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ABSTRACT: In an experiment combining various approaches, a precise examination of a portion of the phase diagram of 
the CsF−Al2O3 system was carried out up to 40 mol% Al2O3. CsF−Al2O3 solidified mixtures have been investigated using 
high field solid state NMR (133Cs, 27Al, and 19F) spectroscopy and X-ray powder diffraction over a broad range of composi-
tions with synchrotron powder diffraction and Rietveld analysis. A new cesium oxo-fluoro-aluminate, Cs2Al2O3F2, was 
discovered, prepared, and structurally analyzed by synchrotron diffraction analysis. Besides Cs2Al2O3F2, we have synthe-
sized the following pure compounds in order to aid in the interpretation of the NMR spectra of the solidified samples: 
CsAlF4, Cs3AlF6, and CsAlO2. 

INTRODUCTION 
Fluoro-, oxo-, and oxo-fluoro-aluminates with monova-
lent cation are considered as new materials with the po-
tential to have a high ionic conductivity and other inter-
esting „charge“ properties (as well as interesting optical 
properties).1, 2 These properties are related to the crystal 
structure and its changes by anionic substitution. Crystal-
line systems with oxygen partially replaced by fluorine 
have the ability to introduce defects into the structure 
and thus modify materials' properties, which can directly 
lead to an increase in the functionality of the material. 
The existence of these compounds and materials has been 
recently confirmed. In the case of alkali metal oxo-fluoro-
aluminates, the potassium and the rubidium forms were 
prepared (with the characterization of their structure).2-4, 5 
Our laboratory's research on the synthesis and characteri-
zation of oxo-fluoro-aluminates at the solid/melt inter-
face led to the first preparation and characterization of 
the compound's rubidium form. 
The structure of oxo-fluoro-aluminates is built up of oxy-
gen-connected (AlO3F) tetrahedra, where three oxygen 
atoms and one fluorine atom are bonded to the alumi-
num atom. Two AlO3F tetrahedra, joined by a common 

oxygen corner, constitute the basic building unit [Al2O5F2] 
of [Al2O3F2] layers and K+ cations are mobile between the 
layers. Such tetrahedrally coordinated structure of potas-
sium and rubidium oxo-fluoro-aluminates is unique and 
unusual since aluminum fluorine compounds almost 
exclusively crystallize into the octahedral form.5 
Much less attention has been focused on new materials 
with a larger alkali-metal cation, like rubidium or cesium. 
In this area, only a limited number of rubidium ion con-
ducting solid electrolytes have been reported to this date. 
It is clear that the valence and ionic-radius have an im-
portant effect on the structure and the properties of these 
compounds. The size of the alkali metal cations plays also 
a primary role in the formation and stability of oxo-
fluoro-aluminates at the interface of the fluoride 
melt/solid (glass) phase.6 The rubidium oxo- and oxo-
fluoro-aluminate structures are more favorable as the 
cation size. Therefore, such electrolytes could have con-
siderable scientific and technological importance. Recent-
ly, Rb2Al2O3F2 was synthesized and characterized in our 
laboratory with very interesting ionic conducting proper-
ties.5 Another very promising field of the possible applica-
tion of these materials, is their use as a base matrix for 



 

various dopants, which may in the end increase the func-
tionality of the material (e.g., rare earth metal dopants, 
etc.). 
The size and the role of the cations is also a key factor for 
an understanding of the transport properties of these 
materials, as solid conductors. Understanding the unusu-
ally high transport ability of alkali metal ions requires a 
more rigorous characterization of the phases and their 
systems and subsystems where these phases and com-
pounds arise and exist. The problem is that the infor-
mation about the related phase diagrams is rather lim-
ited, likewise the thermal stability/meta-stability of all 
compounds wherein (see works 4, 5). All alkali metal oxo-
, fluoro-, and oxo-fluoro-aluminates are included in the 
binary MF−Al2O3 system, and this system could be con-
sidered as a subsystem of a wider reciprocal system, 
MF−AlF3−Al2O3−M2O (M = alkali metal). These complex 
systems can be further subdivided into several sub-
systems for their industrial use. The most interesting of 
them are: 
i) Simple binary systems MF−AlF3 and M2O−Al2O3. In 
simple binary MF−AlF3 systems (M = alkali metals), a 
dozens of fluoroaluminate structures exist, known as 
elpasolite and cryolite-type minerals. They all have the 
ordered double perovskite structure, based on (AlF6) 
octahedra which might be discrete units or joined in 
chains, sheets, frameworks, and other groupings.7 Second 
binary system contains the known beta alumina group of 
oxides. They are characterized by structures of alternating 
closely-packed spinel blocks and loosely-packed layers. 
These layers are called conduction planes, containing 
mobile alkali metal ions. There are two distinct crystal 
structures in this group, β- and β"-alumina, which differ 
in chemical stoichiometry, stacking sequence of oxygen 
ions across the conducting plane. 
ii) quasi binary part of the larger systems MF−AlF3−Al2O3. 
This system is also interesting from an industrial point of 
view of aluminum metallurgy, as the NaF−AlF3−Al2O3 
system is used as an electrolyte in the electrolytic produc-
tion of primary metallic aluminum.8 
iii) diagonal of the larger system MF−Al2O3. These sys-
tems are being studied as effective catalysts for various 
esterification processes.9 
Even from this short introduction it is quite clear, that 
these inorganic aluminium fluorides, oxides, and oxyfluo-
rides can have significant importance in the development 
of many new technologies and materials from even rather 
(i) classic metal production (Li-, Na-, and K-
hexafluoroaluminates – cryolites – well known from its 
use as a solvent in the Hall-Héroult process of extracting 
Al from Al2O3 electrochemically); to (ii) advanced energy 
production/storage applications (Na-containing alumi-
num fluorides with a large variety of transition metal 
combinations as cathode materials for Sodium-ion batter-
ies – NIBs10, and β-, and β"-aluminas as solid fast-ion con-
ductors with excellent thermal stability)11; (iii) photonic 
and electronic applications12 (alkali metal cryolites are 
commonly used as new Mn4+ activated fluorides for white 

