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ABSTRACT: Salt-inclusion chalcogenides (SICs) consisting of covalent and ionic
building blocks have emerged as functional materials exhibiting novel topologies that
result from the combination of the chalcogenide-based frameworks and the salt
inclusions contained within them. Nine compositions of a novel family of SICs [Cs6X]
AGa6Q12 (A = Na, K, and Rb; X = F, Cl, and Br; Q = S and Se) were synthesized via
halide/polychalcogenide flux crystal growth and structurally characterized. Ex situ
powder X-ray diffraction analysis was used to determine the optimal synthesis
temperatures at which the titled SIC materials crystallized in the flux. Density functional
theory calculations coupled with convex hull construction were performed to predict the
stability of [Cs6X]AGa6Q12 compositions as a function of X, A, and Q and to identify their decomposition pathways. A combination
of single-crystal X-ray diffraction and energy-dispersive spectroscopy was used to study single-crystal-to-single-crystal (SC-SC) ion-
exchange-reaction, a process that also allowed for the synthesis of two additional members of this family, [Cs6F]NaGa6S12 and
[Cs6−xRbxBr]RbGa6S12, which did not form during the direct flux crystal growth. Furthermore, single crystals of [Cs6X]
AGa6Q12:Mn2+ were obtained through direct flux crystal growth and SC-SC ion-exchange reactions and studied for their
photoluminescent behavior using individual single crystals. The emission profile changed as a function of Mn2+-content, the A cation
identity, and the synthesis method used. Finally, radioluminescence measurements were carried out on [Cs6Cl]NaGa6S12:Mn2+ bulk
samples, resulting in bright orange scintillation.

■ INTRODUCTION
Advances in synthetic chalcogenide chemistry have accelerated
the discovery of functional materials as well as stimulated the
development of numerous technological applications for these
materials, all helped by an increased understanding of
composition−property relationships.1,2 Chalcogenide-based
compounds occupy a unique position in material chemistry
due to the soft nature of the chalcogen elements and emerging
covalent metal chalcogenide bonding, which results in a rich and
diverse crystal chemistry.1,3 In fact, the electronic structure of
chalcogenide materials favors their applications as quantum
materials, catalysts, ion-exchange materials, ion-conductors,
luminophores, thermoelectric materials, and semiconduc-
tors.4−20 Recent advances in developing convenient synthetic
approaches have enabled the rational synthesis of new functional
chalcogenide-based materials containing a wide range of
elements, resulting in various material types, ranging from
nanoparticles to large single crystals of pure inorganic
compositions and hybrid structures.21−45 Another new material
type that has emerged from these investigations is salt-inclusion
chalcogenide materials (SICs)46,47 that exhibit novel framework
topologies and possess ionic inserts (salt-inclusions).
SICs are an emerging class of materials consisting of a

covalently bonded framework containing a salt moiety, typically
a halogenide (X) coordinated by alkali and alkaline-earth cations
(A). In other words, SIC structures can be described as porous
frameworks constructed from covalent, metal-centered poly-

hedral building blocks,MQn, that accommodate anion-centered
polyhedra, XAm, in the framework cavities.46−48 Due to the
spatial separation of the covalent framework and the ionic salt-
inclusion, SICs exhibit excellent non-linear optical (NLO)
properties and ultralow thermal conductivities.46,49−64 In some
cases, the salt-inclusion and the framework maintain both their
structural and electronic identity,65−67 creating low-dimensional
forms of known functional materials that find applications in
low-dimensional anisotropic magnetic materials, transparent
semiconductors, and superconductors.66,68−73

A recent review of SICs by Lin et al.46 highlighted that the
asymmetric GaQ4 polyhedron is one of the most common
building blocks for SICs, where a typical GaQ4-based SIC
framework consists of GaQ4, pseudo-T2 Ga4Q10 or MGa3Q10
supertetrahedral units. The related Ga3Q9 building block is less
common, and only a few examples of it have been reported to
date, including [LiCs2Cl]LiGa3S6,

49 [Cs6Cl]6Cs3Ga53Se96,
74

and [Cs6Cl]GeGa5Q12 (Q = S and Se, Figure S1).75 The
exploration of new GaQ4-based SIC materials is of interest to
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better understand the stabilization principles of non-typical
GaQ4 arrangements, such as those of Ga3Q9 units. Con-
sequently, developing new salt-inclusion materials is an essential
step toward expanding the SIC materials library with
compositions that can exhibit desirable properties. One
potential application of chalcogenide-based frameworks is as
optical materials, where covalently bound moieties act as a host
for luminophore impurities. Integration of luminescent centers
into novel topologies of covalent and ionic building blocks in
SIC materials represents a potential synthetic route to
luminescing and scintillating materials. However, limited
research efforts have been directed toward exploring SICs’
optical properties.54,56,57,75

Herein, we demonstrate the versatility of SIC structural
families by describing 11 members of a new structure type,
[Cs6X]AGa6Q12 (Figure 1), (A = Na, K, and Rb; X = F, Cl, and

Br; Q = S and Se): [Cs6F]NaGa6S12, [Cs6Cl]NaGa6S12,
[Cs6−xNaxBr]NaGa6S12, [Cs6−xKxCl]KGa6S12, [Cs6−xKxBr]-
KGa6S12, [Cs6−xRbxCl]RbGa6S12, [Cs6−xRbxBr]RbGa6S12,
[Cs6Cl]NaGa6Se12, [Cs6Br]NaGa6Se12, [Cs6−xKx Cl]KGa6Se12,
and [Cs6−xKxBr]KGa6Se12.We applied density functional theory
(DFT) calculations for a fast stability screening of the [Cs6X]
AGa6Q12 series as a function of A, X, and Q. Since [Cs6−xAxX]
AGa6Q12 are kinetic products and have a limited temperature
range within which they can be synthesized, we utilized ion-
exchange reactions to form kinetically trapped [Cs6F]NaGa6S12
and [Cs6−xRbxBr]RbGa6S12 phases, which could not be
obtained using direct synthetic routes. Based on these synthetic
strategies, we also successfully utilized [Cs6X]AGa6Q12 as a host
framework for Mn doping to induce photoluminescent and
scintillating behavior reported herein.

■ EXPERIMENTAL SECTION
Physical Measurements. Single-Crystal X-ray Diffraction

(SCXRD). SCXRD data were collected at 299(2)−302(2) K on a
Bruker D8 QUEST diffractometer equipped with an Incoatec IμS 3.0
microfocus radiation source (MoKα, λ = 0.71073 Å) and a PHOTON
II area detector. The crystals were mounted on a microloop using
immersion oil. The raw data reduction and absorption corrections were
performed using SAINT and SADABS programs.76,77 Initial structure
solutions were obtained with SHELXS-2017 using direct methods and

Olex2 GUI.78 Full-matrix least-square refinements against |F|2 were
performed with SHELXL software.79 The crystallographic data and
results of the diffraction experiments are summarized in Tables S1−S7.

Powder X-ray Diffraction (PXRD). PXRD data were collected on a
Bruker D2 PHASER diffractometