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Introduction

The A;AlF, (A = alkali metal) system has garnered considerable
attention due to cryolite, NasAlFs, serving as a low melting flux
in the Hall-Héroult process for Al metal production." The
other alkali metal compounds are also known, namely
Li;AlFg,>” K3AlFs,*™® RbsAlF,,” and Cs;AlFs,*° and all contain
isolated AlF¢ octahedra separated by alkali cations. The entire
A;AlF, series is characterized by having phase transitions upon
heating to higher symmetry polymorphs, where the low temp-
erature polymorphs consist of AlFs polyhedra with different
orientations while the AlFs octahedra in the high temperature
polymorphs all have the same orientation. Many of the A;GaFs
compounds have also been studied and exhibit similar
behavior.'**

Synthetic cryolite is produced on an industrial scale using
several aqueous routes, typically involving HF as a fluorinating
agent. Other polycrystalline A;AlFs samples have been syn-
thesized from the melt starting with stoichiometric AlF; and
AF,” via high-energy ball milling,"> and by hydrothermal syn-
thesis.’® There has been less work done on the synthesis of
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m-CszMFg and o-CszMFg. For the two Rb containing compositions, only one room temperature polymorph
was observed: o-RbzAlFg and t-RbzGaFe, respectively. Simultaneous TGA/DSC and high temperature SCXRD/
PXRD were used to study the high temperature behavior of AsMFg. The compounds of all four compositions
were found to undergo structure transitions upon heating to the same cubic structure type, c-AzsMFe.

single crystals of A;AlFs phases. Namely, Li;GaFs was grown
from the melt,>'° Na;GaFs; was grown under mild hydro-
thermal conditions,'* and Rb,KAIFs was grown via an ammo-
nothermal method.’

We have explored the growth of single crystals of A;MF (A =
Rb, Cs; M = Al, Ga) from mixed halide fluxes. The availability
of single crystals has allowed us to determine the crystal struc-
tures of two new low temperature polymorphs of Cs;MF,
m-Csz;MFg and 0-Cs;MFg, and a new low temperature poly-
morph of Rb;GaFs, ¢-Rbj;GaFs, as well as to perform the
first single crystal structure determination for o-Rb;AlFs.
Furthermore, we have studied the thermal behavior of each
compound via simultaneous TGA/DSC and high temperature
SCXRD or PXRD.

Experimental
Synthesis

AlF; (BeanTown Chemical, 99%, anhydrous), GaF; (BeanTown
Chemical, 99.5%, anhydrous), RbCl (Strem, 99.8%), CsCl
(VWR, 99%), and CsF (Alfa Aesar, 99%) were used as received.
RDF (Strem, 99.8%, anhydrous) was found to be RbHF, by
PXRD analysis. RbHF,, which comes as large chunks, was
ground to a powder in a glovebox using a mortar and pestle
prior to use. Caution! RbHF, releases HF vapor upon heating.
HF is corrosive and acutely toxic. HF exposure causes severe
burns that may not be immediately painful and may cause per-
manent injury or death.

Single crystals of each compound were grown using mixed
alkali chloride/fluoride flux. For m-Cs;AlFs, 0-Cs3AlF,
m-Cs;GaFg, 0-Cs;GaFg, 0-RbsAlFg, and t-Rb;GaFg, 2 mmol of
the respective MF; (M = Al, Ga) were loaded into a cylindrical
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silver crucible (1.2 em diameter x 5.7 cm length) and covered
with a mixture of 9 mmol/11 mmol of CsF/CsCl or 7.55 mmol/
11 mmol RbHF,/RbCI flux. The tube was then placed in a
vacuum drying oven and heated to ~180 °C to remove any
moisture from the reagents. After vacuum heating, the tube
was sealed shut by partially crimping the entire headspace of
the tube and completely crimping the top ~1 cm of the tube.
The top of the tube was then folded over and tightly crimped a
second time to produce a cold weld. The sealed tubes were
placed in a programmable tube furnace under N, flow, rapidly
heated to 600 °C for the two monoclinic phases (m-Cs;AlF,
and m-Cs3GaFg), 700 °C for t-Rb3;GaF,, or 750 °C for the ortho-
rhombic phases (0-Cs;AlFg, 0-Cs;GaFs, and o0-Rb;AlF), and
dwelled at this temperature for 12 h before slow cooling to
400 °C (Cs) or 500 °C (Rb) at a rate of 6 °C h™". Once the slow
cool was completed, the furnace shut off and was allowed to
cool to room temperature. The tubes were then cut open, the
flux was dissolved via sonication in methanol, and the remain-
ing products were recovered via vacuum filtration. The result-
ing crystals were then either immediately analyzed or stored in
sealed vials under N, for future analysis as the crystals were
found to be slightly hygroscopic. All reactions yielded phase
pure, small, colorless crystals of the respective compound.