light emitting diodes – WLED)13; (iv) catalysts (systems 
MF−Al2O3, where M = K, Rb, Cs)9, etc. Therefore, a better 
knowledge of the correlation between the structure and 
the relevant physical properties of these systems is criti-
cally important. A thorough understanding and charac-
terization of these complex reciprocal systems, including 
their high-temperature melts, metastable phases, glass 
phases, and nonstoichiometric compounds could be vital-
ly important for many areas of industrial R&D. 
The present work focuses on the preparation and struc-
tural characterization of a new cesium oxo-fluoro-
aluminate complex compound, Cs2Al2O3F2, as well as a 
detailed analysis of the native CsF−AlF3−Al2O3−Cs2O 
complex system (thermal stability, X−ray and synchrotron 
powder diffraction, solid state MAS NMR). In order to 
better understand the reaction mechanisms occurring in 
distinct binary sub-systems, this work also aims to ad-
dress the nature and type of cesium oxo-fluoro-aluminate 
complexes using 133Cs, 27Al, and 19F solid-state NMR in 
conjunction with synchrotron powder diffraction and 
Rietveld analysis. 
 
EXPERIMENTAL SECTION 
Materials and chemicals used in experiments 
For the preparation of the samples, the following chemi-
cals were used: Cesium fluoride (CsF, CAS number: 7681-
49-4), Sigma-Aldrich, ACS reagent ≥99%, dried in vacuum 
at 773 K for 4 h; Aluminum fluoride (AlF3, CAS number: 
13709-47-2, resublimed, 99.0%), JSC Dalur >99%; Alumi-
num oxide (Al2O3, CAS number: 7429-90-5, Alfa Aesar, -
325 mesh, 99.5% metals basis), Sodium fluoride (NaF, 
CAS number: 7681-49-4, Sigma-Aldrich, 99.9%), Sodium 
chloride (NaCl, CAS number: 7647-14-5, Alfa Aesar, 
99.9%). All chemicals were stored in a glove box under 
argon atmosphere ((Ar, CAS nuber: 7440-37-1, Siad, 
99.999 % purity)) maintained below 0.3 ppm of moisture 
and 0.1-0.5 ppm of oxygen. The samples, analyzed at room 
temperature using X-ray and MAS NMR analysis, were 
prepared in glovebox. 
 
Synthesis of cesium fluoro-, oxo- and oxo-fluoro-
aluminates 
Cs2Al2O3F2 (2CsF×1Al2O3) 
The mechanically mixed and dried Al2O3 and CsF powder 
was placed in a Pt crucible in stoichiometric proportion 
and then heated from ambient temperature to 700 °C at a 
rate of 5 °C/min under an argon atmosphere. The mixture 
was kept at this temperature for 18 hours and cooled to 
room temperature during 10 hours. The resulting product 
showed a major amount of the new phase Cs2Al2O3F2 as 
well as a secondary phase, Cs3AlF6. The reaction mixture 
was then analyzed by XRD, MAS NMR spectroscopy, and 
synchrotron powder diffraction. 
Cs3AlF6 (3CsF×1AlF3) 
CsF and AlF3, in the molar ratio of 3:1, were weighed and 
mixed in a glove box. The mechanically homogenized 
powder mixture (sublimated, dried at 300 oC, min. 99.0%) 



 

was then placed in a Pt crucible and heated in a furnace 
from room temperature up to 830 °C with a heating rate 
of 5 °C/min under 20 bars of argon atmosphere to avoid 
the evaporation of molten cesium cryolite. The holding 
time was 100 minutes. The sample was then cooled down 
to room temperature at a 2 °C/min rate. 
CsAlF4 (1CsF×1AlF3) 
Cesium tetrafluoroaluminate was prepared by heating a 
stoichiometric mixture of CsF and AlF3. The mechanically 
homogenized powder mixture was placed in a Pt crucible 
and heated from room temperature to 550 °C at a rate of 5 
°C/min under an argon atmosphere. The holding time 
was 1 h, and then the sample was spontaneously cooled. 
The obtained bulk of the sample was powdered and ana-
lyzed by XRD and solid-state NMR. 
CsAlO2 (1CsF×1Al2O3) 
The preparation of CsAlO2 was realized by solid state 
reaction: 
 
Cs2CO3(s) + Al2O3(s) = CsAlO2(s) + CO2(g) (1) 
 
Both reactants were weighed and mixed in a glove box. 
CaCO3 decomposes to CO2 and Cs2O and the volatility of 
Cs2O oxide requires that the initial Cs2O/Al2O3 ratio be 
close to 2. The CsAlO2 compound forms around 700 oC. 
At this temperature, the excess Cs2O oxide is already 
volatilized. The mechanically homogenized mixture was 
then placed in a Pt crucible and then heated from ambi-
ent temperature to 700 oC at a heating rate of 10 °C/min 
under an argon atmosphere. The mixture was kept at this 
temperature for 24 hours and cooled to room temperature 
for 10 hours. After the experiment, the sample was ho-
mogenized in the glovebox, and ready for the MAS NMR 
and XRD analysis. 
Cs2Al22O34 (1Cs2O×11Al2O3) 
The mechanically mixed and dried Al2O3 and Cs2CO3 (in 
excess) powder was placed in a Pt crucible and then heat-
ed from ambient temperature to 1400 oC at a heating rate 
of 10 °C/min in an open atmosphere. The mixture was 
kept at this temperature for 22 hours and cooled to room 
temperature for 10 hours. After the preparation, the sam-
ple was homogenized and prepared for MAS NMR and 
XRD analysis. 
 
