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ABSTRACT: A crystallographic approach incorporating multinuclear high field solid state NMR (SSNMR), X-ray structure
determinations, TEM observation, and density functional theory (DFT) was used to characterize two polymorphs of rubid-
ium cryolite, Rb;AlFs. The room temperature phase was found to be ordered and crystallizes in the Fddd (n°70) space group
with a = 37.26491(1) A, b = 12.45405(4) A, ¢ = 17.68341(6) A. Comparison of NMR measurements and computational results
revealed the dynamic rotations of the AlFs octahedra. Using in-situ variable temperature MAS NMR measurements, the
chemical exchange between rubidium sites was observed. The B-phase, i.e. high temperature polymorph, adopts the ideal
cubic double-perovskite structure, space group Fm3m, with a = 8.9930(2) A at 600 °C. Additionally, a series of polymorphs
of K;AlFs has been further characterized by high field high temperature SSNMR and DFT computation.

INTRODUCTION erature compared to, for example its analogues lithium, so-

The binary system RbF-AIF; belongs to a bigger family of dium and potassium cryolite (Li;AlFe,*3 N33.A1F6,4'6 and
cryolitic systems MF-AIF; (M = Li, Na, K, Rb, Cs, Fr). While K;AlFs,78). Holm analyzed the three cryolites K;AlFs,

one member of this family, molten sodium cryolite (NaF- Rb;AlFs, and Cs;AlFs by DTA and XRD methods.9 Cooling
AlF;), is the main constituent of the electrolyte for the in- curves of pure Rb;AlFs contained two exothermic peaks:
dustrial production of aluminum worldwide, the other liquid-solid phase transition at 920 °C and the other mod-
members of that cryolitic family (Li, K, Rb) could have also ification transition at 357 °C. XRD investigations showed
been considered because of their role as the constituents that the room temperature form of Rb;AlFs has tetragonal
for the new "low-melting" electrolytes in electrometal- symmetry, while its high temperature modification is as-
lurgy.! sumed to be face-centered cubic. Chen and Zhang® studied

the quenched samples of the system RbF-AIF; by DTA,
DSC and XRD methods. Three compounds were identified:
Rb,AlF¢, RbAIF, and RbALF,. Rb;AlFs melts congruently at
878 °C and its a«>f3 forms transformed reversibly at 340 °C.
The crystal structures of both Rb;AlFs modifications have
not yet been completely described.

The structure of rubidium cryolite and the solubility of the
alumina, with consequent formation of the electroactive
species, is the principal task for the potential utilization of
rubidium cryolite in the aluminium electrowinning. Little
information is however available about Rb;AlFs in open lit-



The cryolite systems of alkali metals could also have other
industrial applications. Recently, Mn#* activated K;AlFs
was studied as a potential red phosphor for warm white
light-emitting diodes." It shows an efficient luminous effi-
cacy beyond 190 Im/W, along with an excellent color ren-
dering index (Ra = 84) and a lower correlated color tem-
perature (CCT = 3665 K). These types of materials with im-
proved performance that can be industrially produced at
competitive cost are needed in different fields of industry
and particle physics research.’»3

The specific crystal structural features, phase transitions,
and related physical properties of the cryolite materials can
be linked to structural similarity with a larger group of ma-
terials known as elpasolite halides (after the name of the
mineral elpasolite, K,NaAlFs). These materials have a
"mixed-cation” fluoride perovskite-type structure, in
which the corner-sharing octahedral network is made up
of alternating (AlFs) and (Na(K)Fs) octahedra. Elpasolite
(A.BB'X6) and cryolite (A;B'Xs) structure types derive from
the perovskite by cationic ordering. Unlike simple ABX,
perovskites, where all octahedra are equivalent, in elpaso-
lites (also known as ordered perovskites), there are two
kinds of non-equivalent ionic groups BXs and B'Xs alter-
nating along the three four-fold cubic axes. Numerous
elpasolite-like crystals are known to undergo structural
phase transitions or to exist in distorted phases up to the
melting temperature.

The structures of K;AlFs,7® Si;WOg,4 Rb,K(Cr or Ga)Fe,
and (K or Rb);Mo0O,F;* are a small part of the elpasolite or
double perovskite type which show non-cooperative octa-
hedral tilting (NCOT). In these phases, one of the octahe-
dra is rotated by ~45° while the other remains untilted.
Some of the elpasolite-type materials are suitable for scin-
tilators, showing desirable isotropic optical and mechani-
cal properties.”

In this paper, we will present a new example of the struc-
ture of Rb;AlFs with non-cooperative octahedral tilting and
the first complex NMR investigation of such compounds
like K;AlFs and Rb;AlFs. We will present a characterization
of the structure of rubidium cryolites using X-ray diffrac-
tion (XRD) and transmission electron microscopy (TEM).
Both potassium and rubidium cryolites were characterized
using various 1D and 2D solid state NMR techniques in-
cluding in-situ HT MAS NMR. The interpretation of all ex-
perimental NMR results is significantly enhanced by the
contribution of the first principle DFT calculations. We
think that this computing approach was applied, for the
first time, to such a complex structure.

