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Abstract
An unreported rhenium-based calcium aluminum sodalite (CARe sodalite) has been synthesized by a traditional solid-state method. The rhenium is 
located in the sodalite β-cage and can be reduced under 5% H2 forming gas without breaking the cage framework. Preliminary characterizations of 
the structural, optical, and magnetic properties are reported.

Introduction
Zeolites are a class of inorganic microporous crystalline 
materials that have been studied extensively largely due to its 
wide-ranging applications. These studies have been done from 
chemical, geometrical, topological, and crystallographic per-
spectives.[1–4] Among zeolite-based materials, sodalites are the 
most widely studied.[3] These materials have a relatively simple 
charge-balanced crystal structure with an isotropic “β-cage”[5] 
and can be described by the general formula M8(ABO4)6:2X, 
where M is Ca or Na, A and B are Al and Si, and X is a nega-
tively charged individual ion or a negatively charged group 
of ions. Many sodalites are based on Na8Al6Si6O24 (sodium 
aluminosilicate) frameworks but some are known to be based 
on MII

8Al12O24 (e.g., calcium aluminate) frameworks. The A 
and B species together, such as Al plus Si, form tetrahedra that 
link to form sodalite framework β-cages in the Na sodalites; the 
same being true when A and B are both Al in calcium aluminate 
sodalites. To stabilize the Ca8Al12O24 framework of the Ca-Al-
O sodalites, the cages must contain a strongly bonded group in 
the cage to generate charge neutrality—creating a material that 
is known for a number of anions (many of which are in an oxy-
gen coordinated polyhedra, as XOy

2−), in particular from the Cr, 
Mo, W column of the periodic table, but also for S and Se.[6–9]

With their relatively simple but versatile framework and 
various chemical compositions, as well as their semi-con-
densed porous architectures, sodalites have been particularly 
widely studied. They have been used in catalysis, ion-exchange, 
adsorption–separation, nuclear waste immobilization, and 
applications including luminescence, magnetism, and micro-
electronics,[4,5,10,11] for example. The new material described 
here has been found by classical methods, but with the recent 
emergence and rapid development of artificial intelligence 
(AI) techniques and machine-learning (ML) models, the 

efficiency of materials discovery and property optimization 
may be improved.[12] The AI and ML methods can acceler-
ate the screening of chemical compositions and analysis of the 
characterization data, and can be expected to further benefit 
sodalite-based materials’ potential applications.[12–15] Sodalites 
therefore provide a promising route for the synthesis and modi-
fication of new zeolites and the exploration of their properties 
with different anion groups in the β-cage, and thus will be of 
future research interest.

In this report, we describe a previously unreported calcium 
aluminum rhenium sodalite (CARe sodalite) that we synthe-
sized by a traditional high-temperature solid-state method. This 
solid-state synthesis method also works when preparing sev-
eral different calcium aluminate sodalites (including chromium 
CACr, molybdenum CAMo, and tungsten CAW), but fails for 
sodium aluminosilicate sodalite with rhenium, as sodium rhen-
ate (NaReO4) forms first and then decomposes and evaporates 
before forming the sodalite structure. Finally, we also report 
that for the CARe sodalite, the rhenium in the sodalite β-cage 
is reducible under 5% H2 forming gas, changing the material’s 
color and yielding a stronger magnetic response.

Materials and methods
The polycrystalline CARe sodalite was prepared by a tradi-
tional high-temperature solid-state method in the air. Pre-dried 
calcium carbonate (Alfa Aesar Puratronic, 99.999%), aluminum 
oxide (Alfa Aesar. 99.98%), and rhenium metal powder (Alfa 
Aesar, -325 mesh, 99.99%) were mixed based on a stoichiomet-
ric ratio (with 5% excess Re due to its volatilization). The mix-
ture was annealed at 1050°C for 3 days, and quench-cooled to 
room temperature in the furnace. Further grinding and anneal-
ing processes did not improve the material purity. The resulting 
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products were determined by powder X-ray diffraction (PXRD) 
to be a sodalite-type phase with a light yellow color, together 
with tiny amounts of calcium aluminate impurities. Different 
rhenium starting materials (i.e., ReO3 and Ca5Re2O12 precur-
sors) were also employed and generated similar results. The 
reduced CARe sodalite was then obtained by annealing the as-
made yellow sodalite powders under flowing forming gas (5% 
H2 + 95% Ar) at 700°C. The best reduction behavior was deter-
mined through use of the thermogravimetric analysis (TGA) 
technique on a TA Instruments TGA 5500 under 5% H2 in Ar.

