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Abstract: Dynamic processes such as chemical exchange or rotations between inequivalent orientations
can affect the magic-angle spinning (MAS) and the multiple-quantum (MQ) MAS NMR spectra of half-
integer quadrupolar nuclei. The present paper discusses such dynamic multisite MAS and MQMAS effects
and applies them to study the dynamic processes that occur in the double perovskite cryolite, NazAlFs.
Dynamic line shape simulations invoking a second-order broadening of the central transition and relying
on the semiclassical Bloch—McConnell formalism for chemical exchange were performed for a variety of
exchange models possessing different symmetries. Fitting experimental variable-temperature cryolite
23Na NMR data with this formalism revealed that the two inequivalent sodium sites in this mineral undergo
an exchange characterized by a broad distribution of rates. To further assess this dynamic process a variety
of 27Al and °F MAS NMR studies were also undertaken; quantitative 2’Al—2°F dipolar coupling measurements
then revealed a dynamic motion of the AlFe octahedra that were qualitatively consistent with predictions
stemming from molecular dynamic simulations on this double perovskite.

1. Introduction and in assignment techniques, which have enabled a wider use

Solid state NMR spectroscopy offers a variety of approaches of this kind _Of nuclei in a variety of _applications_,. High-field
for the characterization of nanoscale dynamics. As extensiverStatIC experlments_as well as m"f‘g'c'angle spinning (M_AS)
discussed in the literatufe® dynamic processes can modulate measurements carried out alone or in combination with multiple-
in different ways the isotropic and the anisotropic components duantum (MQMAS) and satellite-transition (STMAS) spec-
of the NMR interactions, bringing about changes in the line TOSCOPies, have been particularly useful in advar;cmg a variety
shapes of NMR spectra and defining the nature of the nuclearf inorganic, bioinorganic, and material studiés? Most of
spin relaxation processes. These effects can be monitored as qusg investigations have been of a structural natl_Jre, and
function of temperature and, if suitably analyzed, can then be €latively few have focused on the effects that dynamics may
interpreted in terms of models yielding insight into the nature 'MPOse on the solid-state NMR line shapes of half-integer
of the dynamics. Nuclei with spin number= 1, deuterium in quadrupoles, particularly on central-transition second-order
particular, have long served as probes for studying dynamics duadrupole patterns. Yet dynamic processes can also occur in
in the solid phase thanks to the large quadrupolar anisotropiesa variety of solids, significantly a_lffectm_g their properties.
that characterize thef1® Recent years have also withessed a | N€ PUrpose of the present paper is to discuss how molecular
surging interest in solid-state dynamic NMR analyses based on™otions influence the NMR powder patterns arising from
the spectroscopy of half-integer quadrupolar nuclei possessingn@/f-integer quadrupole nuclei in MAS and MQMAS experi-
spin quantum numbets= 3,7~ This in turn has been brought ments. This insight is then exploited to investigate the dynamics

about by methodological advancements in spectral resolutionthat (_)cc_ur in the double perovskite cryolite. FoII(_)wing a
description of the structure and of some of the prior NMR
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temperature increases the rigid AlEnits begin to oscillate,
distorting the less rigid Nafoctahedra, widening the space
between the Na sites and allowing exchange to occur between
the two Na sites. lon motion has been detected®dia two-
dimensional magnetization exchange methods at temperatures
as low as 150C by Lacassagne et al.; motions involving the
AlFs®~ ions were also observed by one-dimensioA?F

and 27Al methods above 150C.2° This solid is thus an
interesting one to study both in terms of its own structure and
dynamics, and as a target for dynamic quadrupolar line shape
analyses.

2. Theory

Semiclassical Exchange Formalism Applied to MAS and
MQMAS NMR. We shall focus on solid-state NMR experi-
Figure 1. Structure of double perovskite cryolite, showing the corner ments with systems Fha.t are dgmlnated by a variety of first-
connected Al and Nalk octahedra and the Na2 sites located between and second-order spin interactions. A number of approaches
these octahedra. have been proposed to account for the effects that dynamics
may introduce on these couplings, and on the resulting NMR

work performed on cryolite and related systems, we present SPectra. Forthe purpose_of this discussion we find it_convenient

the relevant theory required to simulate the line shapes. Thesel©® extend the semiclassical BloeMcConnell formalisr#'22

are then used to interpret the dynamic behavior revealed by this'écently employed to analyze central-transition dynamie

mineral. 3/, line shape$,to the instance of rotating solids. The relevant
A variety of interesting and technologically relevant materials high-field Hamiltonian for the half integer quadrupolar nucleus

are derived from the prototype ABXperovskite structure, ~ was thus assumétp*

including the copper-oxide based high-temperature supercon-

ductors and electroceramits!® The perovskite structure is H= HS) + Hg%—# Hg) 1)

made up of corner-sharing BXctahedra, the A site occupying

the large eight-coordinated interstitial site between the connected i @ )

octahedra. In double-perovskites 88'Xe) such as cryolite, ~ Heré Hg' and Hg' are first- and second-order quadrupolar

Nap(NaAl)Fe, the structure now comprises alternating corner- €ffects

sharing Al and Nak (BXs and BXg) octahedra, the A site

being occupied by a second Na atom (Figure 1). The ratio HO = eQ ROB12— 11 + 1 2a

between the multiplicities of the eight-coordinated Na2 and the 202 -1k 2031z ~ 101+ 1] (2a)

octahedrally coordinated Nal site is 2:1. The mismatch in the @»_ 3 eQ 2 9 o )

radius of the A-cation and the size of the hole formed by the HS' = w—[m] {R, RL4I(1 + 1) — 812 — 1] +
[o]

