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ZTAl and Na NMR satellite transition spectroscopy and 3Q magic-angle-spinning spectra are recorded for three
compounds from the ternary NaF—CaF,—AlIF; system. The quadrupolar frequency vq, asymmetry parameter #yq,
and isotropic chemical shift dis, are extracted from the spectrum reconstructions for five aluminum and four sodium
sites. The quadrupolar parameters are calculated using the LAPW-based ab initio code WIEN2K. It is necessary to
perform a structure optimization of all compounds to ensure a fine agreement between experimental and calculated
parameters. By a comparison of experimental and calculated values, an attribution of all of the 2’Al and *Na NMR
lines to the crystallographic sites is achieved. High-speed °F NMR MAS spectra are recorded and reconstructed
for the same compounds, leading to the determination of 18 isotropic chemical shifts. The superposition model
developed by Bureau et al. is used, allowing a hijective assignment of the °F NMR lines to the crystallographic
sites.

Introduction to the corresponding crystallographic sites. One strategy to
solve this problem is to precisely calculate the chemical shifts
and quadrupolar parameters. This has led, in the past few
years, to the development of calculation tools, using either

Thanks to recent important technological and method-
ological improvements such as high-speed magic angle
spinning (MAS) and high-field, multiquanta MAS_ (MQ—_ semiempirical or ab initio approaches.

MAS)., we are now able to accurately extract isotropic |, ihe case of quadrupolar nuclei, ab initio codes (WIEN2K,
chemical shifts and quadrupolar parameteygquadrupolar ADF.2 VASP3* PARATECS etc.) are able to provide
frequency) andjq (asymmetry parameter) from the recon- guadrupolar parameters from structural data with good

struction of experimental NMR spectra, even for m_ult|5|t_e accuracy. The WIEN2k code was proven to be very efficient
compounds. At present, one of the challenging tasks in solid-

state NMR consists of assigning the NMR resonance lines (1) Blaha, P.; Schwarz, K.; Masden, G. K. H.; Kvasnicka, D.; Luitz, J. In
WIEN2k. An Augmented Plane Wéat Local Orbitals Program for
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and reliable®~18 A key step in the success of these calcula- WIEN2k! code to calculate the quadrupolar parameters of
tions is the optimization of the structures: the atomic these nuclei. A comparison between calculated and experi-
positions of the atoms are adjusted, keeping the cell mental values is done, and all of tR&Al and 2°Na NMR
parameters unchanged, until the forces acting on the atomgesonances are assigned to the crystallographic sites. In a

are minimized. This optimization step is especially important second part!®F NMR isotropic chemical shifts)s, are
for compounds whose structures were determined from determined from the reconstruction éfF NMR MAS

powder diffraction datd’”~2° Finally, by a comparison of

spectra. Then, we make a first assignment of the NMR lines

experimental and calculated data, a bijective attribution of to the crystallographic sites using the superposition model,
the NMR resonance lines to the crystallographic sites canas was initially proposed by Bureau et?alThe agreement

be achieved.

is better when using the structures of the compounds

19F NMR isotropic chemical shifts can be calculated thanks optimized with the WIEN2k code.

to a semiempirical superposition model developed by Bureau

et al?* This model was built for purely ionic fluorides. It

Materials and Methods

assumes that each cation surrounding the studied fluorine Synthesis.Three compounds were observed in the NaF

anion contributes to th&®F NMR isotropic chemical shift.
Body et al.2? by refining the model on compounds from the
binaries Cak—AlF3; and Bak—AlF3, have previously shown
that it can be predictive??

CaR—AlF; ternary system: N&aAloF14,22 Na;CaAl7F33,2° and
two polymorphica and 8 forms of NaCaAlfk.2425

AlF3, NasAl3F14, and NaCaAl oF14 always remain as impurities
in Na,CaAl7F33. This compound was not included in our study.

In this work, we propose an application of these methods Actually, the Al; **F NMR resonance line matches one of the

to three compounds from the ternary NaBak—AlF;
system: NaCaAlF14,2% a-NaCaAlR,?* andS-NaCaAlRs.2

In a first step, the experimental quadrupolar parametgrs
andnq of 2’Al and *Na are extracted from the reconstruction
of 3Q-MAS?627 and SAtellite TRAnsition Spectroscopy
(SATRASY®?® NMR experiments. Next we apply the
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2001 28, 67—75.
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(10) Bastow, T. JChem. Phys. LetR003 380, 516—520.

(11) Bastow, T.J.; West, G. W. Phys.: Condens. Matt@003 15, 8389
8406.

(12) Corti, M.; Gabetta, A.; Fanciulli, M.; Svane, A.; Christensen, N. E.
Phys. Re. B 2003 67, 064416.

(13) Silly, G.; Legein, C.; Buzarel.-Y.; Calvayrac, FSolid State NMR
2004 25, 241-251.

(14) Zhou, B.; Giavani, T.; Bildsoe, H.; Skibsted, J.; Jakobsen, Bhém.
Phys. Lett.2005 402, 233-238.

(15) Hansen, M. R.; Madsen, G. K.; Jakobsen, H. J.; Skibstel,RPhys.
Chem. A2005 109, 1989-1997.

(16) D’Espinose de Lacalillerie, J.-B.; Barberon, F.; Romanenko, K. V.;
Lapina, O. B.; Le Polls, L.; Gautier, R.; Gan, ZJ. Phys. Chem. B
2005 109, 14033.

