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Na,B;,SigSe;s: a novel By,>-cluster-containing
quaternary selenoborate framework materialt

Gopabandhu Panigrahi, Hunter B. Tisdale, and

Hans-Conrad zur Loye 2 *

Gregory Morrison

We report the successful synthesis of the new quaternary, three-dimensional Na,SigB1,Se1g material using
a solid-state synthesis route. This compound is characterized by a unique framework structure that fea-
tures the rare icosahedral [By,]*°* cation which is connected via Si,Seg polyhedral units into a 3D frame-
work structure with Na™ ions located inside the channels. The NaSigB1,Se;g compound crystallizes in the
cubic crystal system in the space group /m3, with lattice parameter a = 11.91110(10) A and unit cell
volume of 1689.88(4) A%. The 3D framework of the [SigB12Se15]°~ anion contains B, icosahedra with six of
their edges bridged by tetrahedral SiSe4 groups. The B, icosahedral units are connected by the SiSey
tetrahedral units which bridge between each B;, icosahedron. Ultraviolet—Visible (UV-vis) spectroscopy
revealed that Na,SigB1,Se g exhibits semiconducting behavior with an estimated bandgap of 2.1(1) eV. In
situ powder X-ray diffraction (PXRD) studies were conducted to investigate the phase formation of this
compound as a function of temperature to obtain information of its thermal stability and structural

rsc.li/dalton evolution.

Introduction

The linkage of SiQ, (Q = S, Se or Te) tetrahedra forms a wide
variety of network structures, as observed in numerous thio-
and selenosilicate compounds. These structures are not only
intriguing from a structural perspective but also hold signifi-
cant potential for various applications in materials science
and technology. The synthesis of compounds that incorporate
SiQ, units as bridges between B, clusters is particularly fasci-
nating and represents an area of great interest within the field
of solid-state inorganic chemistry. Boron is often found in elec-
tron deficient compounds, most notably the boron hydrides,
where the electron deficiency significantly influences the
chemistry and leads to the formation of various intriguing
cluster species." One notable class of these clusters is the
closo-borane anions (Bj,Hj,”"), which are known for their
remarkable chemical stability to both air and moisture.>* This
stability arises from the large energy gap between the highest
occupied molecular orbital (HOMO) and the lowest unoccu-
pied molecular orbital (LUMO), making these compounds less
reactive under ambient conditions. In recent years, the syn-
thesis of various thio- and selenoborates has advanced con-
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siderably due to modern synthetic techniques. These com-
pounds, characterized by boron-chalcogen bonds, form the
chalcoborate class of materials and exhibit diverse structural
motifs. Typically, in these structures, the boron atom (B*")
is found in either a trigonal or tetrahedral coordination
environment.*” Examples of non-oxide chalcoborates where
B*" is present in such coordination environments include
the compounds Mg[B;,(BSes)s], M4Hg,[B12(BSes)s], BaB,Ses,
SrB,S,, CsBSe; and others.®™* These compounds highlight the
versatility of boron-chalcogen bonding in forming complex
structures. The structural motifs in binary, ternary, and qua-
ternary boron chalcogenides often include units such as
BsQ16, (BQ2)n, (BQ3)*™, and (B,Qs)* (Q = S or Se).*”'* In some
cases, as observed in compounds like LigB1oS33 and
Liy_5xSr5:xB10S10 (Where x = 0.27), the structure is defined by
corner-sharing BS, tetrahedral units.”> These examples illus-
trate the complexity and richness of boron-chalcogen chem-
istry, which continues to be an area of significant interest in
materials science and inorganic chemistry.

Boron chalcogenides are not only expanding the landscape
of structural chemistry but are also playing a pivotal role in
guiding the discovery of new materials with significant poten-
tial for applications; for example, these compounds are at the
forefront of research into high-performance IR birefringent
materials, advanced nonlinear optical materials, and promis-
ing solid state electrolytes."®>°

In addition to the intriguing structures and properties of
boron chalcogenides containing SiQ, tetrahedra and B, clus-
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ters, it is noteworthy that very few compounds have been
reported in the quaternary systems involving these com-
ponents. Through an extensive literature survey, we identified
only one quaternary compound, CrSiz(B;,)Se;,, within the
M-Si-B-Q (where M represents alkali, alkaline earth, or tran-
sition metals, and Q refers to S, Se, and Te) system.>" This scar-
city of reported compounds highlights the novelty and signifi-
cance of our findings.