EXPERIMENTAL SECTION
Preparation of pure compounds
K;AlFg

Potassium cryolite was prepared in a glovebox following

the preparation detailed by Abakumov et al.” and Simko et
al.®

Rb,AlFs and RbAIF,

The synthesis protocol of rubidium cryolite was identical
to that described in our previous work."” Rubidium tetra-
fluoroaluminate was prepared by heating a stoichiometric
mixture of RbF and AlF;. Two grams of mixture were me-
chanically homogenized in a glovebox under inert atmos-
phere (Ar - Messer, 99.999 % purity), placed in a Pt cruci-
ble and heated in a tightly closed vertical resistance fur-
nace with water-cooling from room temperature to 600 °C,
at a rate of 5 °C/min. The mixture was held for 1 hour at 20
bars to avoid the dissociation reaction, and then cooled to
room temperature. XRD patterns is shown in Supporting
Information (Figure S1).

Thermal analysis measurements

The classical thermal analysis was performed as described
by Simko et al. in a Pt crucible with a lid. The cooling rate
was 1.4 °C/min. By using such a slower cooling rate in a
larger quantity of sample (10 grams), it was possible to de-
tect the real temperature of primary crystallization of
Rb,AlFs. The slow cooling rate is essential for the thermal
analysis of materials like Rb;AlFs which often show ex-
tended thermal dissociation.z°

SSNMR measurements

Room temperature solid-state NMR experiments were car-
ried out on a Bruker Avance III NMR spectrometers oper-
ating at 9.4 T and 20.0 T, using a 2.5 mm resonance probe
at MAS frequency varying between 30 and 34 kHz. In addi-
tion, to enhance resolution in some of the “F solid state
NMR experiments, we used a 1.3 mm probe to be able to
rotate samples up to 67 kHz. 27Al NMR spectra were ac-
quired using a double frequency sweep (DFS) pulse due to
a possibility of signal enhancement. The parameters of the
dipolar 8Rb-9F HMQC?">* experiments were identical to
our previous study.®

87Rb MQMAS spectra were acquired with Z-filtering® and
hypercomplex (States)>+ phase detection. A sweep width of
60 kHz and 120 kHz (4v;) was used in the direct and indi-
rect dimension, respectively. The optimized excitation and
conversion pulse width was 4 us (vif = 62.5 kHz) and 1.3 us
(vif =192 kHz), respectively. A repetition delay was 0.66 s.

The in-situ high temperature NMR experiments were car-
ried out on a Bruker Avance IIIl HD NMR spectrometer op-
erating at 17.6 T with resonance frequencies of 245.4 MHz
and 705.8 MHz for #Rb and “F, respectively, employing a
7 mm Bruker laser MAS probe. The bottom-less MAS rotor
is equipped with an inner container made from aluminium
nitride (AIN) which carries the sample. Heating of the sam-
ple is achieved using a 200 W DILAS diode laser operating
at 98o nm. The laser beam is fed through an optical fiber
into the probe, the fiber ending ca. 1 cm underneath the
stator, and then directed to the AIN container. The 27Al
background signal is very large hence no A1 NMR meas-
urements were recorded. In all in-situ HT experiments, the
MAS frequency was 5000 Hz. Because of the broad NMR
patterns of ¥F and 8Rb resulting from large chemical shift
anisotropy and low MAS rate, two-dimensional (2D) NMR
techniques, MATPASS?> and QMATPASS,?¢ for “F and 7Rb
respectively that able to separate the isotropic and the an-
isotropic chemical shifts in two different dimensions were



employed, as ideal approach to study our samples at very
high temperature. They yield high-resolution NMR iso-
tropic peaks free of CSA-related broadening in one dimen-
sion and the corresponding anisotropic powder sideband
pattern for each isotropic peak, in the second dimension.
The separation of the side bands has been carried out with
5-m MATPASS experiment for “F and 9-m QMATPASS
pulse sequence for 87Rb. Duration of the r pulse was 15.5 ps
for ¥F and 10 ps for 8Rb. To avoid the time conflict caused
by the finite length of the pulse, even r pulses were placed
at 2/3 and 4/3 of the rotor period in case of MATPASS and
2/s5, 4/5, 6/5, and 8/5 of the rotor period in case of QMAT,
such that the whole pulse sequences spanned almost 3z, at
first ¢, increment and 2z, at the last one. 12-step and 20-step
cogwheel phase cycling?” was used to select the alternating
coherence transfer pathway in MATPASS and QMATPASS
experiments, respectively. Each ¢, increment was acquired
at 48 transients for ¥F and at 1000 scans for 7Rb.

F, 27A], and 87Rb chemical shifts are referenced to CFCl;, 1
M AI(NO,);, and 0.01 M RbNO;, respectively. The NMR pa-
rameters (chemical shifts, chemical shift anisotropies,
asymmetry parameters, line widths, and quadrupolar pa-
rameters) were fitted for several different rotor frequencies
and for two magnetic fields to the experimental spectra by
means of the DMfit program.28

Temperature calibration

Temperature measurement in the case of laser heating can-
not be performed directly; hence, an indirect calibration of
the temperature was used. It is obvious that heating the
container from only one side leads to a considerable tem-
perature gradient in the sample. To reduce the value of the
temperature gradient, a small amount of the powder was
used (about 20 mg). The temperature calibration was per-
formed using several reference compounds K;AlFs (9F
spectra),® this paper Rh.AlFs (9F and 87Rb),% this paper Na,SiFs
(3Na),» and Cul, CuBr (%Cu),3° whose phase transition
temperature is well defined. The laser power exhibits a
temperature dependence given by Shakhovoy et al3 P =
aT*+bT-c, where q, b, ¢ are constants, P is a percentage of
the maximum laser power controlled by the experimenter.
In addition, the calibration was double checked by employ-
ing the temperature dependence of the 7Br MAS NMR sig-
nal of KBr:3* T=-40xJixc+RT. In the temperature range 200-
500 °C, the agreement between the two methods of calibra-
tion is highly satisfying (Figure S2).