corner sharing BXoctahedra leads to octahedral tilting, with
the Al-F—Nal bond angles dropping from an ideal value of R(z(z)z (Qz)|z[2|(| +1)—22—1]} (2b)
18 (in a cubic perovskite) to 142149 in the room temper-
ature cryolite phas&’ This results in the A and B sites
lowering their symmetries from cubic and octahedral to only - ) . )
an inversion symmetry, and a drop of the overall space group and the orientation dependence of the quadrupole interaction.
to P2y/n (monoclinic). Single crystal and powder X-ray dif- H‘Cl;in eq 1 is the usual chemical shift interaction Hamiltonian
fraction'¢17 as well as NMR studié& have investigated the  given to first-order by

potential atomic motions associated with phase transitions in
cryolite. These earlier studies have shown that a fluctuation-
induced first-order phase transition takes place-860 °C to
form a high-temperature cubic phase. According to NMR this
could arise from two coupled motions, involving a rotation of
the nearly rigid Al group, together with a displacement of
the Na2 ion in the cavity from its equilibrium positidf®
Indeed, according to Spearing et al., cryolite at ambient
temperature possesses no large amplitude motfdBist as the

whereeQ[21(2I — 1)h] and{ R} no,1.+2 define the strength

HEL= [oagoo + B @

ISO [

with giso as the isotropic chemical shielding aﬁé? as the
shielding anisotropy. These expressions can be used to calculate
arbitrary rotating frame frequencies within the quadrupolar
manifold; in particular the centraH¥, <= +1/,) and the triple-
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quantum {3/, <= +3/,) transitions evolution frequencies become ing sites, including for the case of MQMAS experiments the
central- (1Q) and triple-quantum (3Q) transitions, dhds an

Wyjper_1p = Oigeo + %BOR(Z%S + N x N matrix characterizing the Markovian exchange process
according to its topology and to its transition rates. The total

i(e—Q)2[4|(| +1) - 3)2RQ, RR + R, RY) (4) magnetizationM(t) can then be used to compute the free

20,\21(21 — DA - - induction decay (FID) measured experimentally, proportional

to the total magnetizatio®(t) = YL, Mj(t) = 1-M(t). In the
case of static solids, where the sites’ evolution frequencies are
constant, this FID function can then be formally expressed as

and

W3jpe—372 = 0isoo T \/éBoR(z%S +
S eQ _ Q RQ — 1.dio+1,
w0(2| o 1)h) {[410 + 1) — 19R?, RY + G(t) = 1" hw 8)
210 + 1) — "R, Ry (5) with W being a column vector representing the relative
populations of each site. For MAS and MQMAS experiments
Equations 4 and 5 can be used to account for the effects ofhowever the evolution frequencies(t) are rendered time-
chemical exchange or motions on MAS and MQMAS NMR  dependent due to the sample spinning, and an analytical
spectra, provided that their spatial components are expressedntegration of eq 8's exponent becomes unavailable. FIDs in
in some intermediate molecular or lattice frame (MOL) that is these cases were therefore computed by partitioning each rotor
common for all interconverting sites. Transforming the various period T; = 27/w, within the evolution/acquisition times into
tensorial components from their principal axis systems (PASS), \ intervalsAt < T, calculating a corresponding set of discrete
via this MOL intermediate frame and onward to the laboratory {jme propagators for the spins’ magnetizatitis) ~ exp{[ia-

(LAB) frame,_ can be_carried _out with the help of second-rank (t) + T1]-At}, and using the resulting propagators to derive the
Wigner rotation matrice8 defined by Euler angles. time-domain signal as

P (87 "
\ (@.0.9) Guadt = MAL) = L[| |U(t)]-W
I
7 R o) Guuomadt = MAL t, = MpAY) =
p;fr)n (asﬁ,Y) My M;
(-,.0,.0) 1[ I_|U3Q(tj)][ ﬂUlo(tk)]'W )
R, (ROT) ——> R()(L4B) (©) d ;

for the MAS and MQMAS experiments, respectively. In the
present study the calculation of the piecewise-constihj
propagator was carried out by diagonalizing the non-Hermitian
evolution matrixia(t)) + II for every crystallite orientation in
the powder; signals were then powder-integrated ovegail,¢)

Here @,0,¢) denotes a set of powder angles to be suitably
integrated over the solid sphere in order to describe all possible
orientations of the intermediate MOL frame with respect to the
spinning rotor (ROT), that is itself related to the LAB frame
through a € wt,0m,0) tranformation defined by the spinnin ) I
frequgncyw(r—ar;d tT1e)magic anglé, In the curreynt studs suchg Euler angles. Notice that due to their simplified nature, such
transformations were implemented numerically to calculate the S|mu_lat|ons paid no attentlon. to the excitation or conversion
time-dependent evolution frequencies from the various exchang-details of the 3Q coherence in the MQMAS experiméhts.

ing sites, located in different crystallites. Furthermore, and as described elsewhere in more detzi,

A stochastic dynamics between different exchanging sites will formalism cannot cope with the complete range of dynamic
change the local evolution frequencies experienced by the spinsquadrupole-driven changes. Still, it offers a simple route to
at each orientation, bringing about significant changes in the describing spectral effects when exchange rates are on the order
appearance of the powder-averaged MAS and MQMAS spectra.of the second-order quadrupole couplings, and is thus useful
To account for this process we relied on a simplified description on a wide range of scenarios including those found in cryolite.
arising from McConnell’'s semiclassical treatment of exchange,  Examples of Static, MAS, and MQMAS Dynamic NMR
which modifies the Bloch equations describing the time gpectra. Equipped with the numerical formalism just described
dependence of a magnetization vectd(t) possessingN  for analyzing multisite exchange in half-integer quadrupolar
elementsM;(t) corresponding to each of the exchanging sites, ncjei, we considered it worthwhile to examine some basic line
according té~° shape features introduced by dynamics. We begin by comparing

aMm . _ _ in Figure 2 the variations that static and MAS line shapes
e [io(t) + I]-M(t) (7) dominated by first-order shielding v&svis second-order qua-
drupolar interactions will display, for two sites undergoing a
where® is anN x N diagonal matrix comprised by the time- jump process between equally populated but orthogonal
dependent MAS precession frequencies of the various exchang-