Thermal analysis measurements 
This method was used for the construction of the part of 
the phase diagram of the system CsF−Al2O3. The classifi-
cation of each phase transition as a function of tempera-
ture and composition was carried out. 
The sample preparation consisted of CsF mixtures con-
taining from 0 to 40 mol% of Al2O3. All samples were 
individually weighed in a glove box under an inert Ar 
atmosphere. 10 grams of each mixture with known com-
position was placed in a platinum crucible, installed in an 
isolated compartment of the stand with reference com-
pound (Al2O3), and enclosed into a resistance furnace 

preheated to 120 °C and prefilled by inert argon gas to 
avoid contamination of moisture (Figure 1). The tempera-
ture of the primary crystallization was determined by 
means of the thermal analysis method registering the 
cooling and heating curves of the investigated mixtures. 
The sample was heated at 7 °C/min up to 50-70 °C above 
the liquidus temperature of primary crystallization of CsF. 
Careful adjustment of the cooling rate (1.4 °C/min.) with 
the registration of the heating curves was used to obtain 
accurate and correct temperature values of phase transi-
tions. Such a slow cooling rate is crucial for systems or 
compounds with an increased tendency to undercool and 
ability to form glass. A larger amount of samples (10 
grams) and a higher ratio of the amount of the sample`s 
bulk to its surface has an important effect on the sensi-
tivity of the measurement of enthalpic changes and pre-
vents higher evaporation of measured systems. 
 

 
From the comparison of cooling curves of the sample and 
reference compound, the temperatures of phase transi-
tions at primary and eutectic crystallization were deter-
mined. The temperature control and the data acquisition 
were performed using a computerized measuring device 
(Multi-component model for thermal analysis data collec-
tions - National Instruments™ where the data collections 
run online under Labview™ software environment) devel-
oped at the Institute of Inorganic Chemistry SAS. The 
temperature of the sample and reference compound was 
measured using a Pt-PtRh10 thermocouple calibrated to 
the melting points of well defined simple salts (NaCl and 

 
Figure 1. Scheme of thermal analysis equipment; 1, 1' - 
Flanges of the furnace (brass), 2 – steel cylinder, 3 - Heat-
ing element (kanthal wire), 4 – insulating material, 5 - 
Tube from sintered Al2O3 (99.8%), 6 - Radiating holder 
(Al2O3, 99.8%), 7, 7' - Measured and regulating Pt/10PtRh 
thermocouples, 8, 8' – Inlet and outlet of inert argon gas, 
9, 9' - Pt crucibles with sample and reference material 
(Al2O3), 10 - Water cooling pipes. 



 

NaF). The hot end of the thermocouple was immersed 
directly in the melt. The measured temperatures of pri-
mary crystallization were reproducible in the range of 1 
°C. For each run, a new batch of CsF and Al2O3 was pre-
pared. 
Analysis of the phase fields 
An analysis of the samples of the CsF−Al2O3 system from 
each phase field was made. In the beginning, we prepared 
samples from the phase fields, identified by thermal anal-
ysis. The samples were prepared in a glovebox and placed 
in a Pt crucible, covered with a lid, and then transferred 
to the resistance furnace, and heated there to the speci-
fied temperature, under the atmosphere of dried argon. 
The temperatures (720, 750, and 800 °C), which corre-
spond to specific phase fields, were then maintained. To 
ensure a steady state, the time at the indicated tempera-
tures was 2 hours for each sample. All mixtures were then 
quenched by immersing the platinum crucible with the 
sample into liquid nitrogen. After each quenching, the 
samples were quickly moved to a glovebox, homogenized, 
and analyzed by MAS NMR and XRD analysis. 
In the next step, we prepared the samples with different 
compositions of Al2O3 (3, 5, 12, and 18 mol%). We have 
quenched these samples from 710 °C in the same way 
described above. 
After the analysis, we identified several fluoro-, oxo-, and 
oxo-fluoro-aluminate species. Some unknown XRD pat-
terns were also identified in the samples from all phase 
fields. In the following step, we synthesized each species 
separately and, again, studied by XRD and NMR in order 
for each species to be able to distinguish from the other 
and for the entire system to be able to be fully analyzed. 
The newly synthesized species thus worked in this step as 
standards for spectral analysis and allowed us to com-
pletely solve the structure of unknown species by XRD, 
NMR, and synchrotron powder diffraction with Rietveld 
analysis. 
X-ray analysis 
X-ray powder diffraction (XRD) patterns of all spontane-
ously cooled samples were measured using an Empyrean 
PANalytical diffractometer with Cu Kα1,2 radiation in 
Bragg-Brentano geometry and a β filter (Ni). A solid-state 
PIXcel detector was used to record XRD patterns. The 
measurements were carried out at room temperature, 
with 2θ varying from 5 to 80° at a step of 0.025°. The time 
per step was 10 s. Phase analysis was performed with Ox-
ford Cryosystem Crystallographica Search-Match 2.1 soft-
ware with PDF2 2011 database. 
Synchrotron powder analysis 
Synchrotron powder diffraction data were collected on 
the High Energy Wiggler beamline of the Canadian Light 
Source using 0.4103 Å X-ray radiation. The powder sample 
was loaded in a 0.63 mm inner diameter Kapton capillary 
and data was collected using a Perkin Elmer area detec-
tor. Data processing and Rietveld refinement were done 
using the GSAS-II software.14 
 

MAS NMR 
Room temperature solid-state MAS NMR spectra were 
recorded on Bruker Avance NEO 20 T spectrometers 
using 1.3 and 2.5 mm resonance probes at a MAS frequen-
cy of 60 or 30 kHz, respectively. For 27Al very shot 0.5 μs 
(≈ π/12) pulses were used to excite the full spectral width 
with a single scan. The recycle delays were 0.5 s. For 133Cs 
π/2 solid pulse widths were 3 μs recycle delays of 5×T1. For 
19F π/2 pulse widths were between 0.7 μs and 1.2 μs and 
recycle delays of 5×T1. 
19F, 27Al and 133Cs chemical shifts are referenced to CFCl3, 1 
M Al(NO3)3, and 0.1 M CsNO3, respectively. The NMR 
parameters (chemical shifts, line widths, and quadrupolar 
parameters) were fitted for several different rotation fre-
quencies to the experimental spectra by means of the 
DMfit program.20 
 