In this study, we report the synthesis of a new quaternary
framework structure, Na,B;,SisSe;g, within the A-B-Si-Q (A =
alkali or alkaline earth metal) system, marking the first discov-
ery in this series. We successfully synthesized both high-
quality single crystals and phase-pure polycrystalline materials
of Na,B;,SisSe;g. The physical properties of this compound
were investigated using various analytical techniques, includ-
ing single crystal X-ray diffraction, powder X-ray diffraction,
thermogravimetric analysis (TGA), differential scanning calori-
metry (DSC), and UV-Vis spectroscopy. Moreover, we con-
ducted a detailed in situ X-ray diffraction study of the for-
mation of Na,B;,SisSe g to gain a deeper understanding of the
temperature dependence of its phase formation process from
the precursor reactants. This comprehensive analysis not only
provides insights into the synthesis conditions required for
the formation of Na,B,,SisSe s, but also contributes valuable
knowledge to the field of solid-state inorganic chemistry,
potentially paving the way for the discovery of other novel qua-
ternary compounds in this system.

Experimental section

Eu,0; (99.9%, Alfa Aesar), selenium powder (99.999% Fisher
scientific), U;Oy4 (International Bio-Analytical Industries, Inc.,),
boron (crystalline 100 mesh, 99.9%, Beantown Chemicals),
SiO, (amorphous powder, 99.9%, Alfa Aesar), NaCl (99.9%,
Alfa Aesar) and CaCl, (99.9%, Alfa Aesar) were utilized. The
NaCl-CaCl, eutectic mixture used for synthesis was stored in a
drying oven set to 260 °C to maintain the anhydrous state of
the salts.

Synthesis of EuSe

EuSe was synthesized by combining 600 mg of Eu,03, 300 mg
of Se, and 80 mg of B in a sealed, evacuated silica tube. The
reactant mixture was subjected to heating at 900 °C for
24 hours, resulting in the formation of EuSe. This material
served as a precursor for subsequent reactions.>>>?

Single crystal synthesis of Na,B;,SisSe;s

During an attempt to synthesize a pentanary compound with
the target composition CaEuUSi,Seg, Na,B;,SisSe;g was unex-
pectedly obtained. The reaction yielded light yellow, transpar-
ent crystals along with black and red impurities (see Fig. S1
and S27). The Scanning electron microscopy (SEM) image of
this light yellow crystal and its Energy Dispersive X-ray
Spectroscopy (EDS) plot are provided in the ESI file (Fig. S1, S2
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and Table. S1}). Additional details about the optimization of
the synthesis conditions can be found in the ESL.f

The optimized reaction conditions for crystal growth are:
50 mg of EuSe, 20 mg of boron (B), and 90 mg of selenium
(Se), supplemented with 75 mg of a NaCl/CaCl, flux mixture
was sealed in a carbon coated fused silica tube and heated to
800 °C over a period of 12 hours, held at this temperature for
48 hours, and then gradually cooled to 550 °C over a period of
48 hours. Under these conditions, the transparent
Na,B,,SigSe; g crystals consistently form.

Synthesis of polycrystalline Na,B,,Si¢sSe;3 compound

To obtain a phase-pure Na,B;,SisSe; g sample, a stoichiometric
mixture of Na,Se, Si, B, and Se (in the molar ratio of
1:6:12:17) was prepared. This mixture was sealed in a
carbon coated fused silica tube and heated to 800 °C over a
period of 12 hours, dwelling at 800 °C for 48 hours, and then
cooling to 550 °C over another 48 hours before allowing the
tube to return to room temperature. This method successfully
yielded phase-pure Na,B;,SisSe;s. The EDS analyses of the
polycrystalline Na,B,,SisSe; s samples are shown in Fig. S3, S4
and Table S2.}

Caution: Boron selenides are prone to moisture sensitivity,
leading to the generation of H,Se gas upon contact with water or
moisture. Therefore, all reaction procedures must be conducted
within fume hoods, with strict adherence to safety protocols.