(26) Marinelli, L.; Frydman, L.Chem. Phys. Lettl997 275, 188.
(25) Haeberlen, UAdvances in Magnetic Resonance, Supplemeklitdugh, J. (27) Friedrich, U.; Schnell, I.; Brown, S. P.; Lupulescu, A.; Demco, D. E.; Spiess,
S., Ed.; Academic Press: New York, 1976. H. W. Mol. Phys.1998 95, 1209.
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(A) First-Order (Shielding) Anisotropy (B) Second-Order (Quadrupolar) Anisotropy

Static MAS @ 10 kHz Static MAS @ 10 kHz
k =1000 kHz r)\\ A
k =100 kHz J& ’ k
k =5 kHz
ﬂ A u | k=1kHz M
g |
' 20 kHz 20

k =10 kHz /
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-40 20 KkHz 20 40-40 20 kHz 20 -40 - kHz 20 40-40
Figure 2. Comparison between the dynamic effects introduced by a two-site exchange process on the static and the MAS NMR spectra of (A) a central
transition line shape affected solely by first-order shielding anisotropy and (B) a central transition line shape affected solely by secaratinrfeteq
effects. In all cases spectra were computed for equal populations and different exchangemnatesnvoluted with an 800 Hz wide Lorentzian line shape
before presentatiorThe following parameters were assumed in the simulatidns: 5/, w¢/27 = 85.7 MHz, /27 = 10 kHz (for MAS), diso = 0 ppm,
Euler anglesy; = 1 = y1 = a2 = y2 = 0, f2 = 90. In additiondcs = —324 ppm,jcs = 0.24 for (A); 6qQ/h = 6.3 MHz, 70 = 0.1 for (B). As throughout
the rest of this work the electric field gradient tensor principal components were defin®jjas Vi =< [Vz4 with 770 = (Vyy — Vi)/Vzz anisotropic
chemical shifts were described accordingd@| < [0xx < [0z4, Ocs = 02z andncs = (Oyy — Ox)/0zz

=

b

:

orientations, as a function of the jump rd¢eShown on the scaling of the anisotropy. Similar simulations were repeated for
left-hand panels is the behavior displayed by sites dominateda variety of different exchange processes involving two-, three-,
by shielding anisotropy, and on the right-hand is that displayed and four-site jumps, as well as for quadrupolar asymmetry
by comparable second-order effects. The nonspinning spectraparameters ranging from zero to one. In all cases the line shapes
are characterized by differing line shapes due to the different showed a behavior that is qualitatively similar to that illustrated
spatial ranks involved in the first- and second-order effécts. on the right-hand side of Figure 2.

Even further differences arise when comparing the correspond- | some respects MQMAS can be considered to do for the
ing dynamic MAS line shapes: the second-order patterns exhibitsake of averaging away the anisotropies of half-integer qua-
only moderate dynamic changes, while the first-order ones grypolar nuclei, what MAS does on behalf of dilute spin
display significant broadenings in the center- and sideband peaksgjyen the significant interfering effects that dynamics has in
and a concomitant drop in absolute signal intensity. This {he |atter shielding scenario, strong dynamic effects can also
decrease in the maximum heights of the frequency-domain peaks,g expected to arise in the MQMAS spectroscopy of exchanging
has been described in the literature and is known to arise from g a4rupoles. Figure 3 considers with numerical simulations such
the destructive interference that dynamics exert on the MAS dynamic MQMAS case, presenting the expectations arising
averaging of shielding anisotropi€&:°By contrast there is little  ¢,0m two exchanging sites which have identical quadrupole
that MAS can interfere with in the second-order quadrupolar coupling parameters but tensorial PASs related by’a@@ation
case, where under normal conditions line shapes are dominatteqj‘Iong their mainv,, axes. It is clear by comparing this figure
by time-independent fourth-rank residual anisotropies. Conse-With its analogous static and MAS cases that exchange does
quently the differences with the static case are in this instanceindeed affect significantly the width (and the intensity) of the

minor, noticeable mostly as a slight broadening in the spinning MQMAS : :
. . . spectral peaks. As in the spifs dynamic MAS case
sidebands, and by a lengthening of the relevant NMR time scalethiS stems from the fact that MOMAS is based on a staged

(decrease in the relevant exchange rates) due to the MAS-dnvenrefocusing of the anisotropic dephasing, and any dynamic

(28) Maricq, M. M.: Waugh, J. SJ. Chem. Phys1979 70, 3300 process that changes the precession frequencies at a microscopic
(29) Schmidt, A.; Vega, SJ. Chem. Physl987, 87, 6895. level will therefore interfere with its coherent echo formation.
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Figure 3. Effects introduced by dynamics on the 2D MQMAS powder  Figure 4. ldem as in Figure 3I(= %>, wo/2r = 85.7 MHz, w,/2n = 10

NMR spectrum of a quadrupolar nucleus undergoing a two-site exchange kHz) but for the case of exchange among three inequivalent chemical sites
between different orientations, as a function of the exchangekrafbe possessing common parametgigQ/h = 4.5 MHz,77¢ = 0.1; and different

2D spectrum shows purely absorptive line shapes as a result of aparametersisos = 10 ppm,diso2 = 0 ppm,disor = —10 ppm, €&, B, y)1 =
hypercomplex combination of 3Q/1Q evoluti8hand has been sheared so  (0°, 125.3, 0°), (o, 8, ¥)2 = (0°, 125.3, 120°), (o, B, y)3s = (0°, 125.3,

as to reflect a purely isotropic spectrum along the horizontal and a MAS- 24(°) (Euler angles corresponding to an exchange abouCthaxis of a

like spectrum along the vertical dimensions. Simulation parameters included tetrahedron).

| = 5/2, wo/ZTE =85.7 MHZ,wr/ZTE =5 kHZ,éiso = 5032 Ncs = 0, Euler

anglesoy = f1=y1= 02 = y2 = 0°, B2 = 90°, €qQ/h = 4.5 MHz, 579 i ic ti ing i
= 0.1, and an 800 Hz Lorentzian line broadening. .to dISpla.y an array of dypamlc time scales, lead.mg in the
intermediate exchange regime to complex overall line shapes.