First-Principles Calculations

Calculations of NMR parameters were identical to our pre-
vious study*® and the computational details are presented
in the Supporting Information. Linear regressions led to
the following relationships for 9F: §iso(ppm) = —0.795%0iso +
89.444.3

Electron diffraction

Electron diffraction patterns were collected on a Philips
CM20 microscope fitted with an Oxford energy dispersive
spectrometry (EDS) analyzer. In order to avoid rapid dete-
rioration of the samples under the electron beam, a nitro-
gen-cooled sample holder was used.

Synchrotron Powder Diffraction

Synchrotron powder diffraction measurements were per-
formed at the ESRF beamline ID22 (Grenoble, France) op-
erating at the wavelength 0.32623 A. The measurements
were performed at several temperatures using a hot-air
blower sensor while heating the Rb;AlFs sample from room
temperature up to 600 °C. A 12-min waiting time was used
at each temperature step in order to ensure thermal equi-
libration, then powder synchrotron data was collected over
the 0.5-48° 20 with a 0.002° step size. Polycrystalline pow-
der samples were sealed in 0.5 mm diameter borosilicate
capillaries, which were rotated in order to reduce potential
texture effects.

RESULTS

M,AIFs (M= Li, Na, K) compositions generally belong to
congruently melting compounds with one simple endo-
thermic signature. During cooling, Li;AlFs shows an endo-
thermic peak corresponding to crystallization at 782-785
°C,3* Na,AlF; at 1011 °C,' and K;AlFs at 974 °C.% The thermal
endothermic effect of Rb,AlFs was in this work obtained
from the melt by thermal analysis at 920 °C (Figure S3). The
whole thermal cooling curve also contains other endother-
mic delay located at 346 °C. This delay corresponds to the
polymorphic solid transition of the high temperature f3-
modification of Rb;AlFs to the low temperature of o-
Rb;AlFs (Figure S3, right). This is in good agreement with
values previously reported by Holm,? Chen and Zhang.*
The similar behavior of solid state crystal transformation is
not unusual, even in between others M;AlFs compounds.
This behavior relates to the phase transition from high-
temperature, high-symmetry modifications to a low-tem-
perature, low symmetry forms. Li;AlFe, for example, forms
four modifications: §-, y-, -, and o-forms. High-tempera-
ture §-form transforms to y-form at 597 °C and y«<>f3 trans-
formation occurs at 510 °C.> Last f>a equilibrium occurs
at 210 °C.3 On the other hand, Na,AlFs forms only one solid-
solid transformation. The cubic high-temperature j-
Na,AlFs is at 563 °C in equilibrium with the low-tempera-
ture monoclinic a-NajAlFs.5> Three phase transitions of
K;AlFs are identified at 306 °C, 153 °C, and 132 °C. The high-
temperature §-phase is at 306 °C in equilibrium with ortho-
rhombic y-phase. y-phase forms at 153 °C an intermediate
B-phase, which exists only in very narrow temperature in-
tervals, and it is then being transformed at 132 °C to a stable
monoclinic a-phase.?

o~ Rb3A1F6

Although the crystal structure of Rb;AlFs has not been de-
scribed up to now, unit cell parameters and symmetry were
previously proposed based on X-ray powder diffraction
data.® Chen and Zhang suggested that the low temperature
o form is orthorhombic with a = 7.748(5) A, b = 5.365(3) A,
and c = 4.388(2) A while the high temperature 3 one is cu-
bic with a = 7.612(4) A.

Diffraction data.

Using high-resolution synchrotron powder diffraction
data, we first performed an auto-indexing analysis of the



room temperature phase. The orthorhombic cell dimen-
sions a = 37.2649 A b= 12.4541 Aandc= 17.6834 A were
determined with good reliability factors by indexing using
Dicvol#® and Treor# programs and by analyzing the peak
positions in the powder synchrotron patterns. These cell
parameters strongly differ from the proposed indexation of
a-Rb;AlFs.® A subsequent ICDD database search using
similar cell parameters, volume tolerance fixed at 10 %, and
chemistry restrictions (only alkali metals, transition met-
als, and fluorine) resulted in one compound with similar
indexation: y-K;AlFs (ICSD 262077). This compound crys-
tallizes in the Fddd space group. The proposed orthorhom-
bic indexation was then tested via a LeBail fit of the SPD
pattern, and the obtained good reliability factors (Rup =
5.48 %, Ry = 3.31 %, and G.O.F. = 0.7) confirmed that a-
Rb,AlFs appears isostructural to y-K;AlFs. Moreover, the
cell parameters and the space group Fddd of the rubidium
cryolite compound was confirmed by an electron diffrac-
tion study (Figure 1).

Figure 1. [010] selected area electron diffraction pattern
of a-Rb,AlFs. Indexed in the a = 37.27 A, b = 12.45 A and
¢ =17.68 A cell with a Fddd space group.

In order to precisely determine the structure of a-Rb;AlFs,
a Rietveld refinement of the SPD pattern was performed.
The starting model was based on the y-K;AlFs structure us-
ing the orthorhombic cell parameters previously deter-
mined by auto-indexing methods and replacing potassium
by rubidium atom. Both cationic and fluorine positions, as
well as atomic displacement parameters, were refined (Ta-
ble 1). Good reliability factors were obtained (Rwp=6.23 %,
Rp=4.12 % and GOF=0.8). The Rietveld refinement also al-
lowed the identification of a secondary phase of RbSiO,,
which quantification was determined as 2.45(5) wt%. This
phase is probably a result of a contamination caused by a
reaction of RbF and the ceramic materials (alumino-sili-
cate tube) in the furnace when the synthesis was per-
formed.

