respective correlation times, as the temperatureqowever, it is clear that a more sophisticated model that takes
is increased. The fraction of the more mobile fluoride-ions into account a greater range of correlation times for the mobile
increases steadily until 14T, when only a single Lorentzian  fluoride-ions is required to fit the. PbF-d spectra in particular,
line is observed, indicating that 100% of the fluoride-ions are and the values quoted in Table 3 serve only as approximate
now exchanging between F(1) and F(2) with a narrow range of estimates of the fraction of ions with correlation times in the
correlation times. The difference in correlation times between different regimes of motion, at each temperature.
the fast and slower jumping fluoride-ions in regions where both  Two-Dimensional1°F MAS Magnetization Exchange NMR.
regimes are observed, is only 1 order of magnitudexfBbF-w 2-D 19 MAS magnetization exchange experiments were
anda PbR-1, if the very small component that contributes to performed ono. PbR-1 anda PbR-2, to probe the fluorine
0.5% of the intensity im PbF-1 is ignored. This is in contrast motion at longer time scales. Figure 8a,b shows the YD
to a PbR-2 where the correlation times span 2 orders of MAS magnetization exchange spectradoPbR-1 ando PbFR-
magnitude. 2, respectively, for mixing times of 14 ms; the 1-D slices through
The range of correlation times aPbF-d are similar to those  F(1) for a PbR-1 anda PbF-2 are shown in Figure 9 (parts a
of a-PbFR-2; however, attempts to fit the line shapes with only and b, respectively). Cross-peaks are observed between the
two components were less successful, and a third componentesonances at20.5 and-57.7 ppm indicative of magnetization
with an intermediate correlation time was required to improve exchange between fluorine sites F(1) and F(2), but the cross-
the fit of the line shape at39.0 ppm at temperatures between peak intensities are larger far PbF,-2 than fora PbR-1.
25 and 12C0°C. Figure 8d,f shows the observed and simulated Surprisingly, cross-peaks were not observed cinPbF-2
spectra ofa PbFR-d at 80 °C obtained by summing the between the resonance due to the mobile fluoride-ier89(0
simulations obtained with three sets of correlation times= ppm) and the rigid ions-20.5 and—57.7 ppm). Figure 10



19 MAS NMR Study of Fluoride-lon Mobility ia PbF, J. Am. Chem. Soc., Vol. 120, No. 5, 199577

=70

RS R AR RRRAS RAREE ARRR

-10

-30
-40 -30

)

&
<.

R R AR RS RAREE R

-10

RARARAS AR RAARS ARARE RARAE AREA

=10 -30 -3 -'a -5 -0 -7 -10 -20 =30 ’-l. -3 -60

Figure 8. 2-D magnetization exchange spectra obl@PbF-1 and b.a. PbR-2 collected at spinning speeds of 20 kHz with= 14 ms.

magnetization exchange o PbF-1 is dominated by a single
rate of exchange in the range of mixing times examined. The
exchange rate, can be deduced from the curve, giving a value
of k= 6.5 Hz.

The exchange of magnetization between fluorine sites F(1)
and F(2) may be due purely to spin diffusion (i.e., the transport
of spin polarization through a network of dipolar coupled spins)
or a combination of spin diffusion and fluorine chemical
exchange. The plot of cross-peak intensity ratiaa(— aas)/

(aaa + aag), versus mixing timetm, for oo PbR-2 can be fit
quite well with the biexponential functiony = 0.39 e 0-3% +
0.61 €901% Thus, the magnetization exchange can be, to a
first approximation, broken down into two rates of exchange:
approximately 39% of the fluoride-ions undergo relatively rapid
exchangek = approximately 170 Hz) which results in the intial
R S P P rapid growth in cross-peak intensity, and the remainder of the
e fluoride-ions undergo much slower exchange<7 Hz). The
Figure 9. 1-D slices of the 2-D magnetization exchange spectra shown rates of exchange for both PbR-1 ando. PbR-2 give the total
in Figure 8. Slices were taken paralleldq through the fluorine site rate of exchange due to either spin diffusion alone or a
F(1) for a.a Pbk-1 and b.o PbR-2. combination of spin diffusion and chemical exchange. Separa-
1.0 M tion of the contribution from the chemical exchange and spin