RESULTS 
Complex system CsF−AlF3−Al2O3−Cs2O 
The complex quaternary reciprocal system of 
CsF−AlF3−Al2O3−Cs2O with the following basic ionic con-
stituents Cs+, Al3+, O2-, and F- contains four ordinary bina-
ry systems (Cs2O−Al2O3, CsF−AlF3, AlF3−Al2O3, and 
Cs2O−CsF) and two diagonal binary systems (diagonal 
sections of the basic quaternary), CsF−Al2O3 and 
AlF3−Cs2O. 
Only CsF−Al2O3 is defined as a stable diagonal in this 
complex reciprocal system. The other diagonal, 
Cs2O−AlF3, is a "false" system, from a phase equilibria 
point of view.8 The whole quaternary system can be inter-
esting as a promising synthesis medium due to the poten-
tial existence of a high number of complex species, but 
the experimental information about the phase equilibria 
and the existence of stable compounds in this quaternary 
system is rather rare (in particular, in the case of the bina-
ries CsF−Al2O3, Cs2O−Al2O3, and CsF−AlF3). The liquid-
solid equilibria in the binary systems AlF3−Al2O3 cannot 
be easily studied at normal pressures due to the high 
volatility of AlF3 at higher temperatures.8 The main focus 
in this paper is thus paid to the investigation of the fol-
lowing binary systems: CsF−Al2O3, Cs2O−Al2O3, and 
CsF−AlF3. 
A) Stable diagonal CsF−Al2O3 
Thermal and phase characterization: 
This part of the overall CsF−AlF3−Al2O3−Cs2O system has 
not yet been studied. To our knowledge, no phase dia-
gram of the CsF−Al2O3 system has ever been published. 
Therefore, the identification of individual phase fields by 
thermal analysis, which enables the identification of indi-
vidual crystallization fields, connected with the phase 
characterization of this binary system was was the first 
task to accomplish. The thermal analysis was measured 
up to the alumina concentration of 40 mol%. The results 
of that thermal analysis and the phase diagram of the 
CsF−Al2O3 system are depicted in Fig. 2. 



 

The decreasing of the temperature of crystallization 
through two invariant points (I1, x(Al2O3) = 0.005, t(I1)= 
700.7 oC; I2, x(Al2O3) = 0.05, t(I2)= 700.5 oC) was found. 
Lines 1, 2, and 3 are composed based on the data of ther-
mal effects detected in the whole measured concentration 
range of Al2O3. Below these lines, no thermal effects were 
detected and all samples are completely solidified. 
Dashed lines ((h1) and (h2)), coming out from both invari-
ant points are hypothetical lines, not detected by thermal 
analysis. The difficulties in detecting these lines by ther-
mal analysis are likely due to a large temperature differ-
ence in the melting points of both pure compounds, CsF 
and Al2O3. Beyond the invariant point (I2), the samples 
were denser with increasing alumina concentration, indi-
cating a loss of the existing liquid phase. Lines (1) and (h1) 
frame the area of the full liquid state of the measured 
system. The area between (h1) and (h2) depicts the equi-
librium between melt and new solid cesium complex 
compound. This new compound was after thermal analy-
sis synthesized and established as cesium-oxo-fluoro-
aluminate, Cs2Al2O3F2. The analysis of the crystal struc-
ture of Cs2Al2O3F2 is described in the text later. 
The solidified samples with the Al2O3 contents 3, 5, 12, 
and 18 mol % were after thermal analysis analyzed by 
XRD and MAS NMR methods. The first field, framed with 
lines (1) and (h1), was however difficult to analyze due to a 
low concentration of Al2O3 which is below the detection 
limit of XRD. The 27Al, 19F, and 133Cs MAS NMR spectra of 
the examined samples with the related XRD patterns are 
shown in Fig. 3 and 4, respectively. 
The relative amounts of CsF, Cs2Al2O3F2, and Cs3AlF6 in 
each sample, calculated from the integral intensities of 19F 
spectra, were are shown in Table S1 in Supporting infor-
mations. 
 
 
 

 
Figure 3. 27Al (A), 19F (B), and 133Cs (C) MAS NMR spectra 
of the samples with 3, 5, 12, and 18 mol % Al2O3 prepared 
at 720 °C; * - spinning sidebands. 

 

 
Figure 4. XRD patterns of the samples with 3, 5, 12, and 18 
mol % Al2O3 prepared at 720°C; ○ - CsF, ● - Cs3AlF6, + - 
Cs2Al2O3F2. 

 
In the samples from the region between the invariant 
points (3 and 5 mol% Al2O3), the presence of CsF, Cs3AlF6, 
and the first signs of Cs2Al2O3F2 was detected. The ab-
sence of an Al2O3 phase in these samples suggests a com-
plete consumption of this reactant. Some changes occur 
on the other side of the line (h2). In the samples with 12 
and 18 mol% Al2O3, Cs2Al2O3F2 as a primary phase clearly 
prevails. It means that the invariant line (h2) splits the CsF 

 
Figure 2. Part of the phase diagram of the system 
CsF−Al2O3 



 

and Cs2Al2O3F2 phase fields in the CsF-rich region of this 
phase diagram. 
As already mentioned, the samples with increasing alu-
mina concentration were denser, indicating a loss of the 
existing liquid phase. This process probably continues 
until the alumina concentration of 33 mol%, which is the 
molar ratio CsF/Al2O3 = 2:1 when Cs2Al2O3F2 is formed 
according to the following reaction: 
 
2CsF (s) + Al2O3 (s) = Cs2Al2O3F2 (s) (2) 
 
Behind this concentration, besides α-Cs3AlF6, alumina is 
also already being precipitated from the system (Figure 5, 
pattern with 40 mol% Al2O3). Thus, above this concentra-
tion, the system starts to be saturated with alumina. 
To understand the best synthesis conditions in terms of 
the temperature and composition of the reaction mixture, 
Cs2Al2O3F2 synthesis experiments in the temperature 
range from 720 °C to 698 °C at two different concentra-
tions of Al2O3 (33 and 44 mol %) have been performed. 
Fig. 5 shows the results of the XRD analysis of the solidi-
fied samples after these experiments. The XRD patterns in 
all studied mixtures contain besides the reflections of α-
Cs3AlF6 also significant new reflections, later assigned to 
Cs2Al2O3F2. The highest intensity of these reflections has 
been found in the mixture with 33 mol % of Al2O3 (molar 
ratio CsF/Al2O3 = 2:1, 698 °C). In the XRD patterns of the 
sample with 40 mol % of Al2O3, the beginning of the pre-
cipitation of alumina can be seen too. It indicates that the 
system is already saturated with Al2O3. 
 

 
Figure 5. XRD patterns of the samples with 33 and 40 mol 
% Al2O3 prepared at 700 °C and 698 oC; ○ - Al2O3, ● - 
Cs3AlF6, + - Cs2Al2O3F2. 

 
Structural analysis of Cs2Al2O3F2 
The recently determined Rb2Al2O3F2 structure was used as 
a starting model to perform a Rietveld refinement on the 
Cs2Al2O3F2 data. An excellent fit was obtained with this 
model, confirming that the two compounds are isostruc-

tural. A few impurity peaks are present which match the 
positions of the strongest peaks of Cs3AlF6. This secondary 
phase was added and its content was refined which led to 
a 13.4(1) % weight fraction. The final fit had an Rw of 
3.82% and all bond distance and displacement parameters 
appear reasonable. The synchrotron powder diffraction 
Rietveld fit is shown in Fig. 6. 
 

 
Figure 6. Rietveld refinement of Cs2Al2O3F2. Black circles 
are the data points, the red line is the fit, and the differ-
ence curve is shown as a black line. The upper tick marks 
are the hkl positions of Cs2Al2O3F2 while the lower tick 
marks correspond to Cs3AlF6. 

 
The crystal structure of Cs2Al2O3F2 is also isostructural 
(besides Rb2Al2O3F2) with K2Al2O3F2. It is built of AlO3F 
tetrahedra. Each tetrahedron is connected by corner shar-
ing to three other tetrahedra through bridging oxygens, 
while the F atoms are terminal. The network of corner 
sharing tetrahedra is formed two dimensional with the Cs 
atoms filling the voids between the layers. There are two 
unique Cs atoms, one with 8-fold coordination and one 
with 9-fold coordination. The scheme of the crystal struc-
ture of Cs2Al2O3F2 is depicted in Fig 7. The structure has 
been deposited in the ICSD database with reference num-
ber 2248296. 
 



 

 
Figure 7. A schematic representation of the crystal struc-
ture of Cs2Al2O3F2. 

 
 

Table 1. Experimental data of the crystal structure deter-
mination of Cs2Al2O3F2. 

Chemical formula Cs2Al2O3F2 
Z 4 
Formula weight / g.mol-1 405.77 
Temperature / °C 22 
Crystal system Monoclinic 
Space group C2/m (n○12) 
Unit cell dimensions a = 11.4387(3) Å 
 b = 8.6232(3) Å 
 c = 6.75341(2) Å 
 β = 90.555(2) o 
Cell volume / Å3 666.11(5) 
Density calculated / g•cm-

3 
4.0461(2) 

 

 
MAS NMR spectroscopy of Cs2Al2O3F2 
The 27Al NMR spectrum of Cs2Al2O3F2 shows one broad 
quadrupolar signal at a chemical shift of δiso(27Al) = 65.8 
ppm with a strong quadrupolar broadening (CQ = 9960 
kHz, ηQ = 0.08) (Figure 8A, Table 2). This signal is at-
tributed to the tetrahedrally coordinated Al atoms in the 
(AlO4F) tetrahedral units of Cs2Al2O3F2. A small, narrow 
peak in the octahedral region at δiso(27Al) = -1.3 ppm is 
responsible for one position of aluminum nuclei in (AlF6) 
octahedral sites of Cs3AlF6 (presented as secondary 
phase). This measurement confirm the isostructurality of 
Cs2Al2O3F2 with K2Al2O3F2 and Rb2Al2O3F2, respectively.4, 5 
 

 
Figure 8. 27Al (A), 19F (B), and 133Cs (C) MAS NMR spectra 
of Cs2Al2O3F2; black line - experimental, color lines - 
simulated spectra;* - spinning sidebands. 
 
The 19F NMR spectrum recorded at 30 kHz and (Figure 
8B, Table 2) shows only one well-resolved peak at -144.0 
ppm along with a spinning sideband pattern. The 133Cs 
MAS NMR spectrum contains two lines with 1:1 relative 
intensities (Figure 8C, Table 2). The resonance at δiso = 
199.9 ppm is assigned to the Cs(1) site and the broader 
line at δiso = 130.5 ppm to the Cs(2) site. 19F, 27Al, and 133Cs 
NMR parameters of Cs2Al2O3F2 are present in Table 2. 27Al 
and 133Cs MAS NMR spectra at second magnetic field are 
shown in the Supporting Information (Figures S1 and S2). 
 

Table 2. 27Al, 19F, and 133Cs NMR parameters of Cs2Al2O3F2. 
27Al 
isotope 

δiso 
ppm 

Integral 
% 

CQ 
kHz 

ηQ Compound 

 65.8 98.9 9960 0.08 Cs2Al2O3F2 
 15.2 0.6 6.4- 0.65- Cs2Al22O34 
 -1.3 0.5 8.7- 0.14- Cs3AlF6 
      
19F 
isotope 

144.0 
T1=26s 

100 - - 
 

Cs2Al2O3F2 
 

      
133Cs 
isotope 

199.9 
T1=114s 

50 300 0.2 Cs2Al2O3F2 

 130.5 
T1=112s 

50 280 0.2 Cs2Al2O3F2 

 
B) Binary system CsF−AlF3 
The CsF−AlF3 binary system was studied from experi-
mental data (Holm22, and Chen et al.23), and is character-
ized by the presence of at least two intermediate complex 
fluoride compounds (Cs3AlF6 and CsAlF4). This infor-
mation is in good agreement with the rule proposed by 
Thoma24 defining that the phase behavior and the num-
ber of complex fluoride compounds formed in the binary 