The fit of the SPD Rietveld refinement is shown in Figure
2. Atomic coordinates, atomic displacement parameters
and Rb-F and Al-F interatomic distances are summarized
in Tables 2 and S1.
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Figure 2. Experimental (red), calculated (black), and

difference (blue) SPD Rietveld refinement of a-Rb;AlFs

(green marks); the Bragg peaks position of the second-

ary phase RbSiO, as impurity were visible in purple. An

enlargement of the 18-30° range is embedded.

Table 1. Crystallographic data for the polymorphs of
Rb,AlFs from XRD Rietveld refinement.

Chemical formula  a-Rb;AlFe B- Rb;AlF,
Source synchrotron synchrotron
Formula weight 397.4 397.4
(g.mol™)
Temperature (°C)  RT (20) 600
Wavelength (A) 0.32623 0.32623
Crystal system Orthorhom- Cubic
bic

Space group Fddd (n°70) Fm-

3m (n°225)

Unit cell dimen- a=37.26491(1) a=8.9930(2)
sions (A) b _

12.45405(4)

¢ =17.68341(6)
Cell volume (A3) 8206.85 727.30
Z 48 4
d-space range 0.4-37 0.4-37
X 0.8 0.89
R; (%) 412 4.7
Rup (%) 6.23 7.92

For definition of R-factors see reference 40-41.

Table 2. Atomic coordinates and Atomic Displacement
Parameters of a-Rb;AlFs determined from Rietveld Re-
finement of synchrotron powder diffraction data col-
lected at room temperature.




W Oc- Both room temperature 27Al MAS NMR spectra (Figure S4)
At K )fi; cupa b / rectz‘ded at two magnetic fields of 9.4 and 20 T show a sin-
om ,2 ncy xra Y ze gl%’ arrow peak (full width at half-maximum, FWHM =135
site Hz) in the octahedral region at 8iso(*’Al) = 0.0 ppm. All four
Rbr 32h 1 oro075) 0103050 oreo(o) aéléglsln)um sites give rise to overlapping resonances, indi-
cating that their environments in the structure are similar
Rb  16g ! a metrical. The “F MAS (34 kHz) NMR spectrum of
0.125 0.125 0.41601(9) R 8?&;11 34 P
2 a-Rb,AlFs recorded at 20 T revealed four signals located at
Rb 32h 1 -142.0, -143.5, -145.1 and -148.0 ppm with relative intensities
0.12419(6) 0.34203(9) 0.2649147) %028 6
3 of 1:2:1:2, respectively (Figure 4a). We know from the pow-
Rb 32h 1 der diffraction that the crystal structure is described based
4 020033(4) 01216(2) 0:24863(9) otrtifflequivalent fluorine atoms: F2 occupies a site 16g, F1,
Rb  32h L F6-F1o fully occupy a position 32h while F3, F4 and F5 par-
5 0.21713(4) 0.1287(2) 0.76400(8) tiallyp@ccupy their 32h position. It means that at least 12 F
resonances with relative intensity 1 for F2, 2 for F6-F10, 1 for
Al 8a 1 025 0125 0125 F3,°8% for F4 and 1.3 for F5 can be expected in the 9F MAS
Al2 8b 1 0.125 0.625 0.125 NMB@peCtrum.
Alz  16e 1 0.28064(2) 0125 0125 TheiRb MAS NMR spectrum shows three different kinds
Aly  16e 1 0.45799(2) onzs oxzs of RRgtoms environments and the presence of overlapping
Fi 3h 1 N P o) qggg)rupolar resonances (Figure 5a). To improve the reso-
’ ’ ’ lutlorf we have used the two dimensional ¥Rb MQMAS
F2 16g 1 o125 025 0-2280(4) techttijue at two magnetic fields, 9.4 T and 20 T (Figure S5
F3  32h 0.527 66 . ; and 5b) which reveals the presence of five resonances. The
(1) 01664(4) 06153() 01705(6) whidté'set of 1D and 2D ¥Rb NMR spectra recorded at dif-
F4 32h o034 ferent fields were modeled using a single consistent set of
8(1) 0:1023(8) 0:557(2) 01958(1) paraieters given in Table 3.
F 2h 0.6
> 3 2(1)3 0.1194(4) 0.7414(9) 0.1866(8) 0.033(3)
(a (d) AI2F3,F4, 6F5; 5 Al4F9,F10,F 1
Fé6 32h 1 0.28934(2) 0.185(1) 0.0246(3) ANMF1,F2, AI3F6,F7,F8,
F29 F3 F6
F7 32h 1 0.25429(2) 0.2272(5) 0.1210(8) . /\ 51 | F1 73 .fF4 53 rFT FJUFQJ"’FM
F8 h | — F1”?’JJ F4f?rd.o stf:rda F1o” | .2
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Figure 3. Projections of the unit cell structure of a-
Rb,;AlFs in the (010) and (oo1) planes.