Structure

Structure determination for all room temperature structures
excluding t-Rb;GaF, was performed using single crystal X-ray
diffraction (SCXRD) data. Data were collected on a Bruker D8
Quest diffractometer equipped with a microfocus Mo Ko X-ray
source and a Photon II detector. Data were integrated using
SAINT and corrected for absorption effects using SADABS in
the APEX3 interface.'® An initial structure solution for each
compound was obtained using ShelXT'® and refined using
ShelXL?*® in the Olex2 interface.”’ All examined crystals of
m-CszMF, were found to be twinned, typically exhibiting pseu-
domerohedral twinning to appear orthorhombic with different
lattice parameters than those for 0-Cs;MFs. The structures
reported here are based on data from the least twinned crystals
that were found. The TwinRotMat functionality in the Platon
program?®” was used to identify the pertinent twin law, 0 0 —1 0
—1 0 —1 0 0. Each structure was refined as a two-component
twin with the volume fraction of the smaller twin being 0.0585
(13) for m-Cs3AlFs and 0.0703(14) for m-Cs;GaFs. For
m-Cs;AlFg, accounting for this twinning reduced the R; from
0.0331 to 0.0244 and decreased the maximum and minimum
residual electron density peaks from 6.399/-3.134 to
3.972/-2.069, respectively. For m-Cs;GaFg, accounting for this
twinning reduced the R; from 0.0389 to 0.0281 and decreased
the maximum and minimum residual electron density peaks
from 7.954/-3.522 to 4.065/—3.099, respectively. No twinning
was observed in crystals of the orthorhombic polymorphs. The
structures of m-Cs;MFg and 0-A;MFg consist of isolated MFg
octahedra. In each case, some of these octahedra are ordered
and some have multiple orientations, evidenced by many
smaller electron peaks surrounding these M atoms instead of
just six main peaks. In m-Cs;AlFs and m-Cs;GaFg, these MFg
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octahedra were modeled to have 3 orientations with reasonable
fluorine ADPs, whereas for 0-Cs;AlFs, 0-Cs;GaFg, and
0-Rb;AlFg, the best obtainable model consisted of two orien-
tations with larger, more oblate/prolate fluorine ADPs. To
address concerns that the crystal structure did not correctly
account for all the twinning, another crystal of m-Cs;GaF, was
independently solved by a second crystallographer. This model
is essentially identical to the one reported here though with
slight differences in the modelling of the disorder. A compari-
son/discussion of the two models is provided in the ESI,
including Table S1 and Fig. S1.f 0-A;MF, crystallize in a
known structure type, the o0-Rb;AlFs type, whose parent
member’s structure was determined via structure solution of
synchrotron powder X-ray diffraction data, where twinning is
not relevant. We therefore did not seek further corroboration
of these structures. Crystallographic information for each
structure is provided in Table 1. In each case, the maximum
and minimum residual electron density peaks/holes were adja-
cent to the heavy Cs or Rb atoms.

Single crystals of tRbzGaF, diffracted weakly and were
highly twinned. As a result, a suitable single crystal for struc-
ture determination was not able to be found. Instead, structure
determination was performed using powder X-ray diffraction
data collected in reflection geometry on a Rigaku SmartLab
Diffractometer equipped with a Cu Ka rotating anode.

Structure determination for c¢-Cs;AlFs was performed via
SCXRD at NSF’s ChemMatCARS beamline at Argonne National
Lab. Data were collected at 350 °C. The raw images were then
transferred to a Bruker D8 Quest’s computer and processed in
the APEX3 program.'® An initial structural model was deter-
mined using ShelXT and then refined using ShelXL*® in the
Olex2 interface.*"*® Olex2 was used to calculate the correct
anomalous dispersion parameter values (f, f’, and mu) for
each element at the specific wavelength (A = 0.41328 A). The
transition temperatures of the other analogues exceeded the
maximum temperature available at NSF’'s ChemMatCARS and
therefore, SCXRD structure solution of their cubic polymorphs
was not possible.

