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ABSTRACT: Phase formation in the NaF-KF-AlF; system, in the vicinity
of the K,NaALF,, composition, has been studied. The samples have been
prepared by melting the starting components at 650 °C. A new phase has
been revealed, which appeared to be a low-temperature form of the well-
known K,NaALF,, ternary fluoride obtained by the hydrothermal synthesis
method. The high-temperature form melts at 598 °C and is stable in a
narrow temperature region of about 15 deg below the melting point.
Thermal analysis, high temperature X-ray diffraction, IR-spectroscopy, X-
ray fluorescence, and X-ray powder diffraction crystal structure analysis
have been applied to study the composition, crystal structure, and thermal
properties of the low-temperature phase. The crystal structure consists of
trigonal—hexagonal two-dimensional (2D) grids built from the [AlF]
octahedra connected via vertices. The 2D grids have a specific wave-like

conformation with a wavelength of 11.88 A and an amplitude of 0.46 A. There is a shift of the adjacent grids relative to each
other. Because of this shift, the space between the grids changes. The shift leads to the formation of pores adapted to potassium
and sodium ions. The reasons for the wave-like structure of layers are discussed. It is shown that the two polymorphic forms

differ in the order of cation occupations.

B INTRODUCTION

The NaF-KF-AlF; system describes the electrolyte in the
aluminum reduction cell.'™* The properties of the above
system have been studied in detail in the melt at temperatures
above 700 °C. The melt composition, the liquidus temperature,
conductivity, and viscosity have been of great practical
importance.’™"® However, no experimental and calculated
data can be valid if there is no reliable information regarding
the system’s subsolidus field. Crystallographic data regarding
the formed solid phases are valuable not only from a
fundamental point of view but also from a practical point of
view, e.g, X-ray diffraction monitoring of the electrolyte
composition in the cell.'*'®

The information on the subsolidus field was started to be
collected at the beginning of the last century." The NaF-AlF,
side in the NaF-KF-AIF; ternary system is the most extensively
studied."®">! At normal pressure, there are two phases: cryolite,
Na;AlF,, melting congruently at 1009 °C, and chiolite,
NagALF,,, melting congruently at 737 °C." Recently, it has
been confirmed that there is another NaAlF, chemical
compound with a limited range of stability of 695—710 °C.
The compound has a significant volatility and, therefore, is
responsible for a high mass transfer rate in industrial reduction
cells. The first reports on the existence of NaAlF, appeared in
1954.>> However, as an individual phase, it was studied only in
2010.**** A considerable delay in research of the subsolidus
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equilibria is also the case for other concentration areas of the
NaF-KF-AlF; system.

The KF-AIF; system is less studied due to its limited
applicability. Recently, there has been an increase in attention
to said system due to the development of “low-temperature
electrolysis”>*® There are several compounds in the system.
The K;AIF¢ phase congruently melts at 995 °C. Phillips et al.
studied the KAIF, phase with a congruent melting point of 574
°C.*” Some phases were obtained by several low-temperature
methods (with the use of hydrofluoric acid solutions), for
example, K,AIF; and KALF,,*®

The NaF-KF system has a simple eutectic type with the
following eutectic point coordinates: T = 721 °C and C(NaF)
= 40% (mol).!

The data on the subsolidus part of the inner field of the
ternary system are scanty. The Na;AlF,-K;AlF binary section
of the system was found to be divided into two subsystems by
elpasolite, K,NaAIF,, with a melting point of 995 °C.*° The
authors also found out that there was an extensive range of
solid solutions.

The data regarding the synthesis and structure of the
K,NaALF,, ternary fluoride were presented.”® There was a
special note that the phase could not be obtained by solid state
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reaction. The synthesis from a mixture of KF, NaF, and AlF;
was carried out by the hydrothermal method in the HF solution
in an autoclave at 600 °C within 3 days. The information
regarding the known phases in the NaF-KF-AIF; system can be
found in the triangle diagram (Figure 1).

AIF _(1291°C)
00, 3

1,0 mol

KALF . (703°C)

0.2 0,8

K,NaAlF  (596°C)
0,4 06
(T10°CNaAIF, KAIF, (575°C)
06

(726°C)Na,ALF

(1009°CNa AIE, o
' K NaAIF 02
(954°C)
19, , . . 00
NaF o0 0.2 0,4 06 08 1.0 KF
(996°C) (856°C)

Figure 1. Triangle of compositions of the NaF-KF-AlF; system with
phases and their melting temperatures.