Solid-state NMR data.
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Figure 4. (a) Experimental (black) and simulated (color
lines) YF MAS NMR spectra of a-Rb,AlFs at 20 T. (b) Sum
of seventeen “F spectra reconstructed with a set of the
calculated chemical shift parameters (all full width at
half-maximum, FWHM-=o0.5 ppm). (c) '9F spectrum re-
constructed (only isotropic resonances) using average
fluorine positions for each of the calculated structures.
(d) Structural arrangements around aluminum atoms.
(e) Schematic representation of the dynamics of F atoms
in AlFs octahedra.

Table 3. #Rb isotropic chemical shift (8is), mean quad-
rupolar constants (Cq), and relative intensities obtained
from the simulation of the 8Rb MAS and MQMAS at 9.4
Tand 20 T.

Co,
Rb line Siso, PPM MHz no Integral intensity,
(x0.2 ppm) (x0.1 (x0.1) % (£2%)
MHz)




5 44.7 5.3 0.6 18
4 42.2 6.2 0.65 17
3 18.6 5.3 0.5 30
2 14.1 3.8 0.5 12
1 -22.4 2.7 0.8 23
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Figure 5. (a) Experimental (black) and simulated (color
lines) Rb MAS NMR spectra, (b) ¥Rb MQ MAS experi-
mental (color lines) NMR spectrum of Rb;AlFs at 20 T
and spinning rate of 30 kHz and its simulation (black
line) with the parameters presented in Table 3 (ssb
stands for spinning side bands).

A description of the potassium environment in y-K;AlFs
was reported by King et al.®2 In a-Rb;AlFs, half of the Rb1
atoms is 7-coordinated while the other half of atoms shows
a 6-coordinated octahedral environment. Rb2 atoms are 7-
coordinated. Rb3, Rb4, and Rbs atoms are each surrounded
by 10, 11 or 12 fluorine atoms, due to partial occupancy of
F3, F4, and F5 sites. Consequently, six 87Rb resonances with
relative intensities of 1 for ¥4 RbiFg, 1 for the second %
RbiF,, 1 for Rb2, and 2/2/2 for Rb3/Rb4/Rbs were expected
on the ¥Rb MAS NMR spectrum. However, only three
broad peaks were observed (Figure 5a).

The MQMAS NMR spectrum provides a better resolution.
In fact, five resonances, which are overlapped on the 1D
NMR spectrum, are now clearly distinguish (Figure sb).
The resonances are in the range -20 to 40 ppm. The only
reported 87Rb NMR spectra in literature are that of RbF and
a RbLaF,. Rubidium fluoride adopts a cubic structure with
RbFs coordination (resonance is located at 19.1 ppm).35 The
structure of RbLaF, contains a RbF, edge-tricapped trigo-
nal prism. The rubidium resonance at 51.1 ppm has a quad-
rupolar broadening with Cq value of 10.97 MHz and nq
value of 1.3° It means that there is no established relation-
ship between the coordination number of the rubidium
cation and their chemical shift. In the case of RbAIF,, the
rubidium atoms, like in RbF, have eightfold cubic coordi-
nation environments. The 8%Rb NMR RbAIF, spectrum
shows a single resonance at 1.8 ppm (see Figure S6). In an
attempt to better understand and assign the ¥Rb NMR
spectrum of a-Rb;AlFs, we also recorded a 8Rb-9F D-
HMQC HETCOR MAS NMR spectrum (see Figure S7). The
strong overlap of the 87Rb resonances, however, did not al-
low any further assignment of the resonances.

First-Principles Calculations.

In order to confirm the structure of a-Rb;AlFs and to gain
a better understanding of the discrepancy regarding the ¥F

NMR spectra, a GIPAW calculation of the NMR parameters
was performed. Since CASTEP cannot handle partial occu-
pancies of fluorine F3, F4 and Fs5, a set of structures (com-
patible with the experimental site occupancy factors) were
at the beginning generated by a combinatorial approach.3?
The whole set of combinations of a supercell, which is in
this case 213744. This is too big to be able be processed it
in one single step. Figure 6a depicts a chart of the electro-
static energies, which are lined up by rising order of all
structures. The minimum calculated Coulomb energy
(Ecmin = -1188.6 V) was taken as a base to which the energy
values are relative to circa 59 eV (a whole extent of the dis-
tribution of the calculated energies). Figure 6b is aiming to
the 250 lowest-Ec structures, where we hope, the best cor-
relation with the real system, can be found. The initial 10
lowest-Ec and every 20 up to 200 structures were selected
for further optimization. The optimization of the geometry
of the last three structures (ranked 160", 180", and 200"),
was not however reached, even after one week of itera-
tions. It was due to a strong movement of fluorine atoms
from the initial positions.

The final outcome is based on 17 structures. All calculated
WF §iso are shown in Figure 4b, where the comparison to the
experimental MAS NMR spectrum can also be seen. The
disapproval between the experimental and calculated data
is larger than what is generally considered as a normal for
inorganic fluorides. This discrepancy may has arisen either
from bad position of atoms in the unit cell, or from dy-
namic effects that had not been taken in to the GIPAW cal-
culations. Because SPD refinements had not given a clear
proof for residual electron density, we inquired the dy-
namic-reorientation hypothesis. This hypothesis is based
on the fact that isolated AlFs polyhedra in inorganic fluo-
rides can display, even in room temperature, a reorienta-
tion (dynamic rotations of the AlFs octahedra).>
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Figure 6. (a) A chart of the electrostatic energies (Ec) of
the 213744 distinct structural models lined up by rising
order of all structures. (b) Extended view of the 250
structures of lowest Ec. The first 10 lowest-Ec and every
20-200 structures, shown as red circles, were chosen for
further calculations.