Laboratory powder Xray diffraction (PXRD) patterns 
were collected using a Bruker D8 ADVANCE ECO with Cu 
Kα radiation (λ = 1.5406 Å). Rietveld refinements were con-
ducted with GSAS II software on the collected PXRD patterns. 
For microstructure characterization by transmission electron 
microscopy (TEM), samples were prepared by dispersing dry 
CARe sodalite particles on TEM grids (Lacey carbon films 
with no formvar). Selected area electron diffraction (SAED), 
conventional TEM imaging, high-resolution scanning TEM 
(STEM) imaging, and energy-dispersive X-ray spectroscopy 
(EDS) mapping were performed on a double Cs-corrected FEI 
Titan Cubed Themis 300 scanning/transmission electron micro-
scope, equipped with an X-FEG source and a Super-X energy-
dispersive spectrometer.

UV–vis diffuse reflectance data were collected on an Agilent 
Cary 5000 spectrometer with Agilent Internal DRA-2500 dif-
fuse reflectance accessory. The reflectance data were converted 
to absorption using the Kubelka–Munk function, and the band 
gap values are evaluated using Tauc plots. Magnetization and 
heat capacity measurements were carried out using a Quantum 
Design PPMS (DynaCool), equipped with a vibrating sample 
magnetometer (VSM) option.

Results and discussion
In spite of the complexity of the powder diffraction patterns of 
many zeolites,[1,3] that of the sodalite phase is relatively simple. 
The light yellow colored product powder obtained in the above 
reaction presents a sodalite-type structure with a powder dif-
fraction pattern that fits the I-43 m cubic structure, which has 
been previously reported for many calcium aluminate soda-
lites.[8,16–18] Tiny amounts of impurities were also detected, 
while the main phase is estimated to be more than 90 wt% of 
the materials, as labeled in Fig. 1(a). To determine the stoichi-
ometry of the sodalite, multiple batches with changing element 
ratios were prepared using the same synthesis conditions, and 
their products are compared by PXRD [Fig. 1(b)]. We found 
that a Ca-rich impurity (Ca12Al14O33 = C12A7) increases when 
Al is deficient, while an Al-rich impurity (CaAl2O4) will be 
more prominent when there is not enough Ca in the system. 
Similarly, Ca5Re2O12 is observed when too much Re is added 
in the starting material, in spite of some Re loss. The purest 
material is obtained with the metal ratio of Ca:Al:Re = 8:12:2. 
This ratio is consistent with the common sodalite formula, with 
fully filled β-cages, and is similar to the EDS results obtained 

from the STEM characterization (Figure S1). The elemental 
mapping also shows that the Re distribution in the particles is 
uniform. We found it to be very hard to make the product more 
pure than is shown in the figures. One possible explanation for 
this phenomenon is that due to the texture of the CARe soda-
lite powders, some small agglomerations of starting materials 
wrap the surfaces and thus hinder the complete reaction. This 
is further discussed in a later section of this report.

A Rietveld refinement carried out on the PXRD pattern 
[Fig. 1(a)] results in a unit cell of cubic I-43 m (#217) sym-
metry, a = 9.28042(17) Å, Z = 1 (for Ca8Al12 O24Re2O8), and 
the refined results are presented in Table S1. TEM diffraction 
analysis confirmed the I-43 m symmetry and the lattice param-
eter of the cubic unit cell of the CARe sodalite [Fig. 1(c)]. 
Compared to other reported calcium aluminate sodalites (for 
Ca8Al12X2O32, a = 9.22 Å when X = Cr,[17] a = 9.29 Å for Mo,[8] 
and a = 9.30 Å for W[9]), the lattice parameter a of the CARe 
unit cell is not much different, consistent with the expecta-
tion that the size of the sodalite unit cell depends primarily on 
the size of the β-cage framework. It therefore also conversely 
confirms that when fabricating the CARe sodalite, the ionic 
group in the β-cage is different, while the cage framework is 
not changed much. Based on the refinement, the most opti-
mized result is obtained with a ReO4 tetrahedron in the soda-
lite cage with a small degree of disordering of its orientation, 
leading to a formula of Ca8Al12Re2O32 with Re(VI), consistent 
with many previously reported calcium aluminate sodalites. 
Compared to Re(VII), it is relatively rare to have Re(VI) in 
tetrahedral coordination with oxygen, so it may be that the 
unique sodalite framework restrains the coordination and forces 
the formation of Re(VI)O4 in the cage. Alternatively, it may 
be actually Re(VII) in the ReO4 tetrahedra, which would be 
more consistent with the magnetic susceptibility (will be fur-
ther discussed later) which is more like what is expected for 
Re(VII) with no unpaired electrons. But that would require 
0.5 extra O2− in the cage per Re for charge neutrality, gener-
ating a more complicated coordination in place of a regular 
tetrahedron, which however is not possible to detect by X-ray 
diffraction due to the dominance of the X-ray scattering by 
the heavier elements present, and the Re–O polyhedron dis-
order. The calculated bond valence sum (BVS) for Re in the 
tetrahedron seen is 5.82, close to the suggested + 6 chemical 
valence. Therefore, a Re(VI) formula is demonstrated to be the 
formula for the as-made CARe sodalite, namely the material is 
Ca8Al12Re2O32 = Ca8Al12O24(ReO4)2. Further characterization 
has been carried out to study the rhenium chemical valence and 
behavior in the system, which will be discussed later. How-
ever, in order to more accurately locate the positions of oxygen 
atoms and confirm the chemical valence of rhenium, further 
structural characterization, such as neutron diffraction, which 
is more sensitive to oxygen, may be of future interest.

The as-made CARe sample was then reduced as described, 
resulting in a powder with a similar PXRD pattern but a dra-
matic color change, from light yellow to reddish brown, as 
shown in Fig. 2(a). A TGA experiment was then conducted 
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to determine how much oxygen was subtracted during the 
reduction. The TGA data show that the as-made CARe has 
some surface absorbed moisture present that can lead to a 
weight loss of 0.2%–0.3% at around 200°C regardless of the 
flowing gas. This is relatively common for some micropo-
rous structures and for Re-containing compounds,[19] and 
after getting rid of the surface moisture, the sample powder 
shows no difference in its color or its PXRD pattern. Thus, a 
reduction TGA test was carried out on the pre-dried as-made 
CARe powder under flowing 5% H2/95% Ar gas, which was 
heated up to 700°C at 10°C/min and held isothermally for 

10 h before fast cooling down. As shown in Fig. 2(b) and 
Figure S2, the weight of the CARe sample started to drop 
due to deoxygenation at around 500°C. Post-reduction PXRD 
confirmed that the sodalite cage structure has been main-
tained and thus that the Re in CARe is capable of intra-cage 
reduction (as is the case for CACr[16]). A TGA comparison 
was also conducted with other calcium aluminate sodalites 
(CAMo and CAW), data shown in Figure S2, suggesting that 
different from the case of CARe, CAMo and CAW show no 
obvious weight loss and thus show no sign of reduction under 
H2/Ar up to a temperature of 700°C. CARe finally reached 