Unfortunately, the available data have been incomplete for
practical application purposes. In particular, it has become clear
during X-ray diffraction analysis of cooled samples of
potassium-containing electrolytes. It has been found that,
along with the known phases, such as NasALF,, KAIF,
K,NaAl;F ,, and K,NaAlF,, there were at least two unknown
crystalline phases, the interpretation of which has not been
possible due to the lack of any reference diffraction data. The
above has given us an impulse to continue research on phase
formation in the NaF-KF-AlF; system that takes place in a
cooled bath sample. For the present work, we have applied the
melt crystallization approach and solid state synthesis, high
temperature X-ray diffraction, and thermoanalysis to show that
the K,NaALF,, phase has a previously unknown low-temper-
ature polymorphic modification. High volatility and high
temperature hydrolysis prevent separation of the phase without
impurities. The crystal structure is determined by using the X-
ray crystal structure powder diffraction techniques. Both
polymorphic modifications have an unusual wave-layered
structure. It has been established that there was a reversible
phase transition between the phases.

B EXPERIMENTAL SECTION

Synthesis of Samples. The synthesis of samples was carried out
in a vertical shaft furnace in a closed platinum crucible. For
temperature control, a thermocouple (Pt—Pt (Rh10%)) was placed
directly into the kiln above the crucible. The following reagents were
used for the above synthesis: chemical grade Na;AlFg (99%), AlF,
(99%), KHF, (99.5%), and KHCO; (99.5%) from Reakhim, Russian
Federation. KHF, and KHCOj;, as a source of KF, were chosen due to
KF hygroscopicity. Milled and mixed KHF, and KHCO; were placed
at the bottom of the crucible, and then the crucible was filled with a
stoichiometric mixture of fluorides (Na;AlF, and AlF;). The sample
mass was about 6 g. The platinum crucible was placed in the kiln and
kept there for 1 h at 400 °C. After cooling and weighing (in order to
monitor the completeness of the KHF, + KHCO; — 2KF + H,0 +
CO, reaction), the substance was milled again and put back in the
furnace and kept there at a temperature of 600—650 °C for another
15—45 min (depending on the initial mass of the components). The

5961

melt was solidified either by pouring the melt into a metal mold or by
cooling the melt in the crucible at room temperature in the air.
Thermal treatment of the samples was carried out in a closed platinum
crucible in the shaft kiln at 450—600 °C within 1—6 h in the air. The
initial and final mass of the samples was monitored. For the synthesis
of the low-temperature form of K,NaAl;F,, a mixture of the
components corresponding to the composition was melted and then
annealed in the kiln at 570 °C within 3 h.

Research Methods. X-ray Diffraction. Powder diffraction data
were obtained using an X’pert PRO diffractometer (PANalytical) with
CuKa radiation. PIXcel (PANalytical), equipped with a graphite
monochromator, was used as a detector. The sample was milled in an
agate mortar and prepared by the direct cuvette loading method.
Scanning conditions: range from 3 to 100° on the 26 scale with a step
size of 0.013°, At — S0 s/step.

High-temperature X-ray studies were carried out by using a
NTKI1200N Anton Paar high-temperature chamber in the air. The
sample was heated to a certain temperature and then scanned within S
min.

The crystal structure was determined by X-ray powder diffraction
crystal structure analysis. The parameters of the unit cell were
determined and refined by using the following programs.*"*> The
initial atom positions were obtained by simulating the process of
annealing® using the FOX program.>* The structure refinement was
carried out by using the FulProf program.®® To ensure compliance of
the intramolecular geometry to the known structural data, restrictions
on interatomic distances were imposed using a “weight scheme” at the
beginning stage of structure refinement.’® The restrictions were
gradually removed in the course of refinement. The thermal
characteristics of the metal atoms were refined by using an anisotropic
approximation, and the thermal characteristics of the rest were refined
by using an isotropic approximation.

X-ray Fluorescence Analysis. The chemical composition of the
samples was controlled by X-ray fluorescence spectrometry by using
Axios Advanced (PANalytical). The sample was prepared by extrusion,
using H;BO; as a substrate.

Simultaneous Thermal Analysis (STA). Simultaneous thermal
analysis was performed by means of a STA449-QMS403c (Netzsch)
thermal analyzer. The sample with a weight of S mg was placed into a
platinum crucible with leaky caps, heated in the argon flow (30 mL/
min) within the temperature range of 25—600 °C with a heating rate
of 20 °C/min to a temperature of significant thermal effects (melting
or decomposition), and then a cooling curve was obtained.