By analyzing the Al environments, one can notice that the
four Al atomic positions have two or three distinct fluorine
atoms in their coordination spheres: AliFi,F2,,
Al2F3,F4,5Fs5, 5, Al3F6,F7,F8, and Al4F9,F10.F11,. Consider-
ing fast hoping of the fluorine on each position around one
AlFs octahedron, the “F i, is then the barycenter of the



individual Jis.. We suppose that the fluorine atoms change
their positions between the crystallographic sites by flip-
ping. Since motion is not introduced in CASTEP, we can
simply average the fluorine positions on each of the calcu-
lated structures. The multiplicities of the Ali:Al2:Al3:Alg
sites are 1:1:2:2, and expected integral intensities agree well
with the experimental values. The overall good agreement
between the reconstructed and experimental F spectrum
enables to perform accurate spectral assignment of the
NMR resonances with the crystallographic sites. This last
result enables validation of i) the structural model and ii)
the fast hoping hypothesis occurring at room temperature.
To reconstruct the ¥F spectrum, the line widths (FWHM)
were used corresponding to the experimental values. Note
that the obtained average isotropic magnetic shielding val-
ues ois for fluorine atoms have very close values (+o0.7
ppm), which allows us to assert that increasing the number
of structures used for prediction will not significantly
change the final result. Seventeen structures are enough to
image the real structure.

The fast motion of fluorine atoms is also responsible for the
small Cq value observed for the Al resonances, when the
calculated values range 1-8.2 MHz. This motion is also re-
sponsible for the uniqueness of all 4 Al resonances. Regard-
ing rubidium atoms, the analysis of the DFT calculations
could not be done since each Rb atom has in its coordina-
tion sphere several fluoride ions coming from different
AlF¢ polyhedra, each one having independent dynamics.

These dynamic rotations of the AlFs octahedra were ob-
served in 6-K;AlFs phase, and it was supposed that such ro-
tations could be occurring in some of the lower tempera-
ture phases as well.2 Our data confirms this supposition.

B-Rb;AlFs
High-Temperature synchrotron powder diffraction data.

In order to track the a-Rb;AlFs to f-Rb;AlFs phase transi-
tion, observed by thermal analysis around 350 °C, high-res-
olution synchrotron powder diffraction diagrams were col-
lected (Figure 7) from room temperature up to 600 °C (us-
ing 100 °C steps). The phase transformation between 300
°C and 400 °C was also observed.
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Figure 7. Synchrotron powder diffraction patterns of
Rb;AlFs recording as a function of temperature upon
heating. The diagrams corresponding to low tempera-
ture form (orthorhombic Fddd with a=37.26491(1) A,
b=12.45405(4) A and c=17.68341(6) A) and high temper-
ature form (cubic Fm-3m with a=8.9930(2) A) are indi-
cated by a and 3 symbols respectively.

The same procedure, as used for the room temperature
polymorph, was applied to solve and refine the crystal
structure of the high temperature polymorph (data rec-
orded in-situ at 600 °C). A cubic unit cell with a = 8.9930(2)
A was determined from auto indexing routines, whereas
the most symmetric Fm-3m space group was found suita-
ble for the high-temperature B-Rb;AlFs polymorph. An
isostructural model could be identified, namely §-K;AlFs
(ICSD 262078). The structure refinement was therefore
performed using this structural model as starting point us-
ing a Rb substitution for K atomic positions and isotropic
thermal factors for Rb, Al and F. The refinement converged
to low Rg-factor values of (Figure 8) (Rwp=7.92 %, Rp=4.70
% and GOF=0.89). The main results of the Rietveld refine-
ment are reported in Table 4.
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Figure 8. Rietveld refinement of the SPD pattern of -
Rb,;AlFs collected at 600 °C. Experimental (red), calcu-
lated (black), difference (blue) and Bragg reflections
(cubic Fm-3m a=8.9930(2) A) (green marks) are repre-
sented.

Table 4. Atomic coordinates and Atomic Displacement
Parameters of B-Rb;AlFs determined from in-situ Rietveld
Refinement of synchrotron powder diffraction data col-
lected at 600 °C.

Ato Wyck  Oc-
off cupa x/a y/b  z/c Uy /A
site ncy
Rb1 8c 1 0.25 0.25 0.25 0.0676(3)
Rb2 4b 1 0.5 0.5 0.5 0.0685(4
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Figure 9. Structural arrangements around aluminum,
fluorine, and rubidium atoms.

B-Rb;AlFs has an ideal cubic structure of a double perov-
skite with space group Fm-3m. The AlFs octahedra are cen-
tered at the origin and the face centers of the cubic cell.
Rubidium atoms adopt an RbFs and RbF,, coordination
(Figure 9).

The fluorine atomic displacement parameter (ADP) is very
large (Uis, = 0.111 A2), which might reflect static or dynamic
disorder. This large value was previously observed in case
of §-phase of K;AlFe.2 Based on reverse Monte Carlo simu-
lations, the authors® explained the large anisotropy of the
fluorine ADPs by significant rotations of AlFs octahedra. It
can be noted that disorder on F atomic positions was also
previously reported in the 8 sodium cryolite.>

High-Temperature MAS NMR data.