Figure 4 illustrates another case of interference between Still in the search for a single characteristic capable of
dynamics and MQMAS, this time involving a change in the Summarizing these various changes, we decided to focus on the

chemical environments of the sites. As expected, also in this Maximal MAS and MQMAS peak intensities, which we expect
case the line shape effects introduced by the dynamics aret0 decrease as the exchange rate hits the intermediate regime
significant; particularly along the indirect isotropic domain. and then return toward its initial value as the process becomes
Unlike the case of chemical exchange in isotropic phases, fast in the relevant time scale. Figure 5 summarizes for these
the line shape changes depicted in Figuregt 2will usually two experiments a series of results deriving from numerical
depend on multiple parameters besides the kinetic rate. Thesecalculations on a gump exchange model, which validate these
will include the exchange geometry, the sample spinning rate, “V"-shaped maximume-intensity vs rate expectations. These
and the strengths of the quadrupole and shielding anisotropies fesults also confirm that, due to its intrinsic echoing nature, 2D
etc. Furthermore crystallites in a powdered sample are expectedVIQMAS line shapes will have their signals more significantly

J. AM. CHEM. SOC. = VOL. 127, NO. 47, 2005 16705



ARTICLES

Kotecha et al.

€Qq/h = 6.5 MHz €Qq/h = 4.5 MHz

S 1.0g= 0 1

s R Sy 1 Z7

s RS &

> ~ N 4/

% ~ /,/

£ \

E v/

©

2041 / 0.1

[ \

S S L — ‘ ‘ T : T
O 102 10" 100 10" 102 10% 104 102 10" 10° 10' 102 103 104

k (kHz) k (kHz)

Figure 5. Log—log plots describing the intensity variations expected for
the center peak of an exchanging site undergoing jumps at & etteut
two orthogonal orientations, when subject to MAS and MQMAS experi-
ments. The variations arise from simulations under the following condi-
tions: | = 5/2, wo/2.7l’ = 85.7 MHz,01 = ﬂl =Y1=02=yY2= 0°, ﬂg =

90°, the indicated®?qQ/h values withyq = 0.1, and spinning rates,/2x
=5kHz (@, —), 10 kHz O, ---), 15 kHz @, — ).

affected than their 1D MAS counterparts, implying that the 2D

method is capable of providing both higher spectral resolution

as well as further dynamic insight than the simpler 1D
alternative.

3. Materials and Methods

To explore some of the predictions made in the preceding section,
a series of solid state NMR experiments were carried out on a cryolite

obtained from Aldrich Chemicals. While not in the spectrometer this

sample was mostly kept inside a desiccator to minimize possible

changes arising from sample hydration; during the NMR studies
humidity was avoided by flowing past the sample a thermostatized N
stream. All the®®Na NMR spectra presented in this work were recorded
on a laboratory-built spectrometer operating at 7.2%R4 frequency

= 79.88 MHz) utilizing a commercial Varian/CMX 4 mm probehead

capable of spinning samples up to 18 kHz, and a variable-temperature

accessory capable of heating samples up to ZaG’Al MAS NMR

were also recorded on this sample; toward this end a laboratory-built

spectrometer operating at 4.7 FAl frequency= 52.37 MHz) and a
4 mm Varian/CMX probe were used. To obtain the 2D MQMAS and

2D exchange sodium data, phase-sensitive acquisitions with sign

discrimination along both spectral dimensions were recoféiddhe

first of these experiments was collected using fast-amplitude modulation

for enhancing the 3@ 1Q transfer! the latter relied on the traditional

three-pulse sequence. In all experiments radio frequency fields in excess

of 100 kHz were used for spin excitation; no need & decoupling
was noticed in these fast-spinning quadrupolar acquisittSRSMAS
NMR experiments were also performed, on a CMX-Il 360 MHz
spectrometer at an operating frequency of 338.75 MHh wid mm
probehead. These spectra were externally referenced tg @RCbpm.

All dynamic spectra were simulated on an iMac G3 computer using
custom-written &+ programs. The hemispherical step method was
used for powder averagirf§and matrix diagonalization and inversion
routines were performed using the LAPACK linear algebra package.
For the calculation of distributed MAS spectra (vide infra) 10 to 12
points in log-Gaussiark-distribution curves were taken and their
resulting subspectra were added up. FoPtAENMR data, experiments
were fitted with simulations arising from SIMPSON calculatiGimsed
on the actual acquisition conditions. Libration angle calculations were
then done on the basis of these results using a custom-written MATLAB
program.

(30) Ernst, R. R.; Bodenhausen, G.; WokaunPAnciples of Nuclear Magnetic
Resonance in One and Two Dimensio@farendon: Oxford, 1987.

(31) Madhu, P. K.; Goldbourt, A.; Frydman, L.; Vega, Shem. Phys. Lett.
1999 307, 741.

(32) Eden, M.; Levitt, M. H. J. Magn. Reson1998 132, 200.

(33) Bak, M.; Rasmussen, J. M.; Nielsen, N. L.Magn. Reson200Q 147,
296.
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Figure 6. 23Na MAS NMR spectra of cryolite, NAIFs, recorded as a
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T
-50

4. Results

Dynamic 2*Na NMR of Cryolite: As an application of the
behavior described in the preceding section, we turn our focus
to the dynamic effects arising in the solid state NMR spectra
of cryolite, NaAlFe. The 2Na MAS NMR spectra of this
material contain two resolved resonances at room temperature
(Figure 6) centered at approximately 4 anfl ppm. These are
assigned to the Nal (octahedral) and Na2 (eight-coordinate)
sites, respectively. The larger chemical shift for the Nal site is
consistent with its smaller coordination number. The Na2 eight-
coordinate site has a largetfqQ/h value than that of the Nal
site (1.45 vs 0.9 MHz). These values were determined by
simulation of the MAS and MQMAS data (see below) and are
similar to those in a recent literature report (1.43 and 0.84 MHz