(17) Body, M.; Silly, G.; Legein, C.; Buz&rd.-Y.; Calvayrac, F.; Blaha,
P.J. Solid State Chen2005 178 3637-3643.

(18) Body, M.; Silly, G.; Legein, C.; Buzard.-Y.; Calvayrac, F.; Blaha,
P.Chem. Phys. LetR006 424, 321—326.

(19) Brazdova, V.; Ganduglia-Pirovano, M. V.; Sauer.JPhys. Chem. B
2005 109, 394-400.

(20) Hansen, M. R.; Madsen, G. K. H.; Jakobsen, H. J.; Skibst&d?Hys.
Chem. B2006 110, 5975-5983.

(21) Bureau, B.; Silly, G.; Emery, J.; BuZark-Y.Chem. Phys1999 249,
89-104.

(22) Body, M.; Silly, G.; Legein, C.; Buzéard.-Y.Inorg. Chem2004 43,
2474-2485.

(23) Courbion, G.; Ferey, Gl. Solid State Chenl.988 76, 426-431.

(24) Le Bail, A.; Hemon-Ribaud, A.; Courbion, Gur. J. Solid State Inorg.
Chem.1998 35, 265-272.

(25) Hemon, A.; Courbion, GJ. Solid State Chenml99Q 84, 153-164.

(26) Frydman, L.; Hardwood, J. S. Am. Chem. S0d.995 117, 5367
5368.

(27) Medek, A.; Hardwood, J. S.; Frydman, L. Am. Chem. Sod.995
117,12779-12787.

10216 Inorganic Chemistry, Vol. 45, No. 25, 2006

compound lines, which is a hindrance to accurately determining
the relative intensity of this peak. Moreover, in this compound,
one sodium cation and one fluorine anion have a site occupancy
equal to 0.33 and 0.25, respectivétyyhich prevents us from doing

ab initio calculations.

Na,CaAl -F142 anda-NaCaAlR?2* were synthesized from solid-
state reaction of stoichiometric mixtures of NaF, gaind AlR;
in sealed platinum tubes. With these starting materials being
moisture-sensitive, all operations of weighing, mixing, and grinding
were done in a dry glovebox under a nitrogen atmosphere. The
corresponding stoichiometric mixtures were heated at €or
12 h for NaCaAlF142° and at 69C0°C for 8 days fora-NaCaAlF;
and naturally cooled. The purity of the obtained phases was checked
by the X-ray powder diffraction method. Cals present as an
impurity in Na,CaAl ;F14.

p-NaCaAlR was obtained from hydrothermal synthesis. £aF
and NaAl3zF,4 are present as impurities.

2. NMR Experiments. 27Al (1 = %,) and?Na (I = %,) NMR
SATRAS spectra were recorded on an Avance 300 Bruker
spectrometer (magnetic fieBy = 7 T) using a cross-polarization
(CP) MAS probe with either a 4-mm rotor (spinning frequency
up to 15 kHz, adapted for smatk) or a 2.5-mm rotor (spinning
frequency up to 35 kHz). Under this magnetic field, the Larmor
frequencies of’Al and ?°Na are 78.2 and 79.4 MHz, respec-
tively. A 1 M solution of AI(NG;); and a 1 Msolution of Na-
(NO3); were used as external references f@Al and 23Na,
respectively. The linear regime was ensured by using a short pulse
duration (1us) and a low-radio-frequency (RF) field strength (26
kHz) for both quadrupolar nuclei. The recycle delay was 1 s.
Between 4096 and 18 432 free induction decays (FIDs) were
accumulated for thé’Al NMR spectra, and between 10 240 and
32 768 FIDs were accumulated for thia NMR spectra. Under
these experimental conditions, the relative peak intensities are
quantitative. The reconstruction of the SATRAS spectra was
achieved using a homemade FORTRAN 95 code based on the
theoretical treatment of SATRAS NMR spectra developed by
Skibtsted et at®3° and lately corrected-32 The parametersiso,

v, andnq are extracted from the reconstruction. When several

(28) Skibsted, J.; Nielsen, N. C.; Bildsoe, H. J.; Jakobsen, B. Mlagn.
Reson.1991, 95, 88—117.

(29) Jaer, C., Blumich, B., Eds.Solid State NMR |l Springer-Verlag:
Berlin, 1994; p 133.
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Table 1. Space Groups of the Studied Compounds and Numbers of
Fluorine, Aluminum, and Sodium Sites

space
compound  group F Al Na
NaCasAloF14 1213 3 (24c, 24c,8a) 1(8a,3) 1(8a, 3)
o-NaCaAlls  P2i/c 12 (4e) 2 (4e, 1) 2 (4e, 1)
p-NaCaAlls  P321 3 (6Q) 2 (1a,32;2d,3) 1(3f,2)

aThe Wyckoff multiplicities of the fluorine sites are indicated in
parentheses. The Wyckoff multiplicities and site symmetries of the
aluminum and sodium sites are indicated in parentheses.

aluminum or sodium sites are present, 3Q-M2Z experiments
were performed prior to the SATRAS spectra. We used the three-
pulsez-filter33 sequence and synchronized the experiment with the
spinning rate (25 kHz). Signal acquisition was done using the States
proceduré? Pulse durations to create the triple quantum and the
conversion were respectively taken to 2.3 andgs8or 2’Al and

2.8 and 1.1us for2°Na with a RF field of 188 kHz for both nuclei.
The durations of the selective pulses after #fdter were 8 and

14 us for 27Al and 23Na, respectively. A two-dimensional Fourier
transformation followed by a sheariftgransformation gave a pure
absorption two-dimensional spectrum. An estimation of the qua-
drupolar parameters of each contribution was obtained by recon-
structing the corresponding F1 slices with thenfit software3®

This allows the reconstruction of the central transition using four
adjustable parameters: quadrupolar frequemgy asymmetry
parametet)q, isotropic chemical shifdis,, line width, line shape,
and relative line intensity.

Quantitativel®F NMR MAS spectra were acquired either on an
Avance 300 Bruker spectrometer (7 T) with a Larmor frequency
of 282.2 MHz for'°F or on an Avance 750 Bruker (17.6 T, 705.8
MHz for 1°F) spectrometer using a high-speed CP MAS probe with
a 2.5-mm rotor. The external reference chosen for isotropic chemical
shift determination was ¢Es (diso CsFs Vs CFCE = —164.2 ppm?).

A single tg pulse sequence was appliedyd, 61 kHz), followed
by the FID acquisition. The delay between two acquisitions was 1
s, ensuring the quantitativity of the spectra. The discrimination of

Figure 1. (a) Experimental and calculated central transitions offha
NMR SATRAS spectra of N&CaAl ,F14 recorded at a spinning rate of 5
kHz. (b) Experimental and calculatéthl NMR SATRAS spectra recorded
at a spinning rate of 10 kHz. The shapeless central transition cffie
NMR spectrum is presented in inset.

isotropic peaks from side bands was achieved by recording spectrasgnsists of isolated AW~ octahedra, between which 8-fold

at various spinning rates from 20 to 35 kHz. THe NMR spectra
were reconstructed using timfit software3® This allows a full
reconstruction of the spectra (including the spinning side bands)
with six adjustable parameters: isotropic chemical shit,
chemical shift anisotrop§aniso chemical shift asymmetry parameter
7cs, line width, relative line intensity, and line shap®so, daniso

ncs, relative line intensity, and line shape were assumed to be
independent of the spinning rate.

Results

1. Z7Al and ?°Na NMR. Na&CaAl,F14 presents one
aluminum site and one sodium site (Table 1). Its structure

(30) Skibsted, J.; Nielsen, N. C.; Bildsoe, H.; Jakobsen, i&h&m. Phys.
Lett. 1992 188 405-412.

(31) Ding, S.; McDowell, C. AChem. Phys. Let2001 333 413-418.

(32) Scholz, G.; Steser, R.; Klein, J.; Buzardl.-Y.; Silly, G.; Laligant,
Y.; Ziemer, B.J. Phys.: Condens. Matte2002 14, 2101-2117.

(33) Amoureux, J. P.; Fernandez, C.; Steuernagéel, Bagn. Resorl996
123 116-118.

(34) States, D.; Haberkorn, R.; Ruben,DMagn. Resorl982 48, 286—
292.

(35) Ernst, R.; Bodenhausen, G.; Wokaun, Rrinciples of Nuclear
Magnetic Resonance in One and Two Dimensi@ndord University
Press: New York, 1987.

(36) Massiot, D.; Fayon, F.; Capron, M.; King, |.; Le Ca\&; Alonso,
B.; Durand, J.-O.; Bujoli, B.; Gan, Z.; Hoatson, Glagn. Reson.
Chem.2002 40, 70-76.

calcium, 7-fold sodium, and “free” fluorine ions are in-
sertec?® The?’Al and 2Na NMR SATRAS spectra are shown
in Figure 1. One aluminum site and one sodium site are
evidenced, according to the structure. The central transition
of the 27Al NMR spectrum is shapeless, characteristic of
small vq andnq = 0. The full SATRAS spectrum allows
one to determinevg = 65 kHz from the shape of the
spinning-side-band envelope. The central transition of the
2’Na NMR spectrum is reconstructed with the following
parameters:disoc = 5 ppm,vq = 1680 kHz, andyq = O.
The nullyg values are in agreement with the axial symmetry
of the aluminum and sodium sites.

o-NaCaAlk presents two aluminum and two sodium sites
with the same multiplicity 4e (Table 1). The structure consists
of two types of isolated Alf*~ octahedra, between which
7-fold calcium and 7-fold and 8-fold sodium cations are
insertec®* The?’Al NMR 3Q-MAS spectrum does not allow
resolution of the two aluminum sites and is therefore not
shown. Two contributions with equal intensities are needed
to reproduce the characteristic shape of the experimental
SATRAS spectrum (Figure 2). The parameters aréi{)—
—2.6 ppm,vg = 570 kHz, andjqo = 0.25 and (ii)diso = —3
ppm, vq = 440 kHz, andyg = 0.10. The closeness of the

Inorganic Chemistry, Vol. 45, No. 25, 2006 10217
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SATRAS spectrum and the central transition of fida
NMR SATRAS spectrum are shown in Figure 5. As was
previously mentioned, NAl3sF4 is present as an impurity
in the sample. Its structure shows two aluminum and two
sodium sites’ The two?3Na lines are clearly evidenced on
the 2Na NMR SATRAS spectrum (Figure 5). These
contributions were reconstructed using the NMR parameter
values previously determined by Silly et*8lAn estimation

of the molar proportion of the impurity in the sample could
be deduced: 4%. In th€Al NMR spectrum, the impurity

is not seen, hidden under the contributiongaflaCaAlF.
However, it was taken into account for the reconstruction
of the full 2’Al NMR SATRAS spectrum, with the proportion
determined from théNa NMR spectrum and using the
relevant NMR parameters previously determined by Silly et
al.? Finally, the best reconstruction fgi-NaCaAlR was
obtained with two contributions of respective relative intensi-
ties 33% and 67%, in agreement with structural data. On
the basis of the relative intensities, the first contribution was
assigned to All and the second one to Al2. The parameters
arevg = 195 kHz andyq = 0 for All andvq = 60 kHz and

nq = 0 for Al2. Both contributions have the sardg, = —3
ppm. The identicabis, andnq values explain why the two
lines are not resolved in tHéAl NMR 3Q-MAS spectrum.
The null?’Al o parameters are in agreement with the axial
symmetry of the aluminum sites. The central transition of
the 27Al NMR SATRAS spectrum is shapeless and is not
shown. The*Na NMR SATRAS spectrum was reconstructed
with one contribution fors-NaCaAlr. The quadrupolar
parameters areq = 65 kHz andnq = 1. This latter value

is characteristic of a fully rhombic symmetry.

The reconstruction parametadg,, vo, andnq are listed
Figure 2. Experimental and calculated (a) central transitions and (b) full jn Table 2. One can notice that tH8Al i, values are

27Al NMR SATRAS spectrum ofx-NaCaAlFs recorded at a spinning rate o . Lo .
of 9 kHz. In the full SATRAS spectrum, the central transition is truncated characteristic of an aluminum cation in 6-fold coordination.

to improve the reflection of the spinning-side-band intensities. The calculated 2. 1%F NMR. Na,Ca&Al.F14 presents three fluorine sites,
S|Ioect_rum cqrresponds to the summation of contributions i and ii of the two F1, F2, and F3, with respective multiplicities 24c¢, 24c, and
aluminum sites. 8a (Table 1). Three lines with respective intensities 43, 43,
parameters explains why the two resonances are not resolveénd 14% are expected. The spectrum shows four lines (Figure
in the 2’Al NMR 3Q-MAS spectrum. The F1 dimension of  6a). The line at 58 ppm is attributed to G&F The three

the 2Na NMR 3Q-MAS spectrum (Figure 3) clearly evi- remaining lines are at-42, +16, and —5 ppm, with
dences two sites, as was expected from the structure. A firstrespective intensities 14, 43, and 43%. With respect to the
estimation of the quadrupolar parameters is done by recon-site multiplicities, only the 42 ppm line could surely be
structing the F1 slices corresponding to the two compo- attributed to F3. The isotropic chemical shifts and relative
nents: (i)vq = 700 kHz andyq = 0.80 and (ii)vq = 1180 intensities are gathered in Table 3.

kHz andnq = 0.95. Two contributions of equal intensity o-NaCaAlR; presents 12 fluorine sites of the same
allow the reconstruction of the central transition of #fda multiplicity?* (Table 1). So, 12 resonance lines with the same
NMR SATRAS spectrum (Figure 4). The quadrupolar intensity are expected. THE NMR spectrum recorded on
parameters are (jjo = 680 kHz andjq = 0.80 and (i)vq the 7-T spectrometer evidences seven NMR lines (Figure
= 1170 kHz andyq = 0.95, close to the values estimated gq) \ve recorded a spectrum on a higher field spectrometer
from the 3Q-MAS spectrum. Because the two aluminum and (17 g T: Figure 6¢). The line resolution is better, the isotropic
two sodium sites have the same multiplicity, no attribution chemical shifts are more accurately determined, but the

can be performed at this stage. _ _ ~ magnetic field is not strong enough to resolve the 12 lines.
f-NaCaAlFs presents two aluminum sites with respective g |atter spectrum was reconstructed with eight lines. Lines
multiplicities 1a and 2d and one sodium site (Table 1). The 2, 4, and 6-8 correspond to one fluorine site, lines 1 and 5

structure consists of either corner-linked or edg_e-linked each correspond to two fluorine sites, and line 3 corresponds
AlF¢®~, CaR*, and Nak®>~ octahedr&® The two aluminum

contributions gre DOt resolved on tAAI NMR 3Q-MAS (37) Jacoboni, C.; LebleA.; Rousseau, J.-J. Solid State Chen1981,
spectrum, which is therefore not shown. THAI NMR 36, 297-304.
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Figure 3. Experimental*Na NMR 3Q-MAS spectrum ofi-NaCaAlFR; at 25 kHz. Top and right curves are the projections on MAS (F2) and isotropic (F1)
axes, respectively. On the right side are presented the slices extracted fréiNdHeMR 3Q-MAS spectrum corresponding to the first (i) and second (ii)
experimental and reconstructed components along the F1 axis.

attributed to the F1 and F3 fluorine atoms of sMkF4.
Because those two lines are isolated, we could deduce the
intensity of the third line. The intensities of the lines confirm
the molar proportion of the impurity in the sample deduced
from the Na NMR SATRAS spectrum: 4%. The full
contribution of NgAlsF14 was so taken into account for the
reconstruction of the spectrum. Finally, only one line remains
for p-NaCaAlk. A better resolution was obtained by
recording a spectrum on a higher field spectrometer (17.6
T; Figure 6b). Two lines at 6 and 13 ppm with respective
relative intensities 63% and 37% are set fbNaCaAlF.
Because the three fluorine sites have the same multiplicity,
we were not able to assign the lines to the fluorine sites.
The chemical shifts and relative intensities of the lines are
gathered in Table 3.