=4

0.90 prwrs TEE diffusion is extremely difficult. I_—|OV\_/ever, it is clear from the
~E e PhELI ] o PbR-1 data that the contribution to the total rate of
g 0804 : E magnetization exchange from spin diffusion is no more than
S o070 f E 6.5 kHz. Thus, we can estimate a lower limit for the rate of
E 0.60 £ E the more mobile component observed @OPbF-2 of Kyopile =
E : ] 163.5 Hz (i.e.monie < 6.1 x 1072 s). The rate of exchange
g 080 E of the rigid component is slightly faster for PbF-2 than for
~ o040 E o PbR-1, suggesting a lower limit for this exchange rate is 0.5

030 boilorile it I TTrm, Hz (i.e., Tiigia < 2's). An upper limit for the exchange rate of

0 10 20 30 40 50 7 Hz is calculated if spin diffusion is assumed to be negligible.

Mixing time (ms) _ _
Figure 10. The plot of cross-peak intensity ratio ata— aas)/ (aas + Discussion
ans), vVersus mixing timetm, for o PbR-1 and -2. Data are fit to single

(Pbi-1) and biexponential (Pb2) functions (see text). Purea PbF, is a moderate ionic conductor at room temper-

ature. Studies of the bulk ionic-conductivity and i€ NMR
shows a plot of the cross-peak intensity as a function of the static line widths ofo. PbF, suggest that fluoride-ion motion
mixing time, for the two samples. The data were plotted Occurs via a vacancy diffusion mechanifi. The 1% NMR
according to eq 6. In the case of simple two-site exchange, aspectra ofa PbR-1, —2, -w, and -d, presented in this paper,
plot of (@aa — aas)/(aaa + aag) versus mixing timetm, should provide a direct method of probing local mobilities and diffusion
yield an exponential curve, &™ from which the exchange pathways of the fluoride-ions in these samples.

rate,k, can be deduced. A rapid increase in cross-peak intensity XPS and electron microprobe elemental analyses®bF-1

is, however, observed far PbF-2 in the first 2 ms, followed (Aldrich 99+9%) showed that only lead and fluorine were
by a significantly slower increase in cross-peak intensity, which present, suggesting that PbF,-1 is free of extrinsic dopants
cannot be fit to a single-exponential function. In contrast, the and, thus, is likely to contain only intrinsic defects. THE
2-D spectra oft PbF-1 shows a much smaller build up of cross- NMR spectra show no rapid fluoride-ion exchange between or
peak intensity as a function of mixing time, which can be fitto among fluorine sites at moderate temperatures-(2D °C),

a single-exponential curvg = e 0-012% gyggesting that the  which is consistent witlx PbF,’s poor ionic-conductivities at
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these temperaturésFluoride-ion motion was not observed until
temperatures above 20C, where F(13>F(2) exchange was
observed. The absence of any other resonances that can be
assigned to interstitial sites is consistent with an anion-vacancy
diffusion mechanism for conductidnNo evidence for the onset

of rapid F(1y>F(1) or F(2¥>F(2) exchange was observed prior

to the onset of F(¥rF(2) exchange: onset of motion on either a
the F(1) or F(2) lattice, before F(@)F(2) motion would first "
be evidenced by a narrowing of the F(1)/F(2) resonance, the
removal ofJ-coupling, and at increased mobility, a reduction
in spinning sidebands. It, therefore, appears that the lowest
energy jump pathway i PbF, occurs via F(13F(2) jump
processes.