MAS/MQMAS NMR Spectra of Half-Integer Quadrupolar Nuclei ARTICLES

T=30°C T=130°C T=170°C
2.5+ 2.5+ 2.5+
S S = <
2.5+ 2.5+ 2.5+
25 Vs (kll"Iz ) 25 -2.|5 V2 (kIHZ) 2‘.5 25 v, (lez ) 25

Figure 7. %3Na 2D exchange NMR spectra of cryolite, recorded at the indicated temperatures. All spectra were acquired using 15 kHz MAS, a 40 ms
exchange time, and a purely absorptive echo/antiecho acquisition scheme based on phase cycling of the three-pulse sequence. The acqedifi@gs invol
scans pet; point ard a 3 srecycle delay.

for Na2 and Na¥); they are also consistent with the large Experimental Simulated
octahedral tilts of the corner sharing 8Enits seen at room
temperature, resulting in a distorted environment for the Na2
atoms. The resonances slowly merge into one peak as temper-
ature increases, consistent with the previous work of Spearing
et al’® This behavior is typical of sites that undergo an exchange
process at rates within the relevant NMR time scale. However,
even at the highest temperature a weak Nal resonance is still
observed, suggesting a distribution of correlation times. Cryo-
lite’s putative motions are explored in more detail by the set of
variable-temperature 2D exchang®a MAS NMR spectra
shown in Figure 7, which probe motion in a time scale governed
by the mixing time of the experiment. When considered in
unison with the data shown in Figure 6, the existence of a
thermally activated interchange among the two Na environments,
at rates that at 158C are on the order of 0-11 kHz, becomes
substantiated.

To obtain further insight into the rates of these dynamics,
the 2Na 1D MAS spectra recorded at 15 kHz as a function of
temperature were simulated using the approach described in
section 2. Figure 8 shows our best fit to the experimental spectra.
These line shapes could not be reproduced with a simple model
involving a single pair of forward/backward exchange rates.
Instead a broad distribution of exchange rates had to be assumed,
something that in turn hints to the presence of a distribution in
the activation energies that define the dynamic process and/or 30°C
a distribution in the number of defects across the solid. — —
Specifically, for the simulations shown in Figure 8, a log- -25  2Nashift 25 -25  2Nashift 25

—_ - - N N N
o 0] o] o N o]
o o o o o o
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Gaussian distribution of the exchange riataccording té (kH2 (kH2
Figure 8. Comparison between the experimental temperature behavior
(k/ko) observed in the?3Na MAS NMR spectrum of cryolite, and best-fit
P(In k) — 1 exd — (10) simulations calculated using the kinetic formalism described in the text.
0@ 202 These simulations were obtained by varying the mean exchangéorate

and the distribution in rates(eq 10; all in kHz) until observing an optimum

. . . match. Other parameters involved in these simulations Weré/,, wo/27
was used, wherk, defines the logarithmic mean value of the = — 79 88 MHz /2 = 15 kHz, (qQ/h); = 1.45 MHz, (€qQ/h), = 0.95

exchange rate while controls the width of the distribution.  MHz, g1 = 0.25,5702 = 0.5, 6is01 = —18 ppm,diso2= 2.5 ppm population
The effect of the various parameters on generic dynamic ;\2 ]'pt()%maﬁo?' (@ B, yh t: (0, 60, Ozltar_ld %,fﬂ. y)ﬁﬂz&)Ag(z. t180’)h

f . . e listed coupling parameters were obtained from ata, whereas
quadrUp_Ole MAS Ilne_shapes were eXtenSIVely explorgd, in the relative tensor orientations gave the best-fitted line shapes.
connection to the specif@Na NMR data recorded for cryolite,

simulations revealed that an increase in temperature resulted i”temperature23Na MQMAS spectrum, and no changes in the
only modest increases in the melayrate but caused a large,  gpeciral appearance were observed upon reducing temperature
sudden increase in thevalue at about 120C. all the way to—80 °C. By contrast at higher temperatures, and
As a complement to this MAS NMR analysis, Figure 9 shows i, the onset of the exchange process, a substantial broadening
representative variable temperature MQMAS spectra of cryolite. pegins to affect the high-resolution isotropic dimension. Yet as
The two different Na resonances are clearly resolved in the room,, o< the case for the MAS data. the MQMAS experiments reflect
a distribution of exchange rates by their lack of a well-defined
temperature at which the two isotropically resolved line shapes

(34) sSilly, G.; Legein, C.; Buzare, J. Y.; Calvayrac, $olid State NMR004
25, 241.
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(A) Experimental (B) Simulated
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;E? 25 Figure 10. Temperature-dependeffaAl NMR spectra of cryolite recorded
2 - b o] ®© at 4 kHz MAS illustrating a gradual, minor averaging of the satellite
2 N y) 4 transitions’ sidebands.
>-2.51 25
the AlFs units. These results suggest that the different dynamics
51 T T 51 of the AlRs groups may be responsible for the very different

N '2'5% ?kHZ)Z'E‘ 5 o2 (OkHZf-5 5 values of eqQ/h and asymmetry parameters measured by

Figure 9. Comparison between (A) the variations exhibited by 4fi¢a dlfferent. ,CO'WorkerS for materials with the same nominal
2D MQMAS NMR spectra of cryolite as a function of temperatures: and COMPoOsition.