On the basis of only the different multiplicities, only one
line attribution could be performed in the three studied
compounds.

Figure 4. Central transition of thé®Na NMR SATRAS spectrum of ) )
a-NaCaAlRs at 25 kHz. The calculated spectrum corresponds to the Discussion
summation of the contributions i and ii for the two sodium sites. o
To correlate NMR resonances and crystallographic sites,

to three fluorine sites. Because all of the fluorine sites have NMRNparamet(i; calculations were carried out.
the same multiplicity, no line attribution can be deduced from 1. Al and *Na NMR Quadrupolar Parameter ab

the spectrum. The chemical shifts and relative intensities of Initio Calculations. Ab initio calculations of’Al and ?*Na
the lines are gathered in Table 3. electric field gradients (EFGs) were performed using the

WIEN2k code! which is a full potential (linearized) aug-

-NaCaAlRs presents three fluorine sites with the same L :
p Fo P mented plane wave code for periodic systems. Atomic sphere

multiplicity (Table 1). The'®F NMR spectrum recorded on ] )
the 7-T spectrometer (not shown) evidences four resonance'2€S Of 1.6, 1.65, 1.8, and 1.65 au were used for fluorine,
lines from—25 to +58 ppm. The 58 ppm line is attributed sodium, calcium, and aluminum, respec'uyely, for all com-
to CaR? identified as an impurity. N@lsF1s, contained as ~ Pounds except foe-NaCaAlfs, whose fluorine sphere size

an impurity in the sample, has three fluorine siteahose was taken to be 1.55 au. The basis set was determined by a

Jiso Values were previously determined a5, —23, and large cutoff corresponding ®vrKmax= 8 (about 5800 plane

+3 ppm for .Fl, F3, and F2, respectivéRSo, the—25 and (38) Body, M.; Silly, G.; Legein, C.; Buzard.-Y.J. Phys. Chem. B005
—23 ppm lines found on thé®= NMR spectrum were 109, 10270-10278.
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CaAlFs are more affected: shifts of the atomic positions of
F atoms up to 0.176 A are observed (see the Supporting
Information). In this compound, the optimization effects can
be followed by the evolution of the radial and angular
distortions of the Alg®~ octahedra and by the MF (M =

Al, Ca, Na) and FF distance variations. The octahedral
distortions are characterized by three parameters: the root-
mean-square (rms) deviation from the meanM(M = Al,

Na, Ca) distancal, (also called radial distortion)Ad =

VI, (d—d.)/6 with dn = /32 ,d/6, the rms deviation

from 90 for the —M—F angles between two adjacent

bonds (angular distortion)A0y = 4/ ¥:2,(0,—90)/12, and

the rms deviation from 18Cfor the F—M—F angles between
two opposite M-F bonds (angular distortion)Af, =

«/zﬁzl(ei—lso)/:s. The radial and angular distortions before

and after optimization are gathered in Table 4. Because the
Ca—F and Na-F distance variations are not significant, they
are not discussed. The main optimization effect is the
reduction of the Al octahedron distortions, which were
initially notably distorted. In the initial structures, the-AF
distances range from 1.709 to 1.903 A, respectively too short
and too long with regard to the sum of the ionic réftiaf
the 6-fold aluminum cation and fluorine anion, which is equal
to 1.820 A. In the optimized structures, the minimum-
distance is 1.779 A and the maximum 1.859 A-F
distances as short as 2.249 A are also observed in the initial
structure ofa-NaCaAlR,2* when the sum of two ionic radii
of the fluorine anion is 2.570 A2 The minimum FF
distances are more reasonable after optimization: 2.480 A.
Therefore, the structure ofi-NaCaAlRs optimized with
WIEN2k seems to be crystallographically more satisfactory.
This trend, i.e., the reduction of the AfF octahedron
distortions, was previously observed by Body et’df on
two compounds whose structures were determined from
Figure 5. (a) Experimental and calculated central transitions offha X-ray powder diffraction data. Although the structure of
NMR SATRAS spectrum gf-NaCaAlf recorded at 25 kHz. The calculated  5-NaCaAlR; was also determined from X-ray powder dif-
25?2?2‘_&‘;%21"%”‘15 10 the summation of the gict’g;”E’)‘;“;gigﬁhfbs)‘)d'“m fraction data, the optimization effects are quite small (shifts
Experimental and calculateJAl NMR full SATRAS spectra of3-Na- of the atomic positions of F atoms smaller than 0.044 A)
CaAlFs recorded at 9 kHz. The calculated spectrum corresponds to the This can be explained by the fact that this compound has
Z”,[l“a”éﬁ’l”% c;fnahfhgoé‘éﬂ?rﬁ‘g&?jn's Z?d%glg;lﬁnt‘fﬁe imﬂ%mass of only 11 atomic coordinates to be refined (see the Supporting
SATRAS spectrum, the central transition is truncated to improve the Information), which leads to more precise values. The small
reflection of the spinning-side-band intensities. variations of the atomic positions in paasAl 5F14 (50_017
A) are consistent with the fact that the structure, determined
waves). The full Brillouin zone was sampled with 10 fom X-ray crystal diffraction data, was accurate.
points, and we used the generalized gradient approximation 1 o Quadrupolar Parameter Calculations. The EFG
of Perdew et al? for the description of exchange and tensor characterizes the distribution of the electronic charge
correlation effects within the density functional theory. First surrounding a nucleus. For a nucleus with a $pinY/s, the
the structures were optimized by adjusting the atomic quadrupolar frequencyo and the asymmetry parametgs