Infrared Spectroscopy. IR spectra were recorded on Tensor 27
(Bruker) in the range of 400—4000 cm™ by using a standard
technique of tableting the sample with KBr (weight ratio-sample/KBr
= 1:400, the sample mass is 1.5 mg).

B RESULTS AND DISCUSSION

As mentioned above, the goal of this study was a practical one,
namely, “control over the electrolyte composition in the
aluminum reduction cell”. The objective was to find out how
the NaF-KF-AlF; system’s molten ternary fluorides are
crystallized. From a classic point of view, the result of
equilibrium crystallization should be described by a system
diagram, and it should obey the Gibbs phase rule. No more
than three phases crystallize at any point in the ternary system.
If there are other congruently melting compounds, the internal
field of the ternary system is divided into smaller triangle, in
each of which not more than three phases continue to
crystallize. In practice, the process of sampling the electrolyte is
carried out within a short period of time, just a few seconds, so
crystallization of the melt occurs under nonequilibrium
conditions. Usually, the sample composition has four or more
phases.

When studying crystallization of electrolytes of the NaF-KF-
AlF; system, the presence of unknown phases was detected
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Figure 2. X-ray powder patterns of multiphase samples. Top: X-ray pattern of phase K;NaAl;F,(2) in almost the pure state. Lower: X-ray pattern of

phase K,NaALF,(1) with impurities of K,NaAlF, and KAIF,,
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Figure 3. Fragments of X-ray powder patterns of phase K,NaALF,,(2) and phase K,NaAl;F,(1) in comparison in the ranges: (a) 12—18° and (b)

28-34°.

along with a deviation from the Gibbs phase rule. Their
concentrations increase near the K,NaALF,, composition.
Despite the comment regarding the impossibility of K,NaALF,
formation via the solid state synthesis,®® such a phase was
present in crystallized bath samples. The phase is hereinafter
referred to as K,NaALF,,(1). Experiments on the variation of
the melt composition in the vicinity of K,NaAL;F,, were carried
out to determine the composition of additional phases. The
melt composition was changed along the rays emanating from
K,NaAlF,, toward the following phases: NaAlF, - (1), AlF, -
(2), KAIF, - (3), K,NaAlF, - (4) (Figure 1).

When the composition was changed in the direction of (1)
and (2), crystallized samples contained, as the main phases,
K,NaALF},(1) and a new phase, denoted as K,NaAlF;,(2). At
further stages, it was found out that the K,NaAl;F,,(2) phase
prevailed. In the direction of (3) the K,NaALF,(1) phase
dominated in the samples. Small amounts of KAIF, and
K,NaAlF; were present. In the direction of (4) K,NaALF,(1),
K,NaAlF,, and K,NaALF,,(2) were observed. The highest
content of K,NaAl;F,(2) was in the samples associated with
direction (2). Since the shift in the melt composition toward
KAIF, preserves the K,NaALF,,(1) phase, an experiment was
carried out. The experiment included doping the samples of
direction (2) with KAIF, and annealing at 570 °C. The
expected transition of K,NaALF,(2) into K,NaAlF;,(1) was
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not the case. Moreover, the content of K,NaAl;F,(2)
increased. Practically, a pure phase of K,NaAl3F,(2) was
obtained by annealing the samples of direction (2) at $70—580
°C within 3 h. The resulting material was used for further
structural investigation. If phase K,NaAl;F(,(2) were to be
melted at temperatures above 600 °C and then cooled, the
resulting substance would consist of a mixture of
K,NaALF,(1) and K,NaAl;F,(2) with a small amount of
other phases. It should be noted that the temperature higher
than 570 °C during annealing leads to an increased volatility of
the substance in the crucible. Such circumstances, together with
the presence of small impurities in the sample, did not allow
determining the final composition of the K,NaALF,(2) phase.

The X-ray powder patterns of K,NaAl;F;,(1) and
K,NaALF,,(2) (with minor K,NaAlF; and KAIF, impurity
phases) are compared in Figure 2. It can be observed that the
most intense lines are at 15.5—16.0° and 31.0—32.0°. Figure
3a,b shows the mentioned intervals scaled-up. Practically, exact
line matching “masked” the K,NaALF,,(2) phase, which led to
problems with phase identification. Perhaps, such circum-
stances did not allow® the K,NaAlF;,(1) phase to be obtained
via the solid state synthesis or through the melt.