(B) best fit 2D spectral simulations calculated using the theoretical formalism  1°F MAS NMR spectra were also acquired for the perovskite
described in t(;‘e Le_l"t and the ki?eltisckdésztr?#ggg3?;??:;?;2?;?;@:ssc?tfggi as a function of temperature (Figure 11). The chemical shift
were acquired while spinning a , e
(MAS) representation, and displayed at identical contour levels against the MOVES gradually to lower frequency as the temperature is raised,
normalized maximum intensity. The 2D simulations assumed the same With the intensity of the spinning sidebands gradually decreasing.
quadrupole and isotropic shift parameters as those in Figure 8 and involved Above 125°C the line width increases before decreasing again

propagating spins along both MQMAS time domains over 23866 points 5154y 200°C, where a Lorentzian line shape is now observed.
separated by 8.33s dwells under the conditions introduced in section 2, '

a Lorentz-Gauss weighting, and suitable Fourier/shearing transformations. 1€ smaller resonance at approximatel&lo ppm is ascribeq
2D line shapes arising from 18points of the kinetic distribution function to NaF, present as an impurity phase. The spectra are consistent

in eq 1(_) and the stated parameters (in kHz) were coadded to obtain theseyith motion of the AlRs units and with a reduction of the&F
simulations. homonuclear and of th&Al—19F and23Na—!°F heteronuclear
collapse. A distribution of kinetic rates therefore had to be dipolar couplings. The transient line width increase of e
invoked in order to suitably reproduce the experimental 2D resonance as temperature increases is likely associated with an
MQMAS NMR data sets; the parameters of such distribution inference between a motional process and the MAS-driven
ended up being remarkably similar to the ones arising from the averaging of the anisotropic interactions. As mentioned this

1D MAS NMR simulations. effect is largest when the rate of the motion is comparable to
27Al and %F Dynamic MAS NMR Behavior: To gain the sample spinning rate and to the strength of the spin
further insight concerning the relationship between #fi¢a anisotropieg8-3¢ which in this instance probably combine the

NMR behavior and motions in cryolite, the thermal libration 19 shift anisotropy together witR’Al—19F/°F—19F dipolar
of AlF¢ octahedra was explored usiRtAl and °F solid state couplings. Line broadening due to chemical exchange among

MAS NMR. At ambient temperature th¥F-decouplec?®Al inequivalent sites can be excluded since only one such site is
MAS NMR spectrum of cryolite shows a single chemical site, apparent in the spectra.
with a weak quadrupolar coupling constafQ/h of ~1 MHz 2TAl —19F Separated-Local-Field (SLF) 2D MAS NMR

(Figure 10). This value is within the very wide range of values Experiments: The relatively small nature and overall complex-
that have been reported in the literature, of between 0.6 and 2ity underlying the thermal changes shown by the ¥Rl and
MHZz.18.20.34.35The satellite-transition spinning sideband pattern
observed for this site decreases somewhat in intensity as(®%) Difken. P. J: Jansen, J. B.;gchuiling, R. D.Am. Mineral. 1992 77
temperature increases, consistent with an increased motion 0f36) Rothwell, W. P.; Waugh, J..S. Chem. Phys1981, 74, 2721.
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Experiment — SLFx2 Best Fit
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19F shift (ppm) Figure 12. lllustration of representative 2B7Al—'% amplified SLF

) . . . experiments employed to retrieve the temperature dependence exhibited
Figure 11. Variable temperatur€F MAS NMR spectra of cryolite acquired by the dipolar coupling between these nuclei. Experiments were carried
at a spinning speed of 20 kHz. Spinning sidebands (**") and a NaF impurity oyt using the pulse sequences introduced in refs 42 and 43 under 10 kHz
are marked on the room-temperature spectrum. MAS; 2D 27Al-based spectra recorded as a function of temperature for

amplification factors of 2, 4, and 8. All data were subsequently simulated
19 MAS spectra between room temperature and°Z5(revent as described in the text to obtain an average coupling as a function of

an assessment of the presumedgAtfotions that originate them. ~ temperature (Figure 13).

In consequence we decided to further refine these dynamic solid-,o average?’Al—19F dipolar couplings as a function of
state NMR measurements, by monitoring the effective strength (o mperature. The experimental results confirm that, as temper-
displayed by the A-F dipolar couplings as a function of 4 e increases, th&’Al—19F average dipolar coupling is
temperature. According to single-crystal dathe Al=F dipolar reduced. Assuming a model for this weakening in the coupling
coupling characterizing cryolite’s octahedral sitesiS kHz, & ¢4id enable one to extract further insight on the motion of the
fairly small number even in the absence of dynamics. To Monitor p|e octahedra. As usual, however, ambiguities arise from the
the effective aluminumfluorine dipolar couplings, amplified 5t that several different motional models can be assumed to
2D separated local field (SLF) NMR experiments under the g ,ccessfully reproduce the thermal variations observed in the
a(?thn o'f fast MAS (which is in turn desirable fpr the simple experimental NMR spectra. For the sake of simplicity we
elimination of the homonucleat®—1% couplings) were  yecided to adopt what is arguably the simplest of all dynamic
recordec?®**In such SLF MAS experiments rotor-synchronized  ,oqels, consisting of a librational motion where all AlBck
pulses were applied to achieve a net heteronuclear dipolaryihin igentical square-well potentials as rigid octahedral bodies

tlaglo!ution with variable amplification factorsN of the #’Al — (Scheme 1). Such a model was then used to estimate variations
F interaction along the indirect domain42 SLF, x4 SLF, in the effective?’Al —19F dipolar tensor in terms of the averaging
and x8 SLF)04! followed by observation of aluminum’s process

central-transition{ 1%} -decoupled evolution along the direct

domain?243 Such measurements were carried out at a 10 kHz SN

MAS spinning rate and repeated as a function of temperature. Dy = /d@P(@)D;(Q) (11)
Figure 12 shows representative experimental dipolar MAS \whereP(Q) denotes a square-well-type librational distribution,

sideband patterns retrieved from these 2Bl SLF NMR and the averaging assumes that the rocking motion occurs so

results, together with best-fit simulations aimed at quantifying fast that it only affords an exchange-averaged value. This model

also employed as starting point a prototypical “static™—/#l

(37) Hawthrone, F. C.; Ferguson, R. Ban. Mineral.1975 13, 377.