positions, keeping the experimental cell parameters un-are related to the components of the EFG tensor through the
changed, until the forces acting on all atoms were reducedfollowmg equations: vo = 3eV,Q/21(21 — 1)h and 5o =

to below 2 mRy/au. (Vi — Viy)/Vas

1.1. Effects of the Structure Optimizations.The opti- The corresponding quadrupolar frequencies are calculated
mized structures of N@&:AlF14 andf-NaCaAlfs are similar — from the V,, component using the nuclear quadrupole
to the initial ones (see the Supporting Information). However, moment reported by Pyykkt Q(27Al) = 1.466 x 10-2° m?

the atomic positions of the optimized structure @iNa- andQ(>3Na)= 1.04 x 10 2° m2 Because the NMR spectrum
(39) Perdew, J. P.; Burke, K.; Ernzerhof, ®hys. Re. Lett. 1996 77, (40) Shannon, R. DActa Crystallogr.1976 A32 751-767.
3865-3968. (41) Pyykkq P.Mol. Phys.2001, 99, 1617-1629.
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Table 2. Experimental Isotropic Chemical Shiftgso exp (PpPm), Quadrupolar Frequencies exp (kHz), Asymmetry Parameterg; ex, and Calculated/;,
(V m™2), vq ca (kHZ), andnq ca for All of the 27Al and 2Na of the Studied Compourtis

VQ.exp 71Q.exp
compound contribution Oiso,exp (50 kHz) (£0.1) Vzz VQ,cal 7Q.cal attribution

NaCazAl 2F14 Al -1.6 65 0 1.33x 1020 70 0 All
Na 5.2 1680 0 —1.32x 10% 1655 0 Nal

a-NaCaAlR Al (i) —-3.4 570 0.25 9.8 10%° 520 0.24 All
Al (ii) 2.2 440 0.1 —7.61x 10%° 404 0.11 Al2
Na (i) 2.0 1170 0.95 —9.91x 100 1242 0.94 Na2
Na (ii) —-1.6 680 0.80 5.84 1020 732 0.77 Nal

[-NaCaAlks Al (i) -3 195 0 3.74x 10%° 198 0 All
Al (ii) -3 60 0 1.04x 10%° 55 0 Al2
Na 7 600 1 4.80¢ 1020 600 0.98 Nal

aThe attribution of the site is presented in the last column.

Table 3. Line Labels, Relative Intensities (%), abdo exp (PPM)
Values As Deduced frof®F NMR Spectrum Reconstruction, Line
Attributions, anddiso cal (ppm) Calculated with the Refined Parameter
Set, for the Studied Compounds from the Ternary System
NaF—CaFR,—AlF3 and the Basic NaF, CaFand AlR; Fluoride$

relative 6iso,e><p
line intensity (+1 ppm) site Jiso,cal
NaCaAl 2F14
1 43 -2 F1 -7
2 43 16 F2 22
3 14 42 F3 42
a-NaCaAlR
1 16 —24 F12 —-28
F9 —26
2 8 -10 F6 -8
3 23 2 F3 0
F7 0
F5 2
4 10 8 F11 5
5 15 10 F4 7
F10 10
6 10 12 F1 19
7 9 22 F8 22
8 9 37 F2 45
B-NaCaAlR
1 67 6 F2 2
F3 6
2 33 13 F1 6
NaF
1 100 —57.5 F1 —51
Cak,
1 100 58 F1 54
AlF3
1 100 -5 F1 -1

a8 Unambiguous line attributions are in boldface.

Table 4. Parameterdd (A), A6 (deg), A6n (deg) Characterizing the
AlF3~ Octahedron Distortions before (init.) and after Optimization
(opt.) of a-NaCaAlFs

Ad A@H ABD
Figure 6. 19 NMR MAS spectra recorded & T at 35 kHz of (a) Na& site init. opt. init. opt. init. opt.
CasAlF14 and (d)a-NaCaAlRs. 1°F NMR MAS spectra recorded at 17.6 T
at 34 kHz of (c) a-NaCaAlrs and (b) f-NaCaAlk. The remaining ﬁ:; 832; ggig 1%32 ggi ggé ggg

unnumbered lines are the spinning side bands. The impurities are identified
by their name. . .
and 0.24, respectively, after optimization. It was shown that

is not sensitive to the sign ok at room temperature, only  the quadrupolar parameter values obtained for the optimized

absolute values 0¥, are considered. structures are in better agreement with the experimental
As was previously observéd!® the calculated EFG  values'’'® The ?’Al and *Na EFG components were

components can vary significantly after optimization of the calculated for the optimized structures of JSaAl F14,

structures. For example, the calculaiédandyq values for o-NaCaAlFR, and f-NaCaAlk. The deducedvg and 7q