Single crystal X-ray diffraction (SCXRD)

X-ray intensity data from a block shaped light yellow transpar-
ent crystal of Na,B,,SisSe s were collected at 299(2) K using a
Bruker D8 QUEST diffractometer equipped with a PHOTON-II
area detector and an Incoatec microfocus source (Mo Ko radi-
ation, 4 = 0.71073 A).>* The detector to crystal distance of
40 mm was fixed, and an exposure time of 10 s per frame was
used for the data collection. The raw area detector data frames
were reduced and corrected for absorption effects using the
SAINT+ and SADABS programs.”® Final unit cell parameters
were determined by least-squares refinement over a large
number (>5500) of reflections taken from the data set. An
initial structural model was obtained with SHELXT.>®
Subsequent difference Fourier calculations and full-matrix
least-squares refinement against F° were performed with
SHELXL-2018.%"

The Na,B;,SigSe;g compound crystallizes in the space
group Im3 of the cubic crystal system. The asymmetric unit
consists of two selenium, one silicon, one boron, and one
sodium atomic positions. Sel and B1 atoms are located on
mirror planes (Wyckoff site 24g), Se2 and Si1 atoms are located
on mm2.. planes (Wyckoff site 12e and 12d), and the Na
present on .-3. symmetry (Wyckoff site 8c). The occupancy of
the Na atom was determined to be 0.49 during free refinement
of the crystal structure and subsequently fixed at 0.50 for
charge balance. All atoms were refined with anisotropic displa-
cement parameters. Crystallographic and refinement data per-
tinent to the title compound are provided in Table 1.
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Table 1 Crystallographic data for Na,B;,Si¢Se1g

Crystal data

Chemical formula Na,B;,SisSe 5
Formula weight 1765.38
Crystal system, space group Cubic, Im3
Temperature (K) 299(2)

a(A) 11.91110(10)
V(A% 1689.88(4)

zZ 2

Radiation type Mo Ka

u (mm™) 19.66

Crystal size (mm) 0.31 x 0.06 x 0.03
Toniny Timax 0.353, 0.494

No. of measured, independent and observed
[T> 206(1)] reflections

6350, 531, 477

Ring 0.028
R[F* > 26(F%)], wR(F?), S 0.020, 0.046, 1.08
Apmaxy Apmin (e A7) 1.53, —0.48

Powder X-ray diffraction (PXRD)

Powder X-ray diffraction (PXRD) data were obtained by analyz-
ing finely ground powder samples of Na,B;,SisSe ;s prepared
from stoichiometric amounts of reactants in a solid state reac-
tion. PXRD data were collected on a Bruker D2 PHASER diffr-
actometer using Cu Ko radiation (1 = 1.5418 A) over the 26
range 5-65° with a step size of 0.02°. The observed reflections
of the PXRD patterns were indexed based on the simulated
PXRD patterns obtained from the single crystal data. Fig. 1.

Energy-dispersive X-ray spectroscopy (EDS)

EDS data were collected on single crystals by mounting them
directly onto an SEM stub using conducting carbon tape.
Quantitative elemental analysis was performed utilizing a
Tescan Vega-3 SEM instrument fitted with a Thermo EDS
attachment. The SEM was operated in a low-vacuum mode
with a 15-20 kV accelerating voltage and a 40 second accumu-
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Fig.1 The PXRD patterns of polycrystalline NayB,SigSe;g compound

(simulated pattern (red), experimental pattern (black) and Bragg position
(blue)).
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lation time. The summarized SEM results can be found in the
ESLt

UV-visible spectroscopy

UV-visible reflectance spectra were recorded using a
PerkinElmer Lambda 35 UV-Vis spectrophotometer. The
spectrophotometer was operated in the diffuse reflectance
mode and was equipped with an integrating sphere.
Reflectance data were converted internally to absorbance via
the Kubelka-Munk function. Spectra were recorded over the
200 nm (6.2 eV)-900 nm (1.3 eV) range at room temperature
and ambient condition on powder samples.>®

Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC)

TGA/DSC data were collected on polycrystalline powder
samples by utilizing a Texas Instruments SDT Q600
Simultaneous TGA/DSC. An alumina pan served as the sample
holder. The samples were heated from room temperature to
500 °C at a rate of 5 °C min~" under nitrogen gas with a con-
trolled flow rate of 100 mL min~". Subsequently, the resulting
powders were further analyzed by PXRD for phase
identification.