(38) Munowitz, M. G.; Griffin, R. G.; Bodenhausen G.; Wang T. H.Am. dipolar couplingD, ~ 3.35 kHz, which was the value extracted
Chem. Soc1981, 103 2529. —80° in si i

(39) Schaefer, J.; McKay, R. A.; Stejskal, E. O.; Dixon, WJTMagn. Reson. at .80 C from re.fere.nce SLF data. Spin S.Irnmatlons were then
1983 52, 123. carried out considering the central transition of #al as a

(40) Hong, M.; Gross, J. D.; Rienstra, C. M.; Griffin, R. G.; Kumashiro, K. K.; i ~titi inl i i i _ i i
Schmidt-Rohr. K.J. Magn. Resonl997 129, 85, fictitious spin /,, placing all six dipole-coupled neighboring

(41) McElheny, D.; DeVita, E.; Frydman, L. Magn. Resor200Q 143 321. 1% in a symmetric octahedron, and neglecting homonuclear
(42) Grinshtein, J.; Grant, C. V.; Frydman, . Am. Chem. S0@002 124 19F—19F couplings in view of the relatively fast MAS rates and
(43) Grinshtein, J.; Frydman, LJ. Am. Chem. So@003 125, 7451. short evolution times involvet?t With the help of all these
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Scheme 1 (A) Temperature-dependence; dipolar coupling
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Figure 13. (A) Temperature dependence extracted for the average
assumptions and relying on results frooN SLF experimental 27Al—-1%F dipolar couplings from 2¥’Al—19F SLF experiments of the
data (Figure 13A), one can then estimate the average activationkind illustrated in Figure 12. (B) Total libration angles calculated from the
of an AlFs octahedral libration as a function of temperature. 2 e a9¢ dipolar couplings in (A), calculated with the help of a dynamic
8 A ‘ o p *  model whereby the Alfoctahedron oscillates isotropically about its vertices.
These total libration angles (Figure 13B) indicate a marked

increase in the local mobility above 12C, at a similar stage  synthetic sample, these are unlikely to produce Na vacancies
where the noticeable increase in line width was shown by the ynjess such O-incorporation is associated with the presence of
1D L\QAS traces and where extensive dynamics were revealed gqgitional Al. Nal/Na2 exchange in a perfect lattice should
by the*Na 2D MAS exchange spectra. therefore be associated with large activation barriers and
5. Discussion probably involve a concerted process; consequently Na motion
. . . . . in the pure material is not expected to be significant at moderate
23A Solids NMR Perspective of Motions in Cryolite. Our o neratures. And yet, given the small NaF impurity evidenced
Na NMR experiments indicate that, whereas a marginal p he19F MAS NMR spectra, it is conceivable that our sample

exchange happens between cryolite’s Nal and Na2 sites up t0;qiained additional A dopants present on the Nal site. Each
about 100°C, this becomes fairly rapid and extensive at higher s+ dopant would result in two Navacancies, presumably

temperatures. Ou(:r results gre qualitatively similar to those of on nearby Na2 sites, explaining the higher mobilities and the
Lacassagne et at,who estimated from 2D NMR a rate for distribution in rates that we observe experimentally. This
the exchange between Nal and Na2 at 2D0f approximately suggestion is consistent with the NaRIF; phase diagram,

1 . . .
353 s for their (natural) cryolite sample. Speanrlg et al. \yhich shows that samples with the cryolite stoichiometry,
obtained a rough estimate for the exchange rate at*C00f prepared from the melt or guenched from elevated temperatures,

approximately 0.13 kHz for their synthetic cryolite, but no iy jikely comprise a NaF-deficient cryolite plus a small amount
attempt to simulate the 1D spectra was m&dEhese authors of NaF#647 Dewing has argued that the NaF deficiency in

also investigated a natural sample of cryolite, which showed cryolite is accommodated by the formation of AtFions, and
considerably slower motions in the 12030 °C temperature of two further Na& vacancies per AIF ion47 This mechanism
range as measured by thidla static line widths. A remarkable 4 also account for the higher Naonductivity seen in our
feature of the system that we analyzed was the large distribution ) a4aria) in comparison to that of the natural sample. We have
in rates that could be measured for this exchange processggen no evidence for the AfFion in the2Al and 9F NMR
Distributions in rates might also have been present in samplesgyecirg suggesting that this is not the major defect-formation
investigated by other workers; however, it is difficult to estimate mechanism, but we cannot exclude the possibility that this ion
the size of these distributions unless careful simulations of the ;¢ present in very low concentrations

spectra are performed. We have previously observed large Our 9 MAS NMR spectra reveal a broadening of the MAS

e o Sl e e ot e ne withs t approximaly 20 lwed by 3 decrease
stitials. with more rapid motion occurring nearby the defébte line width and significant sideband attenuation by 2680 Prior
’ P 9 y : static®F NMR work by Spearing et al. on a synthetic cryolite

Thus, we think it likely that our synthetic sample of cryolite . ; 7
. S . . also revealed a dramatic narrowing of the static line shape above
also contained significant concentrations ofdefects. Cryolite per o i : . .
100°C, in comparison to the room-temperature line width (60

se does not contain any large vacancies in the structure; indeed,
although oxidation-induced defects may be present in this

(46) Solheim, A.; Sterten, A. Proc. 9th International Symposium on Light Metals
Production, Tromg - Trondheim, Norway, Aug. 18tl1th, 1997; pp 225

(44) Wang, F.; Grey, C. RChem. Mater1997 9, 1068-1070. 234.