Temperature dependent PXRD data for Csz;AlFs and
Cs3GaFg were collected on a Rigaku SmartLab Diffractometer
equipped with a Mo Ko rotating anode and an Anton Parr
HTK1200N heating stage. Cs;AlFs was loaded into an alumina
sample well and collected in reflection geometry. Cs;GaFs was
loaded into a fused silica capillary and collected in trans-
mission geometry. Samples were heated stepwise at 50 °C
increments far from the expected transitions based on DSC
data and at 5 °C increments near the transitions with the
temperature stabilized at each temperature prior to data collec-
tion. Temperature dependent PXRD data for Rb;GaFs were col-
lected on a Rigaku Ultima IV diffractometer equipped with a
Cu Ko X-ray source, an HT 1500 high temperature attachment,
and a DteX Ultra detector.

Structure determination for ¢Rb;GaFs, c¢-Cs;AlFg, and
¢-Cs;GaFy were performed via Rietveld refinement of PXRD
data, Fig. S14-S16.F The diffraction patterns were analyzed,
fitted, and refined with the Rietveld/d-I pattern method using

This journal is © The Royal Society of Chemistry 2023
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Table 1 Crystallographic data for SCXRD structure refinements of the reported compounds

Compound m-Cs;AlFg 0-Cs;AlFg m-Cs;GaFg 0-Cs;GaFg 0-Rb;AlF ¢-Cs;AlFg
Space group Cc2/m Fddd c2/m Fddd Fddd Fm3m
Pearson symbol mC120 0F480 mC120 0F480 0F480 cF40

a(A) 11.2739(2) 13.0311(6) 11.3996(3) 13.1762(8) 12.4412(11) 9.3433(3)
b(A) 19.5018(4) 18.4837(9) 19.7132(4) 18.7515(12) 17.6466(16) 9.3433(3)
c(A) 11.3248(2) 39.0240(18) 11.4551(4) 39.488(3) 37.201(4) 9.3433(3)
B 109.6410(10) 90 109.7000(10) 90 90 90

Vv (%) 2345.02(8) 9399.4(8) 2423.55(12) 9756.4(11) 8167.4(13) 815.64(8)

VA 12 48 12 48 48 4

Crystal size (mm3) 0.04 x 0.04 x 0.04 0.12 x 0.08 x 0.08 0.04 x 0.04 x 0.04 0.08 x 0.07 x 0.07 0.13 X 0.10 x 0.09

Temperature (K) 300(2) 300(2) 300(2) 299(2) 299(2) 623(2)
Density (g cm™?) 4.586 4.577 4.789 4.758 3.878 4.395

6 range (o) 2.184-33.142 2.438-36.365 2.161-33.137 2.405-36.334 2.190-30.504 2.195-19.862
7 (mm"l) 14.061 14.032 16.760 16.653 21.650 3.106

Data collection and refinement

Collected reflections 108074 222 336 102 291 215240 133061 11945
Unique reflections 4590 5719 4759 5926 3134 131

Rint 0.0374 0.0422 0.0376 0.0403 0.0742 0.1004

h -17<h<17 —-21<h<21 -17<h<17 —-21<h<21 -17<h<17 -15<h <15
k -30<k<30 -30<k<30 —-30<k<30 -31<k<31 —25<k<25 -14<k<15
l -17<1<17 —-64<1<65 -17<1<17 —-65<1<65 —-53<1<53 -15<1<15
Apmax (€ A7) 3.972 2.432 4.065 1.519 1.712 1.758

Apmin (€ A7) —2.609 -2.110 —3.099 -1.920 -0.863 -1.332

GOF 1.165 1.122 1.159 1.104 1.069 1.148
Extinction coefficient ~ 0.000148(14) 0.0000219(15) 0.000159(14) 0.0000116(14) 0.000011(3) —

Ry(F) for F,2 > 26(F,2)*  0.0244 0.0255 0.0281 0.0264 0.0252 0.0527
R(F2)P 0.0619 0.0565 0.0717 0.0626 0.0643 0.1579

“Ry = Y||Fo| — |Fcl|/Z|Fo|. PwWR, = [Sw(Fo2 — FAYW(F,2TY P = (Fo? + 2F.2)/3; w = 1/[c*(F,2) + (0.0242P) + 18.9315P] for m-Cs;AlFs; w = 1/