 

alkali fluoride − metal (III) fluoride systems is a function 
of the relative cation sizes. The properties and the phase 
behavior of complex compounds in the CsF−AlF3 system 
may thus be derived from the value of the ratio of cation 
sizes, Cs+/Al3+. Since the cation radius ratio of Cs+/Al3+ 
(3.71) is larger than 1.90, therefore, more than one com-
plex fluoride compound should be observed in this binary 
system. 
Holm22 was the first who prepared the first intermediate 
compound, Cs3AlF6, in the system CsF−AlF3 by fusing CsF 
and AlF3 in the mole proportion 3:1. He determined the 
phase transitions and unit cell parameters of Cs3AlF6 by 
DTA and XRD analysis. The cooling curve he recorded 
contained two exothermic peaks; the solidification point 
at 809 °C and the solid − solid modification temperature 
at 287 °C. The structures of both modifications, α− and β− 
Cs3AlF6, have been determined. X−ray investigation at 
room temperature indicated a structure with tetragonal 
symmetry and face−centered cubic symmetry at 400 °C. 
Likely due to a lack of detailed data, the pattern of Holm 
has not been adopted by the International Centre for 
Diffraction Data. 
Also, Chen et al.23 investigated phase relations in the 
AlF3−CsF system by DTA and XRD methods. They identi-
fied that Cs3AlF6 melted congruently at 790 °C, and re-
ported that the room temperature structure of Cs3AlF6 is 
cubic with a = (9.212±0.004) Å, which was in contradic-
tion with the tetragonal symmetry presented by Holm.22 
No crystallographic information on RT phase Cs3AlF6 
modification is currently available. 
In terms of the exact crystalline structure of the room 
temperature modification of Cs3AlF6, it is clear from the 
literature that neither Holm's suggestion nor the sugges-
tion of the work of Chen et al23 was adopted by ICPDS/ 
CIF files. Fig. 9 shows the XRD patterns of the solidified 
sample of the stoichiometric mixture of CsF and AlF3 
prepared in this work by melting at 830 °C (holding time 
of 100 min.). 
 

 
Figure 9. Room temperature X-ray pattern of pure α-
Cs3AlF6; ● – position of reflections given by Chen et al.23 

 
As can be seen from the picture, there is a difference be-
tween our pattern and that published by Chen et al.23 In 
the structure of α−Cs3AlF6 prepared in this work, all Al3+ 
cations are situated in an octahedral fluorine environ-
ment and very probably, the structure contains the slight-
ly distorted equivalent layers of AlF6 octahedra. This dis-
tortion gives the assumption for the presence of multiple 
diffractions, such as those at cubic structure published by 
Chen et al.23 
At room temperature, the 27Al MAS NMR spectrum, 
shows only one narrow peak in the octahedral region at 
δiso(27Al) = -1.3 ppm and with low quadrupolar coupling 
constant CQ= 170 kHz. It shows one position of aluminum 
nuclei in the same regular (AlF6) octahedral sites in the 
structure of Cs3AlF6. This peak position is in good agree-
ment with peak positions compared to its alkali-metal 
cryolite analogs (Table 3). The deeper and more careful 
study (including HT NMR, DSC, PDF analysis, and Re-
verse Monte Carlo fitting) to solve the structure of α− 
Cs3AlF6 is currently in progress and will be a part of a 
future paper. 
 

Table 3. 27Al chemical shifts of M3AlF6 compounds. 

Compound δiso 
ppm 

Space 
group 

Site δiso 
ppm 

CQ 
MHz 

α-Li3AlF6 Ortho- 
rhombic 

Fd3m28 (AlF6) -2.029 2.38 

α-Na3AlF6 Ortho- 
rhombic 

Pnam30 (AlF6) -1.030 1.90 

   (AlF6) 1.431 - 
   (AlF6) 0.032 - 
α-K3AlF6 Ortho- 

rhombic 
Pna21

17 (AlF6) 0.517 
 

0.28 
 

α-Rb3AlF6 Ortho-
rhombic 

Fddd17 (AlF6) 0.017 0.25 

α-Cs3AlF6 Cubic Pnma23 (AlF6) -1.3* 0.17* 

* This work 
 
The existence of other intermediate compounds in the 
CsF−AlF3 binary system has been proven by several au-
thors. The α−, β− and γ− crystalline forms of CsAlF4 were 
reported by various works.25-27 Chen et al23 also reported 
the existence of another type of Cs−complex compound, 
Cs2AlF5. The stable room temperature β− crystalline form 
of CsAlF4

26 was prepared and characterized by NMR for 
the first time in the present work. The 27Al, 19F, and 133Cs 
MAS NMR spectra of prepared pure CsAlF4 compound are 
listed in Fig. 10. 
The room temperature structure of γ-CsAlF4 consists of 
isolated and strongly kinked files of trans-linked octahe-
dra. In these chains, each octahedron is cis-connected to 
two adjacent one-corner-linked bioctahedral groups, in 
order to form tetrahedra of corner-sharing octahedra as in 



 

well-known pyrochlore compounds. This structure con-
tains 3Al (1:1:1), 3Cs (1:1:1), and 8F (2:1:1:1:2:2:1:2) sites.26 
The 27Al MAS NMR spectrum obtained shows two narrow 
peaks with integral intensities of 2:1, both in the octahe-
dral region at δiso(27Al) = -0.8, and -7.0 ppm, respectively. 
The 19F spectrum shows eight signals -140.8,-150.2, -151.7, -
155.0, -156.8, -157.7, -159.4, and -162.8 ppm and with inte-
gral intensities of 2:2:2:2:1:1:1:1, respectively. Spin-lattice 
relaxation times (T1) vary from 320 to 650 s. The 133Cs MAS 
NMR spectrum shows even three strong, different signals, 
related to three kinds of Cs environments in the structure 
of CsAlF4 at δiso(133Cs) = -14.1, -31.8, and -92.8 ppm with 
integral intensities of 1:1:1 and T1 = 612, 561, and 584 s, 
respectively. The NMR results correlate perfect with the 
structural data. 
 

 
Figure 10. 27Al (A), 19F (B), and 133Cs (C) MAS NMR spec-
tra of prepared pure CsAlF4 compound at a rotation fre-
quency of 30 kHz. 