(45) Wang, F.; Grey, C. Rl. Am. Chem. S0d.998 120, 970-980. (47) Dewing, E. W.Metal. Mater. Trans1997, 28B, 1299.
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kHz).18 Lacassagne et al. used a slow MAS speed of 5 kHz to the tilt direction, the system maintaining a distortion from cubic
investigate their natural sample of cryol#&They observed a  symmetry to monoclinic an®3c symmetry for NgAlFg and
broad line shape (spreading over 75 kHz) at room temperature,AlF3, respectively*®50 Slow reorientational motion of the A§-

as well as two features within the line shape which were ascribed units occurs in this range for cryolite, within the time scale of
to different crystallographic sites. Consistent with our study and the MD simulations. (2) More recent MD simulations suggest
with that of Spearing et at8 a collapse of the broad line shape that at intermediate temperatures a motion involving a switch
was observed above 15, and at 300°C only a sharp between the tilt directions of the BFoctahedra can occd?.
resonance with weak sidebands remained. Based on our fas{3) At higher temperatures, rapid, complete reorientations of
MAS spectra, it is clear that all the different fluoride-ion the AlFs octahedra take place. The phase now appears cubic
crystallographic sites in cryolite give rise to resonances with on average, although a snapshot of the structure would reveal
very similar chemical shifts, and thus the features seen in thesebent Al-F—Na bonds. (The latter motion is not observed in
slow MAS and statié®F NMR experiments probably arose from  AlF3, since there are no weak-8 bonds. In this system, the

a combination of the dipolar and shielding anisotropies, and phase transition to a cubic structure occurs due to complete,
not from different crystallographic sites. Yet all th& NMR 360" rotation about the AFAIl internuclear vectoP? The
studies provide strong evidence for an &F motion that isotropic rotation of the Alf groups in cryolite results in an

by 300°C involves a nearly isotropic rotation of the units, at increase in the volume available for Na2 in the cavities, and
least within the time scale probed by tA& MAS NMR thereby in a rapid increase in the Nallla2 exchange rate at
experiments. the onset of this motion.

Our 27Al 2D SLF experiments also indicate a rapid onset of ~ Since our material remained monoclinically distorted through-
the AlRs rocking motions above 120C. Within the constraints ~ out the explored temperature range, our experiments should only
of the SLF experiment and of the rocking octahedron model probe the first two of these motional regimes. Experiments are
assumed (Scheme 1), Alinits appear to be executing fairly ~ then in qualitative agreement with the MD calculations at
large amplitude motions already at 29D. The SLF2’Al—19%F ambient temperatures and allow for a quantification of the
data reveal that these motions are not yet isotropic at this average Al-F librational angle, which is found to increase with
temperature as residuEAl —19F dipolar coupling remains; yet ~ temperature. Upon making a detailed comparison with the MD
the extent of the libration is definitely consistent with tHe simulations, however, it is important to remark that due to their
MAS NMR behavior. Unfortunately, the inherent limitations inherent nature SLF experiments are more sensitive to the extent
of the 1D19F MAS and the 2D*’Al SLF experiments prevent  than to the time scale or microscopic details of the motion. At
us from quantifying further details of this A{F dynamics, this point, therefore, it is difficult to pinpoint to what extent
including the exchange rates involved and their distribution over are fast librational motions of the A{F octahedron visrvis
the sample. Still, it is worth remarking that the onset of the slower reorientations and/or switchings of octahedral tilt direc-
AlFg3~ motion occurs within the same range as the onset of tion* responsible for the experimental changes observed by
sodium exchange, and that the extent of &fFlibration and ZIAl NMR, particularly when considering th®F MAS data
the average Na exchange rate increase together as temperatuigesented here and in earlier studig&} which confirm that
is raised. Furthermore, the rapid spread in the distribution of slow AlFg3~ reorientational motions do occur in this regime.
23Na exchange rates that occurs in this temperature regimeThe Na exchange, which is seen experimentally but not
suggests that both a defect (e.g., a vacancy) and the presencpredicted in this temperature regime by the MD simulations, is
of AIFg3~ motion are required for increasing the Nanobility probably reflecting the presence of defects in our synthetic
in this temperature range. All of this suggests that the two cryolite samples. The presence of such defects may also affect
motions detected by the various dynamic solids NMR methods the extent of Alls®>" librations; all of this highlights the care
employed in this study, one concerning the &iFoctahedra that should be exercised upon comparing simulations for ideal
and the other an exchange between sodium sites, are actuallynaterials with experimental results from real samples.

correlated. 6. Conclusion

Molecular Dynamic Simulations. To get further insight into . .
. . . The study of dynamics is clearly one of the important research
the meaning of these NMR results, a series of comparisons were

. ; . . ) avenues opened up by methodological developments in half-
made with molecular dynamics (MD) simulations carried out intecer. solid-state quadrunolar NMR. In this paper we have
for cryolite and related system$4950Such MD simulations ger, q P ' bap

suggest that, for a defect-free system possessing aB(Na,AI)Ffocused on 1D MAS and 2D MQMAS dynamic spectra,

. . simulated with the help of a semiclassical McConn@loch
framework, three types of motions will be present: (1) At low . . oo
o . . exchange formalism. It stems from these investigations that
temperature, the motion involves a rocking of the tilted corner-

shared octahedra about the-Ala interatomic vectors. (This gﬂagﬂrﬁii':lr':g F: I\?I),(Apse :::322;3 z;[?:nsfg\a/\znbeton:r?;?r Zﬁ?:ol?r\ge i::cf
motion has also been revealed by MD simulations fors&fF y 9 g P

which is known to adopt a related Rg6tructure where the A echoing characterlstms. _Th|s ba_ckgrou_nd was then used 1o study
. . . ... _the behavior of synthetic cryolite, which is complex and not

sites in the perovskite structure are empty and the B site is easily amenable to understanding from a single set of spectro-

occupied by Al). The Al octahedra remain tilted at room y 9 g P

X copic measurements. Experimental 1D MAS, 2D exchange,
temperature and the rocking of these octahedra does not affecgnd 2D MQMAS?3Na dynamic spectra were then recorded and

analyzed and compared with ancilld§F MAS and?’Al—1°F

(48) Castiglione, M. PhD Thesis, University of Oxford, 2001; Castiglione, M.;

Chaudhuri, S.; Madden, P. M., unpublished. 2D SLF dipolar coupling measurements performed at different
(49) Foy, L. Part Il Thesis, University of Oxford, 2004. ; i
(50) Chaudhuri, S.; Chupas, P.; Wilson, M.; Madden, P. A.; Grey, . Phys. Femperaturgs_. The NMR r_esults suggest that synthetic cryolite

Chem. B2004 108, 3437. is NaF deficient. This will result in the presence of Na
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