[6*(F,%) + (0.0150P)

+163.1195P] for 0-Cs;AlFg; w = 1/[6°(F,”) + (0.0291P)* + 25.0230P] for m-Cs;GaFg; w = 1/[¢*(F,>) + (0.0180P)* + 173.9705P] for

0-Cs3GaFg; w = 1/[6°(F,”) + (0.0253P) + 96.4949P] for 0-Rb;AlF,; w = 1/[6°(F,”) + (0.0508P)* + 28.6465P)] for c-Cs;AlF.

the Rigaku SmartLab Studio II software.>* For ¢-Cs;MFg, the
high temperature Cs;AlF single crystal structure was used as
an starting model. The background, lattice parameters, peak
profiles (split pseudo-Voigt; U, V, W, nL0/mL0, nL1/mL1, nHO/
mHO, and nH1/mH1), F atomic coordinate, and atomic displa-
cement factors () were all consecutively refined. All other
atoms are on special positions with fixed atomic coordinates.
For t-Rb;GaF, the background, lattice parameters, peak pro-
files (split pseudo-Voigt; U, V, W, yL0/mL0, nL1/mL1, nHO/mHO,
and yH1/mH1), Ga atomic coordinates, and Rb atomic coordi-
nates were all consecutively refined using a-K;AlF, as a starting
model. Crystallographic information for the Rietveld refined
structures is provided in Table 2. The structure of c-Rb;AlF,

Table 2 Crystallographic data for Rietveld structure refinements of the
reported compounds

has been previously reported.” The existence of c-Rb;GaFg was
confirmed based on PXRD indexing. However, structure deter-
mination was not possible as the furnace attachment to the
Rigaku Ultima IV greatly alters peak intensities in a non-mod-
ellable fashion. High temperature PXRD analysis on the
Rigaku Smartlab was not possible for this compound due to
the strong absorption of Mo Ka X-rays by Rb.

Phase purity was checked and phase identity post thermal
analysis was determined using PXRD data collected at room
temperature. Data were collected on a Bruker D2 Phaser diffr-
actometer equipped with a Cu Ka X-ray source and a LYNXEYE
silicon strip detector. Data were analyzed using Jade. PXRD
patterns for the six room temperature polymorphs are pro-
vided in Fig. S17-S22.7

Thermal properties

Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were collected simultaneously up to high

Compound t-Rb;GaFs ¢-Cs;3AlFs ¢-Cs;GaFg temperatures on ~20 mg samples to observe structure tran-
Temperature (°C) 30(2) 350(2) 400(2) sitions and melting/sublimation using a TA Instruments SDT
Crystal system Tetragonal Cubic Cubic Q600. Samples were heated at 10 °C min™" under N, flow.
Space group 41/a Fm3m Fm3m Further data were collected up to lower temperatures on
Pearson symbol tI800 cF40 cF40

a(A) 19.7947(4) 9.3235(3) 9.44763(11) ~70-100 mg of samples to further study the structure tran-
c(A) 35.7471(8) 9.3235(3) 9.44763(11) sitions using a TA Instruments Discovery SDT 650. Samples
gw?o%") i;}; g'ﬁ i'gg were heated at 5 °C min~' to the maximum temperature,

0 . . . . . —

Sp 9.8341 1.6129 1.6022 dwelled for 5 minutes, and then cooled at 5 °C min™" back to
7 96.7099 2.6013 2.5672 room temperature under N, flow.

This journal is © The Royal Society of Chemistry 2023

Dalton Trans., 2023, 52, 8425-8433 | 8427



Published on 30 May 2023. Downloaded by Argonne Research Library on 6/23/2023 2:30:50 PM.

Paper

Results and discussion
Synthesis

The synthesis, structures, and thermal behavior of the reported
compounds are schematically summarized in Fig. 1 and dis-
cussed herein. The reported compounds were all synthesized
from mixed alkali halide fluxes. Flux crystal growth has proven
to be an excellent method for the growth of single crystals of
many classes of compounds including oxides,** sulfides,?® and
intermetallics.”” Surprisingly, there has been little work on the
flux crystal growth of fluorides. Most of this work was per-
formed by Barbara Wanklyn, who reported on the crystal
growth of numerous ternary and quaternary alkali transition
metal fluorides nearly a half century ago.?*' These crystals
were primarily grown from PbCl, or PbF,-PbCl, flux, though
ACl, ACI-AF, and ACI-AHF, (A = alkali cation) fluxes were also
used. All reactions were carried out in tightly covered Pt cruci-
bles in open air.