 
C) Binary system Cs2O−Al2O3 
The scientific interest in the M2O−Al2O3 (M = alkali met-
als) binary systems mostly arises from the use of so-called 
β−Al2O3 (beta-alumina) as a solid electrolyte/membrane 
in the various types of electrochemical applications (e.g. 
sodium-ion batteries).33, 34 The alkali metal oxides (M2O, 
M = alkali metals) form a number of compounds with 
Al2O3 that differ in the molar ratio between M2O and 
Al2O3 from 1:1 to 1:11. The most known compounds of that 
group are the alkali metal oxo-aluminates with chemical 
formula MAlO2, where the molar ratio between M2O and 
Al2O3 is 1:1. The compounds with a molar ratio of 1:11 are 
called M-β-aluminas with chemical formula MAl11O17 or 
M2Al22O34.35 Besides M-β-aluminas, the metastable form 

M-β"-aluminas are often encountered. These are consid-
ered nonstoichiometric forms with alkali metal oxide 
contents between M2O:5Al2O3 and M2O:9Al2O3 with 
chemical formulas MAl5O8,36-38 MAl6O9.5,39, 40 and 
MAl9O14.41, 42 
The first group, MAlO2 compounds, are members of the 
tridymite family. The foundation for this structure is tet-
rahedrally coordinated Al, similar to Si in the SiO2 com-
pounds.42 These compounds contain AlO4 tetrahedra and 
form long corner-shared 3-dimensional network struc-
tures, which are surrounded with alkali metal cations, 
located interstitially between them. Despite its simple 
formula very little is known about the phases of RbAlO2 
or CsAlO2 in contrast to the availability of the structural 
data of the related compounds of KAlO2,42-48 NaAlO2,49-50 
and LiAlO2.51-61 
The structure of RbAlO2 was studied only by Shekhtman 
et al.62, 63 The room temperature structure is orthorhom-
bic (Pnma) close to the crystal structures of room tem-
perature modifications RbGaO2 and RbFeO2. The struc-
ture of CsAlO2 was first analyzed by Langlet64, 65 and Se-
menov et al.66 Both authors reported a cubic structure of 
CsAlO2 (space group Oh7-Fd3m), with a lattice parameter 
a = 8.098 Å. The crystal lattice of this aluminate consists 
of a set of (AlO4) tetrahedra, similar to that of cristobalite. 
The Al3+ ions form a “diamond” sub-network, and the Cs+ 
ions form an identical sub-network offset by a/2 parallel 
to an edge, with respect to the Al3+ network. The O2- ions 
are surrounded by the Al3+ ions and constitute (AlO4) 
tetrahedra so that each O2- ion is located halfway between 
the Al3+ ion and its nearest counterpart. The Al3+ ion is, 
therefore, in this compound 4-coordinated, and the Cs+ 
ion has coordination 12. The crystal lattice also shows a 
deformation since a larger radius of Cs+ ions likely leads 
to a reduction in the dimensions of the pseudocubic lat-
tice. For various aluminate complexes, NMR spectroscopy 
has been shown to be a convenient and powerful experi-
mental tool for the specification of the local structural 
environment of aluminum atoms in the polycrystalline or 
amorphous forms of these solid compounds.67 
It is well known, that 27Al isotropic chemical shifts strong-
ly depend on the coordination number. For tetrahedral 
(AlO4) sites, values of 27Al isotropic chemical shift fall into 
the range between 55 and 90 ppm. The pentahedral 
(AlO5) sites belong to the range of 30-40 ppm, and octa-
hedral (AlO6) ones into the range of -20 to +20 ppm.68 
The various NMR techniques are especially useful for 
systems where all phases have the same chemical compo-
sition with crystal structures with different kinds of Al 
coordinations. For example, room-temperature stable 
distorted orthorhombic β-LiAlO2 exists with only tetrahe-
drally coordinated Al atoms at δiso(27Al) = 83 ppm, as op-
posed to trigonal α-LiAlO2 with Al atoms only in the oc-
tahedral environment at δiso(27Al) = 17 ppm.69 Table 2 
summarizes the 27Al chemical shifts and other parameters 
of the β-forms of MAlO2 compounds. The stable room-
temperature forms of Na, K, and Rb aluminates show 
similar structures with tetrahedrally coordinated Al atoms 
with decreasing value of chemical shift, δiso(27Al), from Li 



 

to Rb forms. The 27Al chemical shift of β-CsAlO2, δiso(27Al) 
= 65 ppm, was in this work for the first time established. 
 

Table 4. Structural and NMR parameters of MAlO2 com-
pounds 

Com-
pound 

System Space 
group 

Site δ(27Al) 
ppm 

CQ 
kHz 

α-Al2O3 Hexago-
nal 

Fd3m74 (AlO6) 1671-73 2.3872,73 

β-LiAlO2 Ortho- 
rhombic 

Pnam5

5 
(AlO4) 8369,70 1.9 

β-NaAlO2 Ortho- 
rhombic 

Pna21
70 (AlO4) 80.169 1.4 

β-KAlO2 Ortho- 
rhombic 

Pnam46 (AlO4) 75.44 
7669 

1.1 
1.1 

RbAlO2 Ortho- 
rhombic 

Pnma6

2 
(AlO4) 725 2.9 

CsAlO2 Cubic64-66 - (AlO4) 65*  
* This work 
 
In order to elucidate the structural and NMR parameters 
of β-CsAlO2, the solid-state synthesis of that compound 
based on the reaction scheme (1) was performed (synthe-
sis is in more detail described in the experimental sec-
tion). The XRD pattern of the mixture of the products of 
that synthesis is depicted in Fig. 11A. As it can be seen in 
this figure, our sample contains some unreacted α-Al2O3. 
 

 
Figure 11. X-ray patterns of prepared CsAlO2 sample 
(pattern A) and sample with small amount of Cs2Al22O34 
(pattern B); + - CsAlO2,65 ● - Cs2Al22O34,65 o - α-Al2O3.74 

 
The results of the 27Al and 133Cs MAS NMR analysis of the 
newly synthesized CsAlO2 are shown in Fig. 12. The ana-
lyzed sample was in fact the whole mixture of the reaction 
products of the reaction (1) with unreacted part of α-
Al2O3. As shown in Fig. 12, the 27Al MAS NMR spectrum of 

the CsAlO2 sample contains two clearly distinguished 
signals with a maximum at δiso(27Al) = 65 ppm; represent-
ing the (AlO4) atoms in the structure CsAlO2 and a sec-
ond signal at δiso(27Al) = 16 ppm, representing (AlO6) at-
oms in α-Al2O3.71 