The elemental analysis of the samples was performed by the
X-ray fluorescence method. It showed the similarity of the
K,NaALF},(1) and K,NaALF,(2) compositions. Additionally,
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Figure 4. Thermogram of the sample containing mainly the K,NaAlF,(2) phase.

the samples contained approximately 2% (abs.) oxygen.
However, it should be mentioned that the analyzed samples
included impurity phases. It gave the basis to designate a new
phase as K,NaALF,(2).

The thermal behavior of K,NaALF,,(2) was studied by using
thermogravimetry and high-temperature X-ray diffraction.
Thermogravimetric experiments were carried out in the argon
atmosphere. The DTA and TG curves include recording
cooling after melting the sample (Figure 4). On the heating
curve, some small endothermic effect was observed at 583 °C,
which was accompanied by a powerful effect at 596 °C
attributed to melting. After melting, a dramatic weight loss
began. Then, after melting, the sample was heated up to 625
°C, which corresponds to the recovery of the level of the DTA
curve after the endothermic effect. Then, controlled cooling
was carried out. In the cooling section, the volatility of the
substance in the crucible came to a complete halt. There are
two exothermic peaks at 577 °C and at 563 °C, which indicates
the reversibility of the heating process. A slight delay between
crystallization and the process of melting indicates the inertia of
the system. It can be concluded that the reversible phase
transition happens about 15 °C below the melting point. The
volatility of the substance continues (regardless of heating or
cooling), and, apparently, it is a function of temperature. The
change in weight due to volatility at the melt temperature was
studied experimentally. The sample with a weight of 6 g was
heated in the platinum crucible within 48 h at 600 °C. The
weight loss was about 50%.

High temperature X-ray diffraction experiments were carried
out in the air. X-ray powder patterns showed some gradual
change in the sample’s composition (Figure S). At temper-
atures higher than 450 °C, a rapid disappearance of the
K,NaAlF},(2) lines and an appearance of elpasolite, K,NaAlF,,
and lines of some unknown phase were observed. The
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Figure S. High temperature X-ray diffraction patterns of the sample
containing mainly the K,NaALF,(2) phase. Lower: the initial
substance at 25 °C; Top: after heating up to S50 °C. The initial
phase disappears completely. The phases appearing are (2) - K,NaAlF4

and a new phase (3) - ALOF,.

transformation was complete at 550 °C. Cooling led to no
restoration of the powder patterns. Analysis of the cooled
sample showed that the observed changes occurred only in a
thin surface layer. The similarity of the cationic part of the
initial K,NaAL;F, phase and elpasolite, K,NaAlF, suggests that
decomposition occurs together with the formation of aluminum
fluoride, AlF;. The X—ragf powder patterns did not correspond
to any form of AlF;.>"*" So, it was assumed that a product of
high-temperature hydrolysis was formed on the surface of the
sample. The composition of the unknown phase was estimated
on the basis of the X-ray fluorescent data of the multiphase
sample. It leads to the Al,OF, formula.

DOI: 10.1021/acs.inorgchem.5b00772
Inorg. Chem. 2015, 54, 5960—5969


http://dx.doi.org/10.1021/acs.inorgchem.5b00772

Inorganic Chemistry

The similarity of the K,NaAl,F;,(1) and K,NaAlF,(2)
phases was further confirmed by the similarity of the IR spectra
(Figure 6). The main absorption bands at 680 and 734 cm™

0,6 -

0,5

0,4

Absorption

0,3

02
(1)
0,14

M T M T M T M T M T T T T T M T T
2750 2500 2250 2000 1750 1500 1250 1000 750 500
sm”

Figure 6. FTIR spectra of K,NaALF ,(1) and K,NaALF,(2).

correspond to the stretching vibrations of the AI-F bonds. The
first band was attributed to the stretching vibrations of Al-F at
mutual vertices of the AlF4 polyhedra, and the second one can
be attributed to the stretching vibrations at free vertices®”*’ In
the spectra, there are also bands caused by adsorbed water.