Our synthesis method utilized ACI-AF and ACI-HAF, fluxes
but instead used a crimped shut silver tube crucible to limit
the exposure of the fluoride reagents to atmospheric oxygen
during heating. Typically, oxygen is eliminated from reactions
by sealing the reactions in fused silica tubes. However, fused
silica is highly susceptible to attack by fluoride melts and
vapors. For this reason, we instead used silver tubes. Vacuum
sealing silver crucibles, akin to sealing fused silica tubes,
proved impractical, leading us to instead tightly crimp shut
the tubes, forming a cold weld. To account for expansion of
the air trapped within the tube, which expands to between
three and four times its volume at constant pressure when
heated to between 600 and 750 °C, the entire tube was partially
flattened prior to crimping. The softness of silver then allows
the tube to re-expand upon heating to account for the gas
expansion. While the air trapped within the tube contains a
small amount of oxygen, we did not observe any oxygen impu-
rities in the products. To eliminate any possible oxygen impu-
rities, the tubes can also be crimped within a glovebox.

Silver metal is known to become permeable to oxygen at
elevated temperatures.”® For this reason, we heated the
crimped reactions under nitrogen flow within a fused silica
tube in a tube furnace. Conducting the same reactions in a

TGA

Synthesis

Heating Cooling

AlF; + 600-750 °C 366 °C
RbF/RbCI —> 0-RbsAIF; ———> c-RbsAIFs ——> 0-RbsAIFs

GaFs + 700 °C 397 °C
RbF/RbCI 2 < 5 (RbsGaFs —> —> —> c-Rb;GaFs ——> ?-Rb3GaFs

AlFs + ymy m-Cs;AlFs S

291 °C
CsF/CsClI % 0-Cs:AlIFs —

c-Cs3AlF ——> 0-Cs3AlFs

600°C » m-Cs3GaFs crystalSy, m-Cs3GaFs
CS:IFCJ;.Cl === m’ c-Cs3GaFs =
706> 0-CssGaFs — Powder™® 0-Cs3GaFs

Fig. 1 Schematic summary of the synthesis, structures, and thermal be-
havior of the reported compounds.
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box furnace did not lead to any oxide products, possibly indi-
cating that the tubes we utilized were thick enough to avoid
oxygen permeation. However, these reactions did result in the
formation of AgCl, which seemingly forms from the flux
attacking the inside of the tube coupled with a redox reaction
with atmospheric oxygen. While the tubes were crimped shut,
they always released a small amount of vapor, representing
1-2% of the total reaction mass based on weight loss of
the tubes, that attacked the inside of the fused silica tube.
Although the tubes typically survived this attack, using the
same fused silica tube for a second set of reactions resulted in
a large amount of unidentified impurity products in the reac-
tions. We have previously found that inserting a metal tube
between the reaction vessel and the fused silica tube prevents
the degradation of the fused silica tube,** however we did not
utilize this method here. Tungsten inert gas, TIG, welding shut
the tubes was also found to prevent this loss of vapor and we
have begun to use this method since.

Structure

The A;MF, compounds all possess structures comprised of iso-
lated MFs octahedra separated by A cations. While at high
temperatures, all of these MF, octahedra have the same orien-
tation, discussed further in the thermal behavior section; at
room temperature, a portion of these polyhedra contain a
different orientation, with the arrangement of these polyhedra
determining the specific structure type.

For Cs3AlFs and Cs;GaFg, two room temperature poly-
morphs are observed. m-Cs;AlF and m-Cs;GaFg crystallize in
the monoclinic space group C2/m with lattice parameters a =
11.2739(2) A, b = 19.5018(4) A, ¢ = 11.3248(2) A, and f =
109.6410(10)° at 300(2) K, and a = 11.3996(3) A, b = 19.7132(4)
A, ¢ =11.4551(4) A, and = 109.7000(10)° at 300(2) K, respect-
ively. The structure, shown in Fig. 2, contains columns of MFg
polyhedra down the b-axis. Shown in Fig. 2a, these columns
form rows in the a-direction. Half of these rows contain only
aligned MF, polyhedra. In the other half of the rows, every 3™
MF¢ in each column is misaligned and highly disordered
across several orientations. As such, one sixth of the MF, poly-
hedra in the structure are misaligned. Shown in Fig. 2b, rows
of columns along the (2 0 —2) planes all have the same vertical
alignment with respect to the b-axis. Adjacent rows of columns
are shifted vertically such that the polyhedra are between the
adjacent polyhedra rows. In other words, if all the polyhedra
had the same orientation, they would have a body centered
cubic arrangement. An oxide, Sr;WOs, exists with similar
lattice parameters to m-Csz;MF. While structurally related, this
compound crystallizes in a different space group, Cc, and has
a different arrangement of misaligned octahedra.**