Figure 1.   (a) Rietveld refinement of the laboratory PXRD pattern of the as-made CARe sodalite sample, with the image in the insets show-
ing the sample color. The refined I-43 m unit cell is also presented, with Ca as orange spheres, Al as light-blue spheres, oxygen in red, 
and rhenium in gray (in the tetrahedra); The main CARe phase is refined to be more than 90.2 wt%; of the sample (b) The comparison of 
PXRD patterns of samples with different stoichiometries; (c) Electron diffraction patterns of the as-made CARe samples along the [100] 
and [110] directions, respectively. I-43 m symmetry was confirmed and the lattice parameter a was measured as 9.24 Å.
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a plateau at 97.97%. This is equal to 1.94 oxygen atoms per 
formula unit when we consider Ca8Al12Re2O32 as the formula 
of the as-made CARe. This makes the reduced CARe sodalite 
close to Ca8Al12Re2O30, with an oxygen-disordered Re(IV)O3 
tetrahedron in the β-cage. Noting that the measured weight 
percent drop is slightly smaller than the expected value of 
two oxygen losses per formula unit for Re(IV), it is possible 
that the reduction reaction is also not thoroughly completed 
in this process, leaving a small part of the sample not or 
not fully reduced. With the Re(IV) formula then fixed for 
the reduced material, a Rietveld refinement was done based 
on the PXRD of the reduced CARe sample [Fig. 2(a) and 
Table S1] giving an isostructural unit cell (#217 I-43 m) with 
a slightly smaller parameter a = 9.25482(16) Å, consistent 
with the expectation of intra-cage reduction without breaking 
the sodalite framework. The Re–O bond length in the reduced 
sample is refined to be 1.94 Å, longer than the 1.83 Å of the 

as-made CARe. Further, the BVS is thus estimated to be 4.33, 
which is close to the +4 valence that is suggested for the Re 
in the reduced sodalite.

Although the I-43 m structural model yields a good Rietveld 
refinement for the as-made CARe sodalite, some very weak 
extra peaks are unmatched in the PXRD pattern, which may 
suggest that a sublattice or superstructure with lower sym-
metry compared to the I-43 m unit cell [Fig. 3(a)] is formed. 
The weakness of the extra diffraction peaks suggests that 
they may be due to oxygen ordering within the β-cages. For 
example, if the oxygen positions are correlated and the sym-
metry becomes P-43 m, then the body-centered symmetry is 
broken, and these reflections are matched [Fig. 3(a)]. It was 
confirmed by TEM diffraction analysis in Fig. 3(b) that some 
of the sodalite particles exhibit extra reflections which are 
forbidden in I-43 m. Therefore, the lower-symmetry parti-
cles, although in the minority, differ from the I-43 m ones in 

Figure 2.   (a) Rietveld refinement of laboratory PXRD pattern of the reduced CARe sodalite sample, with the image in the insets showing 
the color change. The refined I-43 m unit cell is also presented, with Ca in orange, Al in light-blue, oxygen in red, and rhenium in gray (in 
the tetrahedra); The main CARe phase is refined to be more than 90.1 wt%; (b) The weight% vs time curve of TGA conducted on CARe 
sodalite sample under flowing 5% H2/95% Ar forming gas.

Figure 3.   (a) PXRD of the as-made CARe sodalite, with calculated pattern in the space groups I-43 m and P-43 m, respectively. A com-
parison of reduced CARe PXRD pattern, together with its I-43 m calculated pattern, is also attached at the bottom. (b) Electron diffraction 
patterns of one particle in the as-made CARe sample show extra weak diffraction spots which correspond to a symmetry of P-43 m, as 
compared to the others with a symmetry of I-43 m in the same sample batch.
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the as-made sample. We suppose that the reason for the sym-
metry breaking of some sodalite particles is possibly due to 
the off-centering or an orientational order/disorder transition 
of the ReO4 polyhedra in the cage. This phenomenon is also 
observed in other calcium aluminate sodalites, as with decreas-
ing temperatures, the XO4 tetrahedron can undergo a transition 
from disordered to ordered, accompanied in some cases by a 
degradation from cubic, to tetragonal, and finally orthorhom-
bic symmetry.[17,20–22] These tiny extra peaks are absent in the 
reduced CARe pattern, which further supports the suggestion 
that it is the position-off or orientational ordering of the in-cage 
ReO4 tetrahedra that lower the symmetry from body-centered 
cubic. As the reduction subtracts some oxygen from ReO4 and 
increases the degree of disorder, these sublattice peaks disap-
pear and the system displays an I-43 m cubic structure.