The predominance of fluoride-ion diffusion via F&F(2)
jump processes, rather than FEF(1) and F(23>F(2) jump
processes, can be rationalized by considering dh®bF,
structure. Figure 1%ac shows three orientations of thePbF,
local structure. Diffusion pathways can be rationalized by
connecting nearest lead atoms. This results in windows through
which the fluoride-ions can diffuse. The size of the windows
and their proximities to the fluoride-ions will be important in
controlling the activation energy and likelihood of the jump
processes. Figure 11a shows thBbF, structure viewed down
they direction. Lead and fluoride-ions are arranged in columns
down they axis. The lead atoms separated by 4.3 A or less
have been connected. The darkened+dadd bonds indicate
distorted square-shaped or tetragonal windows, which represent h-
the largest lead windows in tlee PbF, structure. All the other
lead windows in the structure are smaller and triangular in shape.
The arrows shown in the figure represent conduction pathways
through the tetragonal windows. These different pathways are
seen more clearly in Figure 11b, which shows a smaller portion
of the structure, that has been rotated by approximately 90
degrees about theaxis with respect to Figure 11a. There are
two types of vacancies in this structure. The first, which is
located on the other side of the tetragonal window from the
pentacoordinate fluorine site (F2), in the F(1) columns (as
viewed down they direction), is also pentacoordinated. The
other vacancy is tetrahedrally coordinated (cf. F(1)) and is
located in the F(2) columns (Figure 11c). Examining Figure
11b more closely, the—+Il and =1V jump processes begin
with a F(2) fluoride-ion first passing through the center of the
tetragonal window, into the pentacoordinated vacancy site, and
then through a smaller triangular window into a nearby F(1)
site. The V=V and Il (not shown) jump processes require
a jump out of the F(1) column, through a triangular shaped
window into the pentacoordinated vacancy site and then through
a tetragonal window to the next F(2) site. Three other possible
jump processes can be discerned in Figure 11bV III—VI,
and IV (=IV—VI). The -V (F(2)—F(2)), IV, and
II—VI (F(1)—F(1)) jump processes all occur by passing through
two small triangular shaped windows;>V and I—VI repre-
senting extremely long jump distances. Figure 11c depicts
another view of thex PbF, structure, showing the F2 columns.
The F(1) atoms in this figure lie above the plane of the lead
triangular windows (outside the F2 column). Two other possible
jump pathways (F(2rF(2) and F(13>F(2)) can be seen, which Figure 11. o PbF.z conduction pathways, constructed by cqnnecting
involve an initial jump into the vacant tetrahedral hole, through 'e2d atoms to their nearest lead neighborsa. BbF structure viewed
a triangular shaped window, followed by a second jump through downy axis, showing low energy F($)(2) conduction pathways:

. . ; . shaded leadlead connectivities indicate large tetragonal lead windows,
another_tnangular wmdo_w into the F(2)/F(l)_ site. Based only expanded view of F(1) columns, and c. expanded view of F(2)
on the size of the lead windows, the F#fj(2) jump processes  cojumns, depicting additional jump pathways.
that occur via one large tetragonal window, and through only
one triangular shaped window (i.es=1I—lIl, 11—V, etc.) close-packed structure. All these jumps occur between the F(1)
appear to be the easiest pathway for the fluoride-ions in the and F(2) sites, which is consistent with tHE NMR spectra,
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where no F(1)/F(1) or F(2)/F(2) motion is observed prior to at ambient temperatures. An increase in temperature, however,
the onset of F(2)/F(1) mobility. Conduction via two triangular provides thermal energy for the vacancies to diffuse farther away
windows, and presumably a higher energy pathway (i-e., |  from the potassium defects and creates more intrinsic defects,
V1=V —1V), is likely to be associated with longer correla-  both of which result in a gradual increase in the intensity of
tion times. However, this motion is required for conduction in the resonance at39.0 ppm. In addition, regions of the solid
two and three dimensions. containing lower concentrations of potassium dopants may start
A jump process ir. PbF, depends upon the availability of ~ to show mobility.
an adjacent vacant site. The predominant intrinsic defect in  Further evidence for vacancy-defect trapping or clustering
pureo. PbF; is likely to comprise a cation-vacancy accompanied comes from the room temperature 2-D magnetization exchange
by two anion-vacancies. Extrinsic defects, caused by, e.g., KF spectra ofx PbFR-2: cross-peaks are not observed between the
doping, comprise a cation defect{)Kand an associated anion-  resonance from the rapidly exchanging fluoride-ions and the
vacancy. Intrinsic defects are likely to be spread uniformly over resonances from the rigid ions, indicating a lack of chemical
the solid, andp. PbR-1, which should predominantly contain  exchange between the two domains in the solid. The number
intrinsic defects, shows a much narrower range of correlation of fluoride-ions that are initially in the mobile domain and that
times thano PbR-2, which contains extrinsic defects. As the migrate to the rigid domain during the mixing time is negligible
temperature increases, the concentration of intrinsic defectseven after long mixing times of up to 50 ms. It is difficult to
increase, and the anion-vacancies diffuse more rapidly through-rationalize this behavior, unless the mobile region is assigned
out the lattice, resulting in an increase in the intensity of the to an area in the solid with a relatively high concentration of
resonance at-39.0 ppm in the spectrum of PbR-1. The small  |ocalized defects and vacancies. The vacancies, and conse-
fraction of fluoride-ions in. PbF-1 (0.5%) seen in the spectra  quently the fluoride-ions, are mobile in an area surrounding the
acquired between 200 and 258@Q, that show much shorter  dopants, and the time spent by the vacancy in the dopant-free
correlation times, may result from a small concentration of region of the solid is minimal. The 39% of the “rigid” domain