The other room temperature polymorphs, 0-Cs;AlFs and
0-Cs;GaFs, crystallize in the orthorhombic space group Fddd
with lattice parameters a = 13.0311(6) A, b = 18.4837(9) A, and
¢ = 39.0240(18) A at 300(2) K; and a = 13.1762(8) A, b =
18.7515(12) A, and ¢ = 39.488(3) A at 299(2) K, respectively. The
structure, shown in Fig. 3, contains similar columns of MFg
octahedra as in m-Cs;MF, this time oriented down the c-axis

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Structure of m-Cs3AlF¢ showing (a) the view down the b-axis and (b) the view down the [1 0 1] direction. Cs atoms are shown in pink, Al poly-

hedra in blue, and F atoms in green.

Fig. 3 Structure of 0-CszAlFg showing (a) the view down the c-axis and
(b) the view down the a-axis. Cs atoms are shown in pink, Al polyhedra
in blue, and F atoms in green.

due to the difference in standard axis orders for monoclinic
and orthorhombic symmetry. In the orthorhombic polymorph,
every 6 polyhedron of every column is misaligned and highly
disordered. Fig. 4 compares the powder patterns for the two
room temperature polymorphs of Cs;AlFs and clearly indicates
the two different structures, m-Cs;AlFg and 0-Cs;AlF.

Only one room temperature polymorph was observed for
Rb;AlFs. 0-Rb;AlF, crystallizes in the same structure type as
0-Cs;MF, with lattice parameters a = 12.4412(11) A, b =
17.6466(9) A, and ¢ = 37.201(4) A at 299(2) K. This structure
was previously reported based on simulated annealing struc-
ture determination and Rietveld refinement of synchrotron
powder X-ray diffraction data.” The single crystal structure
solution is reported here for the first time.

Rb;GaFs also only crystallizes in a single polymorph at
room temperature. -Rb;GaF, crystallizes in the a-K;GaF struc-
ture type™* with space group I4;/a and lattice parameters a =
19.7947(4) A and ¢ = 35.7471(8) A at 303(2) K. The structure,

This journal is © The Royal Society of Chemistry 2023

shown in Fig. 5, contains columns of isolated GaFs octahedra
down the c-direction separated by Rb cations, akin to the other
analogues. However, in t-Rb;GaFs, there are three different
orientations of GaF, octahedra. One fifth of the columns
contain all one orientation of octahedra. The remaining
columns contain the other two orientations, with every fourth
polyhedron having one orientation and the remainder having
the other orientation.

Thermal behavior

Rb;AlF¢ was previously reported to undergo a phase transition
to a cubic structure upon heating.” DSC data were collected on
all four compounds, shown in Fig. 6 and summarized in
Table 3, and the other three compounds were found to also
exhibit structure transitions. To confirm the nature of these
transitions, high temperature PXRD data were collected.
Waterfall plots showing the PXRD patterns upon heating and
cooling for Cs;AlFs, Cs;GaFs, and Rb;GaF, are shown in Fig. 7
and S2-S61 and confirm the conversion to a cubic structure at
high temperatures. These structure transitions are at 291.2 °C
for Cs;AlFg, 367.6 °C for Cs;GaFg, and 365.6 °C for Rb;AlF.
Unlike the other three phases, which all undergo a single high
temperature structure transition, Rb;GaF, undergoes two tran-
sitions at lower temperatures, 86.6 and 106.9 °C, prior to con-
verting to cubic at 397.2 °C. A similar set of three transitions
are observed upon heating o-K3;AlFs, which is isostructural
with #RbzGaFs. Upon heating, o-K;AlFs transforms to
B-K3AlFs, a second tetragonal phase with space group I4/m,
then to y-K;AlFg, which is analogous to the 0-A;MF; phases
reported here, and finally to the cubic phase, 8-K;AIF;.® The
higher temperature intermediate phase of Rb;GaF, is analo-
gous to y-K3AlFs. While the structure could not be refined due
to the greatly altered peak intensities arising from the furnace
attachment to the UltimalV diffractometer, the lattice para-
meters were refined using the Rigaku SmartLab Studio II soft-
ware,** and found to be a = 37.959(4) A, b = 12.6368(12) A, and
¢ = 17.9872(12) A at 225 °C. Interestingly, the lower tempera-
ture intermediate polymorph of Rb;GaF, is not analogous to
B-K3AlF, see Fig. S7.1 Structure solution was not possible due
to the highly complex nature of the structure and the lack of