In situ powder X-ray diffraction (PXRD)

In situ PXRD measurements were conducted using a Rigaku
SmartLab equipped with a 9 kW rotating Mo Ka anode utiliz-
ing cross-beam optics (convergent radiation), an Anton Paar
HTK1200N high-temperature oven chamber, and a capillary
rotation attachment. A mixture of Na,Se, Si, B, and Se (in the
molar ratio of 1:6:12:17), the same as used to prepare
phase-pure powders of Na,B,,SisSe g as described above, was
loaded into quartz capillary (OD = 1 mm, ID = 0.9 mm) that
was previously sealed at one end using a MAPP/oxygen mixture
torch. Once partially filled with the reaction mixture, the capil-
lary was sealed using clay. The capillary was placed into the
capillary rotation attachment which was then loaded into the
HTK1200N. Once the capillary was set to rotate and the X-ray
beam was aligned with the precise height of capillary, the
capillary was heated to 800 °C at 5 °C min™" with 30 min
PXRD measurements from 4.5-35° 26 taken at 50 °C incre-
ments until 600 °C and then at 20 °C increments up to 800 °C.
Then, the capillary was held at 800 °C and 10 sequential PXRD
measurements were taken, again 30 min in length from
4.5-35° 20. Finally, the capillary was cooled to 50 °C at 5 °C
min~" with 30 min PXRD measurements from 4.5-35° 20
taken at 50 °C increments.

Results and discussion
Structure of the framework

The X-ray structure determination revealed that the compound
consists of a complex three-dimensional framework with
tunnels containing Na-ions (Fig. 2a and b). This framework is
constructed from interconnected SiSe, tetrahedra and B, ico-

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 The unit cell representation of Na,B1,SisSess (a) along a-axis, and (b) along [111] direction.

sahedra, with an overall composition of Na,B;,SisSe;g.
Chalcogenides containing B,, icosahedra, aside from halogen-
ides or hydroxides, are relatively rare.>>*°*° The observed B,
icosahedron is connected to twelve Se atoms, a structural
motif that has been identified in only a few other recently
reported compounds, such as CrSiz(Bi,)Seqs, Ag[B1a(BSes)s),
and Sn,_sB1,Se1,[Q,] (Where Q = Se, Te).>*"*" The structure of
Na,B;,SisSe g shows similarities to other quaternary com-
pounds, such as Sn,_sB;,Se;,[Q,] and CrSiz(B;,)Se;,, both of
which also exhibit three-dimensional frameworks that incor-
porate B,, icosahedral clusters. In the Sn,_sB;,Se1,[Q,] compo-
sition, the 3D framework is built from (B;,Se;;)'*” anionic
closo-borane clusters that are connected along the c-axis by
octahedral Sn>" centers. These octahedral units form infinite
parallel [SnB;,Se;,
neutral chalcogen atoms within the tunnels. Similarly, the
CrSi3(By,)Se;, compound forms a 3D structure comprising
SiSe, tetrahedra, CrSeq octahedra, and B,, icosahedra. In this
structure, the tunnels formed by the 3D framework are filled
with disordered Se atoms. The structural similarities between
Na,B;,SisSe; g and these quaternary chalcogenides highlight a
common motif of B,, icosahedral clusters linked by various
metal centers, forming three-dimensional networks that can
accommodate guest ions or atoms within the tunnels. This
feature could potentially influence the physical properties,
such as ion conductivity or electronic behavior, making these
compounds of particular interest for further study.

In the quaternary composition Na,B,,SisSeg, the three-
dimensional (3D) anionic framework, denoted as
[B12SigSe;s]*”, is formed by the connection of [By,Se;,]"*
sahedra with Si,Seq tetrahedral units. The [By,Se;,]"*™ cluster
is a central feature of this framework, where the Se1l atoms act
as bridging elements between the By, icosahedral cluster and