extrinsic defects. of fluoride-ions that show the enhanced exchange rate, as
The potassium-doped PbF, samples all show increased determined from the 2-D NMR experiments of approximately

fluoride-ion mobility in comparison tax PbF-1, which is 164 Hz at room temperature may be at the interfaces of the

consistent with an anion-vacancy conduction mechanism. Themobile and rigid regions.

elemental analyses by electron microprobe and XR5FRiiF-2 The a. PbF-d anda PbR-w samples also show increased

show that this nominally pure material also contains significant fjyoride-ion mobilities over that of. PbF-1, consistent with
traces of potassium. The change in concentration with sputteringan increased number of vacancies produced from the extrinsic
time in the XPS results suggests a higher potassium concentragefects. Samples produced via the dry mettow®bR-d) are
tion at the surface. This is also consistent with the reported expected to contain a less even distribution of potassium
routes used to synthesize RbEommercially>* These all  throughout thex PbF lattice due to some incomplete mixing.
involve precipitation of Pbf-from soluble lead and fluoride  This is borne out in thé®F NMR from which correlation times
sources. Any potassium impurities in the reactants are likely for fluoride-ion motion, that differ by more than 2 orders of
to have a higher solubility than the lead reactants and prOdUCts-magnitude, can be extracted. Furthermore, at intermediate
Thus the potassium concentration is likely to be higher at the emperatures, the simulations of the spectra require at least three
surfaces of the precipitated PbF; particles. different correlation times to achieve a reasonable fit. In
The extrinsic doping on the surface of thd®bF; crystallites  contrast, thex PbR-w sample shows fluoride-ion mobilities
will lead to an increased number of vacancy defects. We characteristic of a more uniform distribution of potassium in
propose that the large variations in correlation times in these the lattice, the difference in correlation times between the rigid
materials are due to differences in vacancy concentrationsand mobile fluoride-ions only spanning an order of magnitude.
throughout thea. PbF, lattice. The observation of separate, The room temperatuf8F NMR spectra of the. PbR-w sample
narrow regimes of correlation times at intermediate temperatures,does not show a resonance-689.0 ppm, since rapid exchange
as opposed to a broad distribution of correlation times, suggestsat room temperature only occurs in regions of high potassium
that the anion-vacancies are not uniformly spread throughout content. The distribution of the potassium is presumably such
the solid but remain in close proximity to the cation-dopants that the vacancy defects must, on average, diffuse longer
(predominantly at the surface im PbR-2). For example, in  distances between potassium dopants. In contrasftoR-d,
the spectrum ofo PbR-2 at room temperature and above, the spectra can be fit with only two narrow distributions of
regions containing higher concentrations of cation dopants andcorrelation times at temperatures greater than 100 The
associated vacancies will lead to more rapidly exchanging exchange rates associated with both regimes slowly increase
fluoride-ions and will give rise to the resonance-&9.0 ppm. as the temperature increases, and, at high temperetBtg-w
Regions with fewer or no vacant F(1) and F(2) sites will be exhibits a single resonance-a89.0 ppm that can be fit with a
less likely to exchange rapidly and give rise to the resonancessingle Lorentzian line shape. The Lorentzian line shape signifies
at —20.5 and—57.7 ppm. that all the fluoride-ions are exchanging with a very narrow
Vacancy/defect clustering will result from the Coulombic distribution of correlation times, and the correlation time for
attractions between the oppositely charged vacancies and doparthe fluoride-ions at 250C can be calculated with eq 2 yielding
cations. Experimental and theoretical studies on clustered defecta correlation time of 6.18& 1077 s.
systems such as €aYxF.—x and other disordered ionic- The fluoride-ions associated with the regions of high mobility
conducting perovskite oxides have shown that clusters of defectsyg not exchange rapidly with those in the rigid regions, and we
in these systems exist and are thermodynamically sté#e.  propose that this is in part due to Coulombic attractions between