Diffuse reflectance measurements were carried out on both 
the as-made and reduced CARe sodalites. In Fig. 4(a) a single 
transition is detected for the as-made sample, while two transi-
tions can be observed in the reduced CARe sample. The band 
gaps are estimated using Tauc plots [Fig. 4(a) inset] with the 
equation[23,24]:

where A is a constant, α is the absorption coefficient (cm−1), 
and n = 2 for direct transitions, 0.5 for indirect transitions. 
Correlating with their sample colors, the absorption between 
600 and 900 nm is attributed to the reduced phase, and their 
transitions are suggested to be indirect (also consistent with 
the light-colored powder the as-made sample). Therefore, the 
values of the band gaps are estimated to be 2.59 eV for the as-
made CARe with its light yellow color, and 1.50 eV for reduced 
CARe with its reddish brown color.

Finally, the temperature-dependent magnetic susceptibili-
ties (χ = M/H) were measured from 1.8 to 300 K under 1000 Oe 
applied fields for both the as-made and reduced CARe. The data 
are presented in Fig. 4(b), with an enlarged view in the inset. 
Both samples show paramagnetic behavior at lower temperature 
(although the magnetic susceptibility is much weaker for the as-
made sample) with an upturn in magnetic susceptibility, and a 
much smaller signal (very close to zero) in the high-temperature 
range. The reduced sample shows dramatically higher magnetic 
response compared to the as-made one at lower temperature, 
which, when considering the tetrahedral coordination model 
adopted in this report, suggests a high-spin electron configu-
ration of Re(+4) after reduction. The behavior of both CARe 
sodalites, especially in the high-temperature range, is weaker 
than expected for the Curie–Weiss Law. This may suggest that 
an interesting spin/orbit interaction is present. We note that the 
shortest distance between two magnetic centers (i.e., the Re) is 
around 8 Å in the CARe unit cell, and one potential possibility, 
although not expected, is that magnetic centers with one unpaired 
electron (i.e., Re(VI)) are paired with each other above 300 K, 

(1)(αhν)n = A(hν − Eg),

thus leaving behind a low magnetic susceptibility. Whatever is 
the case at the magnetic level, the newly discovered calcium 
aluminum rhenium sodalite can be reduced while maintaining the 
cage framework, further extending the versatility of the sodalite 
compositions, and shows that the sodalite β-cage structure is able 
to host atypical behavior that may be of interest for future study 
and inspire the fabrication of new functional materials.

Conclusions
A newly reported calcium aluminum sodalite, with rhenate 
polyhedra in the β-cage (CARe sodalite), has been synthe-
sized by a traditional high-temperature solid-state method. 
The rhenium in the sodalite cage can be reduced to a lower 

Figure 4.   (a) Diffuse reflectance spectra of the as-made and 
reduced CARe sodalite samples, with a Tauc plot of indirect 
transitions in the inset. (b) Magnetic susceptibility characterization 
of the as-made and reduced CARe sodalites, measured under 
an applied field of 1000 Oe. A zoomed-in view for the as-made 
sample is shown in the inset.
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chemical valence under 5% H2 forming gas without break-
ing the sodalite framework, leading to variations in the opti-
cal and magnetic properties of the compound. Preliminary 
characterization is conducted. The CARe system described 
here is an indication of the diversity of the sodalite structure. 
The variation of the ionic group in the sodalite β-cage with 
the addition of the distinctive caged framework can result in 
interesting and varying properties, and provide more insight 
into new material design and fabrication. Future work is sug-
gested, in particular to determine the oxygen content and 
distribution in this material by neutron diffraction.
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