Summarizing all the results regarding the synthesis, chemical
composition, thermal behavior, it can be concluded that the
K,NaALF,(2) phase is a low-temperature polymorphic
modification of K,NaALF,(1). The temperature range of
stability of K,NaALF;,(1) is about 15 °C below its melting/
crystallization point. At low temperatures, the K,NaAl;F,(1)
phase transforms into K,NaALF,,(2). Dominance of one of the
polymorphic forms in the sample after melting depends on the
composition of the initial sample, and it can be explained from
the point of view of the eutectic system’s formation. If an added
component has a melting temperature of below 600 °C, the
K,NaALF,,(1) phase is the first one to crystallize. Such a result
occurs when KAIF, is added. In all other cases, the melting
temperature of the second component was above 600 °C
(Figure 1). Because of the internal heat generation during
crystallization of the high-temperature component, the
K,NaALF,(1) phase is not subjected to rapid quenching and
undergoes phase transition into a low-temperature form. The
K,NaALF,,(1) and K,NaALF,,(2) phases are characterized by
high volatility in the solid state. When heated in the air to above
500 °C, the K,NaAL,F,,(2) phase reacts with water vapor in the
air, including the formation of elpasolite, K,NaAlF, and a
phase with the estimated Al,OF, composition.

The structure determination was carried out by using the
multiphase sample’s pattern. The lattice parameters were
determined by indexing the reflections prescribed to
K,NaALF,,(2). The structure simulation was carried out by
placing cations and anions in the unit cell (taking into
consideration their contacts and mutual vertices). At the final
stage, refinement was carried out, including releasing all the
coordinates. The main crystallographic parameters, the
scanning conditions, and the refinement indexes are collected
in Table 1. The interatomic distances and angles between the
bonds can be found in Table 2.
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Table 1. Scanning Conditions and Crystallographic
Parameters

phase K,NaALF,(2) K,NaAlF;,(1)*
chemical formula K,NaALF,, K,NaALF,,
MW 410.11 410.11
spatial group Pcmn (62) P21/m (11)
a A 11.8781(6) 11.8942(4)
b A 69718(2) 6.9668(2)
o A 11.2493 (5) 6.9437(4)
a (deg) 90 90
p (deg) 90 125.633(3)
7 (deg) 90 90
Ve A3 931.38(3) 467.65(2)
VA 4 2
P g/ cm® 2925 2912
4, mm™* 25.276
T, K 295
diffractometer X'Pert PRO (PANalytical)
radiation Cu Ka
) A 1y = 1.54056, 1, = 1.54439
scanning area, 20 (deg) 8.005—90.909
no. of points 2518
no. of reflexes 234
R, % 7.91
Ry, % 104
Ry % 3.70
S = Ryy/Reyy 1.93

The graph of the calculated and experimental X-rays powder
patterns for the final model is shown in Figure 7.

The structure agrees well with the X-ray diffraction data and
corresponds to the K,NaALF, composition. Figure 8a,b shows
the crystal structure.

The Al-F interatomic distances are in a narrow range of
1.78(1)—1.83(1)A, and the angles (F—AI—F) in the polyhedra
show no significant deformation (Table 2). The K,NaALF;,(2)
structure represents wavy anionic layers made of [AlF]
octahedra linked via equatorial vertices. The anions in the
layer are connected in a Kagome grid consisting of trigonal and
hexagonal rings (3636) (Figure 8b). The layer composition
corresponds to the [AIF,] formula. The resulting grid is also
known as the hexagonal tungsten bronze (HTB) structure.*?
Unlinked vertices of the octahedra are directed toward the
interlayer space. The length of the bending wave of the layer
corresponds to the cell parameter: 4 = a = 11.8781(6) A. The
bending amplitude is ~0.46(1) A. The wavelength fits four
[AlF4] octahedra which change their orientation repeating the
bending of the layer. Waves of the adjacent layers are phase-
shifted by 3.91(2) A. The shift leads to such a situation when
the distance between the adjacent layers changes from the
lowest, equal to 4.88(1) A, to the greatest, 6.84(1) A (Figure
8a). The cations are located between the layers. Because of the
shift of the grids relative to each other, prismatic cavities change
their shape.

Figure 9a shows two grids in the projection perpendicular to
their location. There are two types of cavities: triangular
antiprisms (octahedra) and truncated pyramids (with the
hexagon base and triangle top, respectively). The octahedra and
truncated pyramids form linked chains which penetrate the grid
system in the perpendicular direction. There is the following
relation: one “0-0” chain (...-octahedron-octahedron-...) corre-
sponds to two “p-p” chains ” (...-pyramid—pyramid-...). Sodium
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Table 2. Main Interatomic Distances and Angles between
Bonds in K,NaALF,(2)