All in a-NaCaAlR goes from—7.9 x 10?°V m~2 and 0.95, parameters are collected in Table 2. The NMR resonances

respectively, for the initial structure to 9.80 10?°°V m—2 are then attributed to the corresponding crystallographic sites
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Table 5. Sodium, Aluminum, and Calciuryy (A%), do (), and g,
(ppm) Parameters: Initially Defined by Bureau et?4lRefined by Body
et al.??2 and Refined in This Work

atom o do o,
Na Bureau et al. 3.256 2.317 -11.6
refined 3.397 2.334 -11.9
Al Bureau et al. 3.521 1.797 —-61.0
Body et al. 1.737 1.773 —-63.1
refined 2.477 1.806 —-61.9
Ca Bureau et al. 2.976 2.369 —46.3
Body et al. 3.303 2.353 —46.2
refined 2.296 2.367 —45.5

by comparing the experimental and calculated quadrupolar

parameter values: they are paired to minimize the difference

between the calculated and experimental values. The two

aluminum and two sodium NMR resonanceseilaCaAlRs

can, consequently, be assigned to their respective crystal-

lographic sites (Table 2). For all of the compounds, the

calculated and experimenta}, values are very close, with

a maximum difference of less than 10%. The agreement

between experimental and calculatgsivalues is also very Figure 7. Calculated®®F NMR isotropic chemical shift values versus

. . . experimental ones. The solid line corresponds to the linear regression.
nice. This agreement is all the more remarkable because the P P 9

nq parameter values strongly depend on the local environ- distances obtained after optimization of the.8aAloF,
ment of the considered cation. o-NaCaAlFs, and-NaCaAlRs structures by the WIEN2k
2. 9 Superposition Model. 2.1. Presentation of the code. We4!4<eep the nonoptimized structures for KaEak,*
: . C and AlR;,** whose structure resolution was achieved from
Model. This model was proposed by Bureau et‘afor '

purely ionic fluorides. Thé“F isotropic chemical shifbie crystal X-ray diffraction data. With both parameter sets (from

; . X ; Bureau et af! and from Body et at?), the rms deviation is
is considered as a sum of one constant diamagnetic term : ;

: o . .6 ppm, and the maximum difference between measured and
and several paramagnetic contributions from the neighboring

- . . : calculateddis, values still reaches 19 ppm.
M = Al, Ca, Na cations. The calculation @)‘.302 can be 2.2. Refinement of the Phenomenological Parameters.
performed using the main formula of Bureau et?akys, =

v i , _ - - : To obtain a better agreement between experimental and
chlazr;.clteris%igl IXV,\'}Ih dgta;co;lzo Sv);?([:hoit!s((:akez())th gg 'Z Tael 1o Calculated values, Body et # previously showed that the

. ' . ) q three phenomenological parametersdo, andoj, had to be
the bond length in the related basic fluoride (NaF, £:aF adjusted for each cation. It is achieved by minimizing the
AlF3). oy, is the parameter that determines the order of ) ! y g

. . . o sum Y (6; — 0 2, A new parameter set is obtained,

magnitude of the cationic paramagnetic contribution to the 2 1S0.:€Xp '.S°'Ca.D . pa -
2 . nd the line attribution is modified, with respect to the
shielding and was deduced from measurements in the relate L o .
. ) . . . relative intensities, to keep the difference between calculated

basic fluoride. For sodium, aluminum, and calcium whose . - . .

. ) . and experimentadis, values at a minimum. This process is
atomic radial wave functions are knowa, was deduced

from the behavior of the cation isotropic paramadnetic repeated until the line attribution remains unchanged.
L . pic: p 9 Because the first results of the model seemed to be already
contribution. The last step, using the model, is to define the

number of neiahboring cations M whose contributions have better with the M-F distances from the optimized structures,
€19 9 . . we refined the phenomenological parameters using these
to be taken into account. We decided to consider only atoms . .
. . . ) distances. The starting parameter set (from Bureau %t al.
included in a sphere of 3.5-A radius because it was shown
. o o or from Body et af?) does not change the result of the
that for larger distances the cationic contributions become . : . .
s . ) calculation. The final parameter set is shown in Table 5. The
negligiblez* The starting parameters that we used in our comparison between experimental and calculated values is
calculations are those defined by Bureau et &br Al, Ca, P P

and Na atoms. The isotropic chemical shift values obtained plotted in Figure 7 and gives the following resultiso.ca =
. . . : 0.98Wis0,expWith a correlation coefficient equal to 0.970. The
with this model are compared with the experimental results ’

rms deviation is 4 ppm, and the maximum difference between
feoxr tgreiznl:I:r;CBanvaﬁJE; t:rren?%iysﬁgamiﬁ ?Iecu;?;esoiﬂi measured and calculatégd, values is less than 8 ppm. This
-Xpermentabiso P ' 1 ey - very low rms deviation evidences the excellent agreement
first attribution based on the relative NMR line intensities, between calculated and experimentia, values and the
to minimize the difference:Adisc = Oiso,exp — Oisocar The P

T . . efficiency of the model. The final line attributions are
rms deviation is 12 ppm, and the maximum difference athered in Table 3
between measured and calculadegvalues reaches 32 ppm. g '
Using the parameters refined by Body etdor Aland Ca  (42) Deshpande, V. Pcta Crystallogr.1961, 14, 794-794.
atoms gives a slightly better result. The rms deviation is 8 (43) Zhurova, E. A.; Maximov, B. A.; Simonov, V. I.; Sobolev, B. P.
ppm. With the isotropic chemical shift being sensitive to the Kristallographiya 1996 41, 438-443.