Dalton Trans., 2023, 52, 8425-8433 | 8429



Published on 30 May 2023. Downloaded by Argonne Research Library on 6/23/2023 2:30:50 PM.

Paper
45
~
=
S 30+
o Ve
<
gz
= = 15+
Lo T —
=]
o
N’
15=
~
=)
[—]
<
X e 10=
& -
Q w
- -
= = 5'
Lo B —
(=]
o
N’

View Article Online

Dalton Transactions

Experimental
0-Cs;AlF,

Experimental
m-Cs;AlF

14

40 50

2 Theta (°)

Fig. 4 Powder XRD data (Cu K,) for m-CszAlFg and o-Cs3AlFs showing the experimental data (black) and patterns calculated from the CIFs
(colored). The circled regions are zoomed in the inset to highlight one of the differences between the PXRD patterns of the two polymorphs, where
m-CszAlFg consists of a triplet and a singlet of multiplets, whereas o-CszAlFg consists of two doublets of multiplets. The small peak at 26.2° is the
result of W L, X-rays that arise when the anode of the X-ray tube is contaminated by the W filament. The difference between the calculated and
observed intensities for o-Cs3zAlF¢ arise from the use of a low-background slide for this data. See Fig. S187 for data collected in a well sample holder.

Fig. 5 Structure of t-Rb3zGaF¢ showing the view down the c-axis and two individual planes of polyhedra. Rb atoms are shown in pink, the three
different orientations of Ga polyhedra in blue, pink and green, and F atoms in green.

SCXRD quality crystals. PXRD patterns of the two intermediate
polymorphs are provided in Fig. S7 and S8.t

The high temperature cubic structure of Cs;AlFs was deter-
mined via high temperature SCXRD, and the high temperature
cubic structure of Cs;GaF, was determined via Rietveld refine-
ment of high temperature PXRD data, Fig. 8. The high temp-
erature polymorph of Rb;GaFs was confirmed to have the

8430 | Dalton Trans., 2023, 52, 8425-8433

same cubic structure as the other analogues, Fig. S9,1 but
Rietveld refinement was not possible due to the greatly altered
peak intensities arising from the furnace attachment to the
UltimalV diffractometer. However, the lattice parameters were
able to be refined using the cell refinement function in Jade.
All three structures crystallize as double perovskites with half
the octahedral sites being occupied by the M atom and half by

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 DSC data for the four compounds showing the heat flow as a
function of temperature. Endothermic peaks point down and exothermic
peaks point up. No appreciable difference was observed between the
monoclinic and orthorhombic CszMFg compounds so only one is shown.

Table 3 Thermal data for the reported compounds

Phase change T (°C)

Melting point/decomp. T

Compound” Heating Cooling (°C)

Cs,AlF, 291.2 290.0 731

Cs;GaFg 367.6 366.5 n.d.

Rb;AlFg 365.6 364.6 818

Rb;GaF, 86.6 — 907 (decomp.)
106.9 102.5
397.2 397

“No appreciable difference was observed between the monoclinic and
orthorhomblc Cs3;MF¢ compounds and they are therefore not listed
separately. Temperatures provided are melting temperatures unless
otherwise indicated. ‘ Not determined - sample exhibited appreciable
sublimation prior to melting/decomposing.

Temperature, °C
- - N N w w
o (4, o o o o
=] =) =] =) =) S

o
=]

8 10 12 14 16 18 20 2 24
0120, °

Fig. 7 Waterfall plot of the change in PXRD pattern (Mo K, upon
heating for CszAlFe, highlighting the structure transition from m-CszAlFg
to c-CszAlFg at 291.2 °C.

the alkali cation, shown in Fig. 9, and lattice parameters a =
9.3433(3) A for Cs,AlFg at 350 °C, a = 9.4478(3) A for Cs;GaFs
at 400 °C, and a = 9.0432(4) A for Rb,GaF; at 475 °C.