(a) Interatomic Distances

bond distance (A) bond distance (A)
All-F2 1.82(1) Na—F8§° 2.28(1)
All-F3 1.81(2) Na—F9 2.31(1)
All—F4 1.81(1) K1-F2° 3.05(1)
All-F5 1.83(1) K1-F2° 3.05(1)
Al1-F6 1.78(2) K1-F3 2.90(1)
All-F7 1.83(1) K1-F4¢ 2.62(1)
Al-F2 1.83(1) K1-F4" 2.62(2)
AR—-F2° 1.83(1) K1-F7¢ 3.02(1)
AR-F7 1.83(2) K1-F7 3.02(1)
AR-F7” 1.83(2) K1-F9’ 2.43(1)
Al2—F8 1.82(1) K2-F4 2.86(1)
AR-F9 1.83(2) K2—F4 2.90(1)
Na—F4° 2.29(1) K2—F6* 2.86(1)
Na—F47 2.29(1) K2-F6* 2.70(1)
Na—F5° 2.54(1) K2—F6' 2.70(1)
Na—F6 2.43(1) K2—-F6™ 2.70(1)
Na—F6” 2.43(1) K2—F8" 2.79(1)

(b) Angles between Bonds

bonds angle (deg) bonds angle (deg)
F2—Al1-F4 89.7(4) F2—-AR-F2 98.2(3)
F2—Al1-F3 95.5(4) F2—Al2-F7 89.2(3)
F2—Al1-F5 89.8(3) F2—AI2—-F8 X 2 91.4(3)
F2—-Al1-F6 91.5(3) F2—AI2—F9 X 2 90.7(3)
F3—Al1-F4 92.4(3) F7—AI2—F8 X 2 84.7(3)
F3—Al1-F6 88.2(3) F7—-AI2—F9 X 2 93.0(3)
F3—Al1-F7 91.8(3) F7—Al2-F2 X 2 171.7(4)
F4—Al1-F5 88.8(3) F8—AI2—F9 176.9(4)
F4—Al1-F6 178.6(4)

F4—Al1-F7 90.3(3)
FS—Al1-F6 90.5(3)
FS—Al1—F7 83.2(3)
F6—Al1—F7 91.8(4)
“0S5+x1-y15-=z b, 0.5 — y,z 0.5 —%,05—y —05 +z 0.5

—x,9,—0.5 +z. —x,l—y,l—z 05—x,15 % —0S5+z x,y,—l
+z "x, 1.5 — y,—1+z ‘—05+%1—905—z"x15—-y,z k0.5 +
%05 +y 15—z 05—x,15 5, 0.5 + z 05—x,y,05+z "1 -
%05+y,2—-2%—x05+y 1—z

cations are arranged in “0-0” type chains. Potassium cations are
arranged in “p-p” type chains. Thus, the cations follow in the
following order: “Na—Na” and “K—K” (Figure 8b). The cations
are slightly shifted from the centers of the cavities. The Na—F
distances are in the range of 2.28(1)—2.43(1)A. If the interval is
extended up to 2.54(1) A, the resulting polyhedron can be
viewed as a pentagonal bipyramid (Figure 9b). There are two
distinguishable positions for potassium. For the K1 position,
the range of distances is 2.43(1)—2.89(1) A. The polyhedron
presents the distorted trigonalprism with the cap on a lateral
face (Figure 9c). The distances of K2 position up to the neatest
fluorine atoms are in the range 2.70(1)—2.85(1) A. It can be
regarded as a distorted octahedron (Figure 9d). It is interesting
to note that the curvature (bending) of the layer with regard to
K1 and K2 is different by sign. The Na—F and K—F interatomic
distances are collected in Table 2.

For easy comparison, the structure of KZNaA13F (1) is
presented in Figure 10a,b in similar projections.*® There is also
a wavy anionic layer structure. The length of the bending wave
is maintained at 11.8942(4) A, and the amplitude is a little
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bigger at 0.59(1) A. The shift of the adjacent layers is about
4.16(2) A. The distance between the adjacent layers varies from
4.91(1) to 6.67(1) A. In general, changes in the geometry of
both structures are in the amount of parts of angstrom. The
specific volume per formula unit (K,NaAl;F;,) increased
approximately by 1 A% A decrease in the volume observed
during phase transition is consistent with the common idea of
polymorphic transformations, when the high-temperature phase
has a greater volume. The K,NaALF,(1) structure supports
the same system of cavities for the cations. It is important to
note that the forms of cation polyhedra are the same as shown
in Figure 9b—d. There are small differences in interatomic
distances. However, there is another scheme of cation
occupation in the direction perpendicular to the stacking of
the layers. The “0-0” type chains are filled by “Na—K” cation
sequences. The “p-p” type chains are filled by “Na—K” and “K—
K” sequences. Thus, the nature of the differences between the
two polymorphic modifications can be explained by the
different order of the cationic positions. The high-temperature
modification allows for forming mixed “Na—K” type chains.
Such sequences are characteristic for both types of cavities —
“0-0” and “p-p”. In other words, a smaller cationic size of
sodium plays no role in filling up the cationic positions. In the
low-temperature form, the size of the cation becomes critical.
The seventh contact Na--F demonstrates more significant
shortening from 2.657(1) A in K,NaALF,, (1) to 2.54(1) A in
K,NaAlF;,(2), tending toward 7- rather than 6-fold coordina-
tion. A comparable though different in detail phase transmon
has been observed for isoformula compound Cs,ZrCu;F,,.*'
The phase transition has been shown to be driven by the
change from 6- to 7-fold Zr coordination, where Zr occupied
the site corresponding to Na in the present case. Therefore,
changes in the size of the cationic cavity may be considered as a
cause of the polymorphic transition.