1"~ columns that accommodate chains of

~ico-

This journal is © The Royal Society of Chemistry 2025

the SiSe, tetrahedra. The structure is further stabilized as the
B1,Se;, units share six of their edges with adjacent SiSe, tetra-
hedra, creating a robust and interconnected network. Within
the SiSe, tetrahedra, two distinct types of selenium atoms, Sel
and Se2, play crucial roles in the framework’s architecture. Se1l
serves as a bridge, connecting the SiSe, tetrahedra with the By,
cluster via edge-sharing (Fig. 3a). Meanwhile, Se2 is respon-
sible for connecting two SiSe, tetrahedral units (Fig. 3b), also
through edge-sharing. This arrangement of Se atoms is essen-
tial for the formation of the 3D structure, as it facilitates the
strong bonding between the different clusters and tetrahedra
resulting in the creation of tunnels within the framework. The
sodium ions (Na") occupy these tunnels, residing within the
spaces formed by the anionic framework. The charge balance
of the compound is maintained by the oxidation states of the
constituent elements: the B;,Se;, cluster carries a charge of
147, silicon (Si) is in the +4-oxidation state, selenium (Se) in
the 27 state, and sodium (Na) in the +1 state. This charge
balance ensures the overall stability of the compound, with the
Na' ions playing a crucial role in charge compensation within
the 3D network.

The sodium (Na) atoms in Na,B;,SicSe;s are coordinated
with six neighboring selenium (Se) atoms, forming a NaSeg
octahedral geometry (Fig. 3c). When these NaSe, polyhedra are
extended throughout the three-dimensional structure, it
becomes evident that the NaSeq units are interconnected via
vertex-sharing (Fig. 3d). The Na-Se bond distance observed
within the NaSe, octahedra is approximately 3.1813(5) A,
which is consistent with bond lengths reported for other com-
pounds, such as Na,Si,Ses_,P4s, NaScSe, and NaCuTSe;.>*>*
The Si-Se bond distances vary slightly, ranging from 2.2777(9)
A to 2.2808(8) A. These values are in close agreement with
those observed in other selenium-containing silicate com-

Dalton Trans., 2025, 54,1956-1963 | 1959
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1%

Fig. 3 The (a) polyhedral view of [Bj,Seg

icosahedron cluster extended along [111] direction, (b) bridging of SiSe, tetrahedra between two

[B1,Segl? cluster, and (c and d) a representation of NaSeg octahedra and their connectivity with its neighboring NaSeg units.

pounds, including BagSi,_,Ge,Seq,, Li,HgMSe,, Na,Hg:M,Ses,
and Ba,SiSe;.**’ This consistency in Si-Se bond lengths
across various compounds highlights the structural similarity
and predictability of silicon-selenium bonding within tetra-
hedral frameworks. The B-Se bond length is approximately
1.980(3) A, while the B-B distances range between 1.779(7) A
and 1.781(4) A. These bond lengths are comparable to those
found in related compounds, such as CrSi;(B;,)Seqs,
Ag[B1,(BSes)q], and Sn,_sB1,Se1,[Q,] (Where Q = Se, Te), which
also contain B, icosahedral clusters.®>*3?

UV-visible diffuse reflectance spectroscopy

The optical properties of the quaternary Na,B;,SigSeig poly-
crystalline compound was examined at room temperature
through optical absorption studies. The absorption plot with
respect to wavelength (nm) is shown in Fig. S7.7 The Kubelka-

1960 | Dalton Trans., 2025, 54, 1956-1963

Monk equation was employed to analyze the optical absorp-
tion data, as shown in Fig. 4. The band gap observed for the
compound is ~2.1(1) eV, consistent with semiconducting
behavior.

In situ powder X-ray diffraction (PXRD)

To better understand the formation of the Na,B,,SisSe,g phase
and determine whether it forms during heating or cooling, we
carried out a series of controlled thermal reactions. Initially,
we heated a reaction mixture containing Na,Se, Si, B, and Se
(in a molar ratio of 1:6:12:17) to a temperature of 800 °C
over a period of 4 hours. The sample was then held at this
temperature for 36 hours, followed by quenching the red-hot
reaction tube in ice-chilled water. To further investigate the
effect of dwelling time and temperature on the phase for-
mation, we repeated the thermal quenching experiment but

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 The optical absorption plot of the polycrystalline NayB;,SigSesg
compound.

reduced the dwelling time from 36 hours to 12 hours and
lowered the reaction temperature from 800 °C to 600 °C. After
these modified conditions, the samples were ground, and
their powder X-ray diffraction (PXRD) patterns were collected
for phase analysis. Our analysis revealed that the Na,B;,SisSeg
phase forms when the sample is heated to 800 °C, regardless
of whether the dwell time is shorter or longer. However, no for-
mation of the Na,B;,SisSe;s phase was observed when the
sample was heated to temperatures below 800 °C (see
Fig. S57).