. ’ et . Daniel, P.; Bulou, A.; Rousseau, M.; Nouet, J.; Fourquet, J. L.; Leblanc,
M—F distances, we applied this initial model using the-M M.; Burriel, R.J. Phys.: Condens. Matter99Q 2, 5663-5677.
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Initial and final'°F line attributions remain unchanged for systematically used for all of the studied compounds. The
NaCaAl.F14 andf-NaCaAlk. F3, F4, and F11 are inverted  optimization is more relevant for compounds whose structural
for a-NaCaAlR. Considering that thethis, calculated values  determination was performed from X-ray powder diffraction
are 2, 8, and 10 ppm, respectively, and that the rms deviationdata. Its main effect is the decrease of the AiFoctahedron
is 4 ppm, the line assignment for these three F atoms is notdistortions. The NMR line attribution is then achieved by a
definite. comparison of experimental and calculatechnds values.

2.3. Interpretation of the Phenomenological Parameter ~ The agreement between experimental and calculated values
Variations. The initial and refined parameter sets are is excellent, and all of the aluminum and sodium sites are
gathered in Table 5. The characteristic distagioearies little assigned to their respective crystallographic sites.

(less than 2%) between the initial and refined values and High-speed and high-fielt®F NMR MAS spectra were
remains close to the MF (M = Na, Ca, Al) distances found  acquired for the same compounds. Because'thReNMR

in the basic NaF, CaFand AlR; fluorides. Thes, parameters  resonance line relative intensities only allow one attribution
also vary little (less than 3%). One can notice that this value of the fluorine sites, the superposition model defined by
is particularly low for the Na atom ¢35 times smaller than ~ Bureau et at! was used. In a first step, th# NMR isotropic
those for the Ca and Al atoms). As a consequence, the Nachemical shifts were calculated using the parameters initially
atom has a weak influence on the isotropic chemical shift defined by Bureau et &kfor Al, Ca, and Na atoms. Similar
values compared to the Ca and Al atoms. As was previously calculations were performed using the structures optimized
observed by Body et a¥? the o, parameter is the most via the WIEN2k calculation code. With the results being
sensitive one. However, it does not vary much for the sodium better, the phenomenological parameters were then refined
cation (4%), which confirms the very good approximation using these structures. After refinement of the parameters,
of the purely ionic modet! The evolution is much stronger  the agreement between experimental and calculatgd

for the aluminum and calcium cations. The most important values is very nice, whta 4 ppm rms deviation. The refined
decrease, with regard to the initial parameter set, is for parameter set is different from the one initially proposed by
aluminum. It was proposétithat the decrease af; from Bureau et af! and from the one refined by Body etZlfor

the initial purely ionic model value may be related to the aluminum and calcium cations. This present work shows one
covalent character of the AlF bond. A decrease for the limit of this model: the phenomenological parameters have
calcium o, parameter is also observed. However, this to be refined for each new studied system. This requires the
behavior is much more difficult to explain. It can be study of numerous compounds in each system and can
tentatively attributed to the fact that only small-€&a (d — become long and fastidious. Now, the PARATEC calculation
do) distances are observed farNaCaAlk. Then it makes codé allows simultaneous ab initio calculations of isotropic
the refinement of thea; parameter less reliable. This chemical shifts and EFG8#® Such calculations are in
refinement evidences the fact that the parameters have to bgrogress on fluoride compounds, and the first results seem
adjusted for each new studied system, which is understand-to be very promising. The compounds studied in this work
able: theay parameter is sensitive to the electronic cloud are very good candidates to go deeply into these calculations
surrounding the nuclei. This cloud is strongly influenced by because they are constituted of many multisite nuclei,
the cation environment, which varies from one compound including quadrupolar nuclei.

to another. Efficiently predicting and calculating tHE diso

value requires the study of as many compounds as possiblei_|
for each new system, which might limit the use of this model.
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Conclusions Supporting Information Available: Atomic coordinates of the

277 and 22Na NMR SATRAS and 3Q-MAS spectra were initial and WIEN2k-optimized structures of NaaAIF14, a-Na-
recorded for three Compounds from the ternary N@EFZ_ CaAIFG, andﬂ-NaCaAIFB. This material is available free of charge
AlF; system. The quadrupolar parametegsandz,o were ~ Via the Internet at http://pubs.acs.org.
extracted from the spectra reconstruction. In parallel, these|cos1348J
parameters were calculated using the WIEN2k ab initio code.
With a key step in the reliability of these calculations being (45) gﬂfeéiéM.: Mauri, F.; Pickard, C. J. Am. Chem. So@003 125
the optlmlzatlon of the atom positions in the structure before (46) Gervais, C.. Profeta, M.; Babonneau, F.; Pickard, C. J.; Maud, F.
calculating the quadrupolar parameters, such a method was = Phys. Chem. R004 108, 13249-13253.

Inorganic Chemistry, Vol. 45, No. 25, 2006 10223