 
Figure 12. 27Al (A) and 133Cs (B) MAS NMR spectra of 
CsAlO2 sample (spectra 1 and 4) and sample with small 
amount of Cs2Al22O34 (spectra 2 and 3); * - spinning side-
bands; 27Al MAS NMR spectrum of Cs2Al22O34 is in-
creased 20×. 
The 133Cs MAS NMR spectrum of CsAlO2 is for the first 
time presented in Fig. 12. It consists of a single strong 
signal with δiso = 238.9 ppm and two weak signals with δiso 
= 114.5 and 42.3 ppm, respectively. These signals probably 
belong to compounds present in the measured sample 
that were not visible on the X-ray patterns due to their 
low content. We think that the signal at 42.3 ppm belongs 
to the cesium atoms in the structure of Cs2Al22O34. The 
reasons for our position are described below. 
Another compound that belongs to the binary system 
Cs2O−Al2O and studied in past works is Cs-β-alumina 
with the chemical formula Cs2Al22O34. As opposed to 
M2Al22O34 (where M = Li, Na, K, Rb) which was examined 
many times,75-78 only Langlet65 and Semanov et al.66 tried 
to solve the crystal structure of that Cs compound with 
different results. On the other hand, comparing the 
Cs2O−Al2O3 system, beta-alumina compounds belonging 
to the analogous Na2O−Al2O3, K2O−Al2O3, and 
Rb2O−Al2O3 systems are for a long time well defined. 
The controversies in terms of the crystal structure of 
Cs2Al22O34 in the past works of Semanov and Langlet 
could be attributed to the relative complications in the 
preparation and synthesis of this compound. As it is writ-
ten in the work of Langlet,65 only a very slow and long 
decomposition of CsAlO2 can lead to the formation of 
Cs2Al22O34. Langlet used 700 °C and a decomposition time 



 

as long as one year. After that long synthesis, he succeed-
ed to recover single phase Cs2Al22O34. This time difficulty 
in preparing this compound explains why the existence of 
Cs-β-Al2O3 has long been contested,37, 77 especially be-
cause of the relatively bigger size of the Cs+ ions. A similar 
complication with the preparation of Cs-β-Al2O3 was later 
published by Van Hoek in his work.79 When the author 
tried to exchange Na+ and Cs+ cations by immersing Na-β-
alumina in a melt of CsCl, the exchange was very slow and 
never completed due to the size of the Cs+ ion. From all 
these literature data we can conclude that it is very 
doubtful whether Cs-β-alumina can be made and kept to 
be stable in its pure form. 
In our case, many short experiments with different exper-
imental conditions were undertaken. Very weak XRD 
diffractions corresponding to the alumina reflections of 
the experimental pattern similar to Cs-β-Al2O3 listed by 
Langlet, were observed in only one sample (Fig 11, pattern 
B). 
The 27Al MAS NMR spectrum of this sample with a minor 
amount of Cs2Al22O34 is shown in Fig. 12A. It contains two 
distinguished signals, different in intensity. The strong, 
intense signal at peak maximum δiso(27Al) = 16 ppm repre-
sents octahedral (AlO6) atoms in α-Al2O3.71-73 In analogy 
with the 27Al MAS NMR spectrum of Rb2Al22O34, the sec-
ond, a very weak signal at δiso(27Al) = 73 ppm, CQ = 8.7 
MHz, ηQ = 0.14) can probably be assigned to a signal with 
strong quadrupolar broadening, which belongs to the 
tetrahedrally coordinated aluminum Al(3) atoms located 
in the O3Al(3)−O−Al(3)O3 columns in the structure of 
Cs2Al22O34, and participates in joining of the individual 
spinel blocks. The other aluminum atoms, presented in 
close packed spinel blocks in octahedrally (AlO6) ar-
rangement, probably have weak signals in the octahedral 
part of the 27Al NMR spectrum, covered by a strong alu-
minum signal belonging to α-Al2O3. 
The 133Cs MAS NMR spectrum of the same sample was 
obtained after a very long accumulation time, due to the 
low content of Cs2Al22O34. It consists of only a single line 
with δiso = 42.3 ppm without any spinning sideband (Fig. 
12B). This signal belongs to Cs+ ions, located in the area of 
the mirror plane between close packed spinel blocks of 
the structure of Cs2Al22O34. 
 
CONCLUSIONS 
Precise experimental investigation of the CsF−Al2O3 sys-
tem, which is a sub-system of the complex quaternary 
reciprocal CsF−AlF3−Al2O3−Cs2O system, was performed 
by means of combining X-ray powder diffraction, high 
field solid state NMR spectroscopy, and thermal analysis 
methods. Combining these techniques has been proven to 
have a significant experimental advantage in helping to 
precisely describe the phases of the CsF–Al2O3 system. 
MAS NMR spectroscopy was for the first time used for the 
characterization of Cs3AlF6, CsAlF4, and β-CsAlO2. A new 
cesium oxo-fluoro-aluminate, Cs2Al2O3F2, was discovered, 
prepared, and structurally analyzed by synchrotron dif-
fraction analysis. As of right now, this new complex com-

pound is the only complete member of the entire quater-
nary system. Cs2Al2O3F2 shares a similar crystal structure 
with Rb2Al2O3F2, K2Al2O3F2 which is made up of AlO3F 
tetrahedra. While oxygen serves as a bridging element 
between tetrahedra, the F atoms serve as terminals. Be-
sides Cs2Al2O3F2, only α-Cs3AlF6, as a second solid phase 
precipitates from the binary CsF–Al2O3 sub-system. This 
behavior is different from previously investigated 
MF−Al2O3 (M=K, Rb) systems, where M2Al22O34 (M=K, Rb) 
structure played a significant role as the dominant precip-
itated solid phase. 
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Synopsis: 

For the first time, a new cesium oxo-fluoro-aluminate, Cs2Al2O3F2, was discovered, prepared, 
and structurally analyzed. 

For the first time, binary CsF−Al2O3 system, which is a stable diagonal of the complex quarter-

nary reciprocal CsF−AlF3−Al2O3−Cs2O, was analyzed. 
Unlike previously investigated MF−Al2O3 (M=K, Rb) systems, Cs2Al22O34 structure played a no 

significant role as the dominant precipitated solid phase. 