A detailed examination of the discussed polymorphs gives a
hint for a possible mechanism of phase transition. Figure 11
shows the cationic sites in both structures. It can be seen that in
the transition from (1) to (2) can be achieved by a
displacement of each second cationic layer relatively immobile
anionic layers and the first layer of cations. It is interesting to
note that the cation movement repeats the wavy bending
anionic layer. Joint shift of one cationic layer to one position
leads to the combination of cations with the formation of the
(Na---Na) and two (K---K) sequences perpendicular to anionic
layers.

Simultaneous movement of the whole layer allows making an
assumption about the cooperative nature of the phase
transition. Cooperative type of phase transition may result in
a modulated structure. However, we did not find any indication
of this phenomenon in the experimental diffraction data. What
is somewhat unusual in the observed phase transition is that the
symmetry increases from P2,/m to Pcmn during transition to
the low-temperature phase.

When considering the K,NaAl;F, structure, questions
regardmgg a unique wavy layered structure appear. The literature
analysis**** shows that there are several kinds of the [AIF]
octahedra’s single-layer condensation, with the specific [AlF,]
composition. This kind of condensation assumes that two
single unconnected vertices, Al-F, in the [AlF4] octahedra, are
directed toward the 1nterlayer space. There are possible cis-*>>*
and trans-orientations** of free vertices. A flat square grid with
the trans-orientation of free vertices is implemented for low-
temperature forms of KAIF,.** Small rotation of the octahedra
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(a)

(b)

Figure 8. (a) Crystal structure of K,NaALF,(2); (b) layered motif of K,NaAl,F,(2) structure.

in the plane changes the cell size of the square grid and adapts a
cubic polyhedron from free vertices of the [AlF] octahedra to
the size of the potassium ion. All the K---F distances are equal
to 2.85 A. A planar structure with the cis-orientation of free
vertices is known for NaAIF,>*** The location of the [AIF]
octahedra can be recognized as a wavy structure with a short
wavelength of 5.26 A formed from two octahedra. Sodium
cations are located in triangular prisms. Sodium is shifted from
the center of the prism to one of the faces. Four Na—F
distances are equal to 2.30 A, and two are equal to 2.43 A.
Spatially, sodium’s unbalanced environment indicates instability
in the structure. In reality, the structure is stable within a
narrow temperature interval: 695—710 °C.>* Co-crystallization
of 2KAIF, and NaAlF, is a compromise between the
composition and the layer structure. Note that the 1:1 and
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1:2 compositions are unknown. For achieving stability, the
square grid (4*) is transformed into a trigonal—hexagonal grid
(3636), which is more suitable for sodium ions due to the
presence of triangular cells. Because the triangular cells are
supplemented by hexagonal cells, the potassium cations are
located in some bigger cavities. The adaptation of the grid to
the potassium cations is possible thanks to two mechanisms.
On the one hand, there is a shift of successive grids relative to
each other. As a result of this shift, in addition to the octahedral
cavities, other cavities appear with the hexagon at the bottom
and the triangle at the top. The direction of the grid shift
coincides with the direction of the wave. So, therefore, the sizes
of the triangular and hexagonal cells are the key sizes for
wavelength determination. Another compensation mechanism
is layer deflection and a wavy shape of the grid. In the
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(a)

(d)

Figure 9. Structural elements of K,NaALF,. (a) Resulting cavities between two [AIF,] consecutive grids. The geometry of coordination polyhedra

for Na (b), K1 (c), K2 (d).