To gain a more detailed understanding of the phase for-
mation process at different temperatures, we performed an
in situ PXRD synthesis by loading the reaction mixture into a
quartz capillary and heating the sample to 800 °C inside the
hot stage of the X-ray diffractometer. This approach allowed us
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to monitor the phase evolution in real-time, providing insights
into the specific conditions under which the Na,B,,SisSe;g
phase forms Fig. 5.

The pattern for the initial reaction mixture contains peaks
for Seg, Si, and Na,Se (the B used was amorphous), as
expected. The first significant change in the patterns occurred
between 200 and 250 °C: the peaks for Se and Na,Se vanish
leaving only the peaks for Si. This is most likely due to the Seg
melting (M.P. = 221 °C) and dissolving the Na,Se concurrently.
The next major change occurs between 600 and 650 °C: the Si
peaks disappear, and new peaks appear which do not corres-
pond to the starting reagents or the final product. It is unclear
what phase(s) these peaks belong to as the patterns could not
be successfully matched to any known phases. Due to the sim-
ultaneous disappearance of the Si peaks, it is likely that this
change is due to the reaction between the Si and the molten
Seg/Na,Se mixture to form one or more selenosilicates. This
may be enabled by either the solvation of the Si or the direct
reaction requiring elevated temperatures. Finally, the last sig-
nificant change in the pattern occurs between 700 and 750 °C:
the peaks corresponding to the unknown phase(s) formed
between 600 and 650 °C vanish and the peaks for the target
phase, Na,SigB;,Ses, appear simultaneously. Due to the
unknown identity of the peaks directly preceding those for
Na,SisB1,Sess, it is unclear what phases are reacting to form
the final product. However, it is clear that there is a minimum
temperature (~750 °C) above which this reaction must be
heated in order for the desired product to form.

Upon cooling, Fig. 6, only one significant change is
observed: peaks for Na,Si,Se;, appear at approximately 550 °C.
This is a previously reported phase®® consisting of SisSe;o
super-tetrahedra separated by Na cations. The formation of
this phase suggests that the B in the reaction mixture is com-
pletely consumed in the formation of the target phase,
Na,SisB,,Se g, while the Na, Si, and Se are not.

I

15 20 25 30
20, °

35

Fig. 5 The waterfall plot of the in situ PXRD patterns collected upon heating and annealing the reaction mixture. The waterfall plot is shown on the

right as time vs. 20 with the graph of temperature vs. time on the left.

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 The waterfall plot of the in situ PXRD patterns collected upon cooling the reaction mixture. The waterfall plot is shown as temperature vs. 26.

TGA studies

The thermal stability of Na,B;,SisSe;s polycrystalline powder
samples was assessed using thermogravimetric analysis (TGA)
(Fig. S61). The TGA measurements were conducted under nitro-
gen flow, with the temperature increased at a rate of 5 °C min™"
to 500 °C. The results showed no significant weight loss, indicat-
ing the material’s thermal stability under these conditions. To
further confirm this, post-TGA powder X-ray diffraction (PXRD)
analyses were performed on the samples. The PXRD patterns of
the samples collected after heating revealed no structural degra-
dation, confirming that the Na,B;,SisSe;s phases remained
stable up to at least 500 °C, with no detectable phase transitions
or decomposition occurring within this temperature range. As
the material is synthesized above 800 °C, this is not unexpected.

Conclusion

The successful synthesis of the quaternary 3D chalcogenide
compound Na,SisB;,Se;g via solid-state methods has revealed
a distinctive framework featuring the rare icosahedral [B12]1°+
cation. The assembly of this cation into a 3D tunnel structure
filled with Na' ions, and its crystallization in the cubic Im3
space group, highlight its complex and novel architecture. The
structural connectivity between B,, icosahedra and SiSe, tetra-
hedra underscores the intricacy of the framework, while the
compound’s semiconducting properties, with a bandgap of 2.1
(1) eV, point to potential applications in electronic materials.
The in situ PXRD studies further emphasize the phase for-
mation process at different temperatures. The thermal stability
of the material was confirmed by TGA/DSC measurements.

Data availability

The CCDC 23628011 entries encompass the supplementary
crystallographic data associated with this paper. Raw data for
other measurements are available upon request.
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