Regions of the lattice free from extrinsic defects remain rigid yacancies and dopants. However, large distributions in cor-
(ZL) Mark, H. F.; Mcketta, 3. J; Othmer, D. Encyclopedia of Chermical relation times are seen in the samples with uneven distributions
Technology Interscience Publishers: New York, 1970. of dopants, and it may be that this lack of exchange may result
(22) Hull, S.; Wilson, C. CJ. Solid State Chend.992 100, 101—114. from variations in the concentration of potassium between the
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different crystallites, as opposed to variations in the distributions surface or samples with uneven distributions of potassium
of potassium doping within the crystallites. Indeed, the behavior dopants are consistent with the localization, at low temperatures,
of oo PbR-d, where more than one correlation time was required of anion vacancies around the potassium dopants; this results
to model the motion of the mobile region at intermediate in fluoride-ions with two sets of correlation times for Ft)
temperatures, indicates that this may be an important factor. F(2) motion within the fluorine sublattice: one set of fluoride-
However, it is difficult to rationalize the variable temperature ions is essentially rigid, while the second more mobile set of
spectra ofa. PbFR-2, if this is the only cause of the lack of  fluoride-ions, near the dopants, have correlation times that are
exchange between domains. The intensity of the resonance ofapproximately 2 orders of magnitude shorter. Line shape
the mobile fluoride-ions increases steadily with temperature, but simulations allow approximate values for both the concentrations
at all temperatures the line width can be fit with a single and correlation times for the mobile and rigid fluoride-ions to
Lorentzian, indicating a narrow range of correlation times for pe extracted. 2-D magnetization exchange experiments provide
the mobile region. We do not see any evidence of the further evidence for the localization of the anion vacancies at
continuous range of correlation times that might be expected if jower temperatures. The two domains of rigid and mobile
the mobility depended on the total potassium content of the fluoride ions in the surface-rich potassium-doped sample do not
crystallite, and the variations in potassium content from crys- undergo exchange with each other, even after mixing times as
tallite to crystallite. We attempted to model thePbF-2 and long as 100 ms. The exchange rates among the rigid fluoride-
o PbR-d spectra with a Gaussian distribution of correlation jons of this sample are not, however, uniform but can be
times that might have been expected from this model, but we separated into two groups, with 39% of the rigid domain having
were unsuccessful in obtaining good fits to the spectra. an enhanced exchange rate. This enhanced exchange rate is
ascribed to fluoride-ions at the interfaces between mobile and
rigid regions. In the pure, or more uniformly doped samples,
1-D 1°F MAS NMR, collected at spinning speeds in excess the vacancies are more uniformly distributed over the solid even
of 20 kHz, ofa PbF, and potassium-doped PbF, allows the at low temperatures, resulting 1#F spectra with a smaller range
local motion of the fluoride-ions to be probed. In all the samples of correlation times for fluoride-ion motion.
examined, the spectra were consistent with lower energy |n conclusion, high speeF MAS NMR provides a novel
conduction pathways involving F(#)F(2) exchange, in COM-  method for probing mechanisms for motion at the atomistic
parison to either F(yF(1) or F(2y>F(2) jump processes. Close  jeyel, At the same time, the technique is also very sensitive to
examination of thea PbF, structure revealed a conduction  gistribytions in mobility across the whole sample. We are
pathway along thg-axis between F(1) and F(2) fluoride-ions ¢ rrently extending our 1- and 2-BF MAS NMR studies to
involving a jump through one tetragonal and one triangular e fiyorine ionic-conductors such as Phgwhere diffusion

window of lead atoms, which was proposed to be the easiest a5 are considerably faster and details of the conduction
conduction pathway for fluoride-ions through the solid. All - 1anism remain unresolved.

other pathways involve two consecutive jumps through trian-
gular lead windows.
The combination of one- and two-dimensiortdF NMR

Conclusions
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