(a)

Figure 10. (a) Crystal structure of K,NaALF,(1); (b) Layered motif of K,NaALF,(1) structure.*

Rb,NaALF,, structure,* the amplitude of deflection is reduced
to 0.34 A due to an increase in the radius of the Rb cation. The
wavelength increases up to 12.04 A. It is interesting to note that
the Cs,NaAl;F,, phase has an almost perfect HTB grid, without
any significant wave-type distortion. Trigonal symmetry of the
phase corresponds to the symmetry of the grid. However, the
cesium cations are in disordered positions,45 which is an
example of another adaptation of the anionic and cationic parts.
The significance of the adaptation mechanism between the
anionic geometry of the grid and the cationic sublattice is
convincingly manifested in the K;ALF,,(H,0), phase obtained
by the hydrothermal synthesis.*®
Kagome flat grids (Figure 12). The grids are located one

There are undistorted
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above the other, so that the cationic cavity has a trigonal and
hexagonal prismatic geometry. The size of the hexagonal
prismatic cavities is larger than the size of the potassium ion.
For this reason, the stability of the structure was achieved by
locating two additional water molecules in the hexagonal
cavities. The potassium cations were significantly shifted from
the center of the cavities.

The ability of the [AIF,] layers to a wavy conformation is due
to a good ability of bridging fluorides to change the angle
between the supported bonds.**** When connecting the
octahedra along the edges, the minimum Al-F—Al angle
allowed is about 110°.*” In the absence of distortions, it is equal
to 180°.* The wave layer structure is not unique. As noted

DOI: 10.1021/acs.inorgchem.5b00772
Inorg. Chem. 2015, 54, 5960—5969


http://dx.doi.org/10.1021/acs.inorgchem.5b00772

Inorganic Chemistry

Figure 11. Scheme of the reversible phase transition from
K,NaALF ,(2) to K,NaALF,,(1). The left cationic and anionic layers
are fixed. The right cationic layer moves along waved anionic layer
repeating its bending. The arrows show the directions of cationic
migration.

Figure 12. Crystal structure of K3A13F12(H20)2.46

above, it is observed in Rb,NaAl;F,, but not retained in
Cs,NaAl;F,. The wave layer structures can be distinguished in
three-dimensional frameworks, like theta-AlF,.*

The layered structure of the considered compounds is a
prerequisite for increased volatility. It is well-known that ionic
compounds with isolated anions [AIF¢]*", for example,
Na;AlF, K;NaAlF,, and K;AlIF, melt congruently at relatively
high temperatures of 1009, 954,and 995 °C respectively, while
the volatility of the melt is relatively low. Chiolite, NasA;lF ,,
has a layered structure, where the polyhedra are connected via
vertices with the detailed composition of the layer
AlF,,/5(Al,,/),. As a result, chiolite melts incongruently at
726 °C and is volatile. The lower melting point is a
characteristic of the following member of NaAlF,, where the
layered structure is built from the [AIF,,/,] octahedra. The
compound volatility increases and stability decreases. By the
mass spectrometry method, it was established that the gas
phase contained neutral NaAIF, molecules.’>>" It means that
during transition from the crystalline to the gaseous state,
structural elements transform from “octahedral” to “tetrahe-
dral”. The transformation of layered compounds provides for
lighter particles, which determines their volatility. Apparently,
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the same phenomenon induces less solubility of alumina in
acidic electrolytes."

H CONCLUSION

Thus, the phase diagram of the NaF-KF-AlF; system was
detailed in the vicinity of K,NaALF,,. It was found that the
previously obtained K,NaAlF,(1) phase30 was a high-
temperature polymorph form with a melting point of 596 °C.
The phase stability region is approximately 15—18 °C below
the melting/crystallization temperature. Upon cooling, the
K,NaALF,(1) phase transforms into a low-temperature
form—K,NaALF,,(2). If higher than 580 °C, the compound
has a high volatility. It reacts with air moisture at temperatures
higher than 550 °C and breaks into two phases: elpasolite and
aluminum oxofluoride. The crystal structure of the low-
temperature form was determined by the X-ray powder
diffraction method. Both polymorphic forms have a layered
structure. The trigonal—hexagonal Kagome grid consists of the
[AlF,] octahedra and has a wave-like conformation with a
wavelength of 11.88 A. Because of the shift of the grids relative
to each other, the distance between the adjacent grids changes.
The space between the planes is filled with the cations of
potassium and sodium. The shift provides for cavities adapted
to cations. Two polymorphic forms differ in the cation
distribution in the lattice.
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