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 Rietveld refinement plot of CsszGaFg at 400 °C; red line is
Rietveld fit, black X's are observed PXRD (Mo K,), blue line is residual,
and vertical black ticks are allowed Bragg reflections.
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Fig. 9 Structure of c-CssAlFg showing (a) the view down the [1 1 0]
direction and (b) a view highlighting the double perovskite nature of the
structure. Cs atoms are shown in pink, Al polyhedra in blue, and F atoms
in green.

Simultaneous TGA/DSC data were also collected on each
analogue to observe the high temperature melting or
decomposition of the phases, shown in Fig. S10-S13f and
included in Table 3. Cs;AlF; and Rb;AlFs melt at 731 °C and
818 °C, respectively, determined visually post-heating. PXRD
data collected afterwards showed the refrozen melt to remain
A3AlF, indicating congruent melting. Rb;GaF, does not melt
but instead decomposes in two steps beginning at 907 °C. The
PXRD pattern of the decomposition products could not be
indexed using the JCPDF database. Cs;GaFs began to exhibit
substantial sublimation starting at 600 °C, losing 5% mass by
750 °C without exhibiting any sign of melting or decompo-
sition. The sample was not heated further so as to prevent
damage to the instrument.

Polymorphism in Cs;MFg

Two low temperature polymorphs of Cs;AlFs and Cs;GaFg are
observed: m-Cs;MFg and 0-Cs;MFe. The driving force behind
which polymorph forms is unclear. While reactions heated to
600 °C typically produce the monoclinic polymorph and reac-
tions heated to 750 °C typically produce the orthorhombic
polymorph, on rare occasions, 600 °C reactions were observed
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to form the orthorhombic phase instead. While the synthesis
temperature appears to influence the ultimate room tempera-
ture polymorph, neither phase exists at the synthesis tempera-
tures, with the products of both temperature reactions presum-
ably forming as the cubic phase and then converting to the
observed polymorphs after the flux has frozen during cooling.
Heating ground samples of the monoclinic polymorphs in the
TGA above the cubic transition temperature resulted in the
orthorhombic phase upon cooling. TGA on single crystals of
the monoclinic phases also resulted in the orthorhombic poly-
morph for Cs;AlFs upon cooling, but for Cs;GaFg, the sample
reverted back to the monoclinic polymorph. Similarly, quench-
ing single crystals from above the cubic transition tempera-
ture, heated in evacuated fused silica tubes and quenched in
either water or liquid nitrogen, resulted in m-Cs;GaF¢ and
0-Cs;AlFs. The driving forces behind the formation of the
monoclinic or orthorhombic polymorphs are clearly quite
subtle and we were unable to come up with any conclusive
reasoning for which phase forms.

During their syntheses, all products were cooled at the
same rate through their structure transitions from the high
temperature cubic polymorphs to the low temperature poly-
morphs. Therefore, it does not appear that the polymorph for-
mation is kinetically driven. We did, however, attempt to deter-
mine which polymorph is the thermodynamically stable poly-
morph. Polycrystalline samples of each polymorph of Cs;MFg
were sealed in evacuated, dried Pyrex tubes and annealed for
72 h at 50 °C below the temperature at which they convert to
the cubic polymorph. While the 0-Cs;MF¢ samples did not
change, the two m-Cs;MFs samples converted to the ortho-
rhombic polymorph, suggesting that 0-Cs;MF; is the thermo-
dynamically stable polymorph.

Conclusions

The flux crystal growth method was adapted for the crystal
growth of fluorides by utilizing fluoride reagents and mixed
alkali chloride/fluoride fluxes in sealed silver tubes. This
allowed for the single crystal growth of A;MF¢ (A = Rb, Cs; M =
Al, Ga). For Cs;AlFs and Cs;GaFs, two polymorphs were
observed at room temperature, m-Cs;MFs and 0-Cs;MF. For
the two Rb containing compositions, only one room tempera-
ture polymorph was observed, o0-Rbz;AlFs and tRbz;GaFg,
respectively. Simultaneous TGA/DSC and high temperature
SCXRD/PXRD were used to study the high temperature behav-
ior of A;MFs. The compounds of all four compositions were
found to undergo structure transitions upon heating to the
same cubic structure type, c-A;MF.
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