B-Rb;AlFs: As it was shown previously, the room tempera-
ture 9F MAS NMR spectrum of Rb;AlFs (a-phase) has
shown four isotropic resonances. At the low MAS fre-
quency (5 kHz, required for the HT measurements) and
high field (17.6 T), numerous spinning sidebands are pre-
sented due to the chemical shift anisotropy (Figure S8).
Therefore, the MATPASS pulse sequence was used. As it
was expected, the resolution of the room temperature “F
MATPASS NMR spectrum recorded at 5 kHz MAS fre-
quency is much lower than at 30 kHz, but still the four F
resonances can still be distinguished (Figure 10). For ®7Rb,
the 30 kHz MAS and 5 kHz QMATPASS NMR spectra are
identical. 9F MATPASS and 8Rb QMATPASS NMR spectra
were recorded in the temperature range RT < t < 352 °C
(Figures 10 and 11). For higher temperature, the transverse
relaxation time significantly decreased, so that the inten-
sity of the echo signal after three rotor periods was too
small to carry out the side band separation. Therefore, in
the range 363 °C < t < 600 °C, the MAS NMR spectra were
recorded using a single pulse excitation. A complete re-
versibility, without hysteresis of the spectral changes, was
observed.

It is worth noting that room temperature MAS NMR meas-
urements were performed without temperature regulation.
Due to frictional heating, the real temperatures of the sam-
ple were 32 °C at 5 kHz MAS and 56 °C at 30 kHz.

The 9F lines were, upon slight heating (9o °C), significantly
sharpened, which confirmed the facile motion of the fluo-
ride anions in the structure. A further sharpening of the ¥F
resonances (and also small shift) is visible while heating up
to the phase transition temperature (Figure 10, left). At the
phase transition temperature (352 °C), an additional peak
at -143.7 ppm appears, which is corresponding to the initial
formation of the S-phase. This phase contains a single crys-
tallographic F site. The coexistence of both «a- and B-poly-
morphs can be seen in the 352-363 °C range (Figure 10). The
presence of both phases was possible due to a temperature
gradient in the body of the sample. One can notice that the
9F resonance of the B-phase has spinning sidebands, indi-
cating limited fluorine motion up to 375 °C (Figure 10, blue
spectrum in the right). A fast fluorine motion, above this
temperature, can be seen with an absence of spinning side-
bands.
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Figure 10. '9F NMR spectra of Rb;AlFs acquired at 17.6 T
and MAS 5 kHz as a function of temperature: Isotropic
slices of MATPASS for t < 358 °C and one pulse for t >
358 °C.

A dynamic exchange between rubidium units could be
clearly identified from the temperature dependent line
shape evolution in the 8Rb MAS NMR spectra (Figure 11).
Above 175 °C, the 2-5 rubidium resonances broaden and
then disappear, indicating the occurrence of dynamic ex-
change. It should be noted that one line does not change
and, therefore, one of the rubidium site does not partici-
pate in this exchange. Quantitative analysis of the ex-
change is hampered by the strong overlap of the 2-5 reso-
nances. Above the phase transition temperature, a new
8Rb resonance appears at 0.7 ppm, corresponding to the
B-phase. Up to 363 °C, the coexistence of both phases is
confirmed. The phase transition from the room-tempera-
ture a-phase to the high temperature B-phase is clearly re-
vealed in the F and #Rb NMR spectra at 352 °C. This tem-
perature range also matches the transition temperature
measured by DSC.
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Figure 11. ¥Rb NMR spectra of Rb;AlFs at 17.6 T and

MAS 5 kHz as a function of temperature: Isotropic slices

of QMATPASS for T <352 °C and one pulse for T >352 °C.

The 9F and ®Rb spectra recorded at 397 °C exhibit an ex-
tremely narrow (FWHM ~750 Hz for 8Rb and ~550 Hz for
19F) singlet resonance without any spinning sidebands. The
rubidium and fluorine signals were simulated by one
Gaussian line with a chemical shift at 0.7 ppm and -143.7
ppm at T= 397 °C, respectively. From this observation and
the fact that there are two rubidium sites in the structure,
we conclude that the rubidium sites in -Rb,AlFs are in-
volved in chemical exchange process. The calculated “F
chemical shift value is -153.5 ppm and it is in reasonably
good agreement with our experimental result.

K;AlFe: Using the heating of the sample in the MAS NMR
rotor by a laser beam, the 'F MAS NMR spectra of all four
polymorphs (a—f 132 °C; -y 153 °C; y—3 310 °C) of K;AlFs
could be recorded (Figure 12). The room temperature pol-
ymorph «a-K;AlFs adopts the elpasolite structure (ICSD
260574).7 It contains 5 Al sites in slightly distorted octahe-
dral environments, 18 potassium crystallographic sites and
30 crystallographically nonequivalent fluorine sites, and
consists of symmetrically equivalent layers of the AlFg
units. Every layer contains the octahedra rotated by m/4
around the ¢ and a or b axes (non-cooperative octahedral
tilting, NCOT). As previously reported, the F MAS NMR
spectrum at 60 kHz and 20 T consists of a broad envelope
of signals in the -156 to -160 ppm range and four small sig-
nals at -162, -164.1, -167.3, and -168.5 ppm.'® It was not pos-
sible to make an assignment of lines to F sites. The o phase
is stable up to 132 °C and further transforms into the tetrag-
onal B-phase (ICSD 262076), which is stable up to 153 °C.
The structure of B-K;AlFs contains seven F and two Al crys-
tallographic sites with multiplicities of 8:4:8:8:8:8:8 for F
and 2:8 for Al atoms. Its 9F MAS NMR spectrum contains
an asymmetrically broadened peak with non-Lorenzian
lineshape at -160.1 ppm. As in case of o polymorph, the as-
signment of YF signals cannot be provided. In the range
153-306 °C, the orthorhombic y phase (ICSD 262077) exists.
The crystalline structure of y-K;AlF¢ contains eleven fluo-
rine sites. The YF MAS NMR spectrum, recorded at 160 °C,
contains four signals at -158.2, -159.2, -160.3 and -161.9 ppm

with relative intensities of 15/36/17/32, fewer resonances
than expected. This again very likely arises from fast dy-
namics of fluoride ions. The last phase transition occurs
above 306 °C. The high temperature cubic § phase (ICSD
262078) has double-perovskite structure and it is stable up
to the melting temperature of 974 °C.39 §-K;AlFs exhibits
one kind of fluorine atom, one kind of aluminum atom,
and two kinds of potassium atoms. Two potassium atoms
are in a 1/2 ratio. The 9F MAS NMR spectrum measured at
335 °C exhibits, as expected, a narrow (FWHM ~550 Hz)
singlet resonance at 159.4 ppm.

The both high temperature solid-state YF NMR spectra of
y-K;AlFs and a-Rb,AlFs contain four lines with the integral
intensity ratio of 1:2:1:2. Only one resonance was observed
in the flour spectra of y-K;AlFs and B-Rb;AlFs. Thus, NMR
data obtained for potassium and rubidium cryolites con-
firms that a-Rb;AlFs is isostructural to y-K;AlFs and (-
Rb,AlF; is isostructural to §-phase of K;AlFs. We suppose
the existence of low temperature phases of Rb;AlF¢ at tem-
peratures below room temperature, which are isostructural
to a- and B-K;AlFs.
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Figure 12. a) Isotropic slices of 9F NMR MATPASS spec-
tra of K;AlFs acquired at 17.6 T and MAS 5 kHz as a func-
tion of temperature. b) Reconstructed ¥F NMR spectra
of polymorphs of K;AlFs (only isotropic resonances).

Figure 12b shows the reconstructed “F spectrum of poly-
morphs of K;AlFe. The calculation methods are presented
in the Supporting Information. Our calculated data show
good agreement with F NMR results.

The cryolite mineral, Na;AlFs, adopts at room temperature
(a-form)# a monoclinic structure, which consists of an iso-
lated AlFs octahedra interconnected by Na atoms. The AlFs
octahedron is in this structure very regular. Each bond dis-
tance and angle does not differ very much from the respec-
tive mean value. When we substitute the Na* ions by other
alkali cations (K*, Rb* in particular), the cryolite structure
will changing, as much as the radius of the alkali metal cat-
ion. In these systems, the substitution leads to a lattice dis-
tortion due to a rotation of the fraction of the AlFg octahe-
dral units, which are rotated over a large angle of ~45°.
NCOT leads to an increase of the coordination number of
the alkali atoms (from 6 up to 12) as it can be seen in our
case. Moreover, the substitution also causes the decrease



of the phase transition temperature, so the highly symmet-
rical a-Rb;AlFs tends to be a stable even at low tempera-
ture. The size of the alkali anions is a key factor in the
structural relations as well as the physico-chemical behav-
ior of these elpasolite-related fluoride phases.

The following structures exhibiting NCOT have been so far
reported: K;AlF6,7® S;;WOs, Rb,K(Cr or Ga)Fe,'s and (K or
Rb);MoO;F;.1 These species contain several NMR active
isotopes (70, 9F, #7Al, %9/7'Ga, #7Sr, 8/87Rb) that typically al-
low probing their environment by solid-state NMR spec-
troscopy. To our knowledge, such an experiment has not
yet been however reported. Also DFT calculations of NMR
parameters of these compounds are missing in open liter-
ature. We think that the major reasons, why this infor-
mation is still not available, relates to the difficulties to cor-
rectly interpret the NMR data. The local dynamics taking
places in these structures via NCOT effect, is probably the
main reason why it is so difficult to interpret the NMR. The
DFT calculations can usually help to explain confusing ex-
perimental data. However, the atomic positions with par-
tial occupation can also lead to other problems. This study
was the first attempt with a demonstration how solid state
NMR methods coupled with computations provide the
useful insights into the nature of local dynamics that ac-
companying the structures with the non-cooperative octa-
hedral tilting effect.

CONCLUSIONS

Synchrotron powder diffraction, solid-state NMR spectros-
copy, electron diffraction, and first-principles calculations
have been used as a coupled approach to perform a com-
plete structural characterization of the two polymorphs of
rubidium cryolite Rb;AlFs. The structure of a-Rb;AlFs is
part of a small family of compounds with non-cooperative
octahedral tilting. Variable temperature MAS NMR studies
enable the observation of chemical exchange between ru-
bidium sites in a-Rb;AlFs. High temperature NMR meas-
urements show that a-Rb;AlF; is isostructural to y-K;AlFs
and B-Rb;AlFs is isostructural to §-K;AlFs. Diffraction-
based methods coupled with NMR spectroscopy and DFT
calculations was proved as a promising approach to obtain
the information about the local dynamics of AlF¢ octahedra
with the non-cooperative octahedral tilting.
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Synopsis:

Insight into the detailed structure of two polymorphs of the rubidium cryolite RbsAlFs with non-
cooperative octahedral tilting was obtained by using a combination of synchrotron powder dif-
fraction, multinuclear high temperature solid-state NMR spectroscopy, electron diffraction, and
first-principles calculations.

Dynamic processes such as chemical exchange of rubidium sites and rotations of AlFe octahe-
dra are observed and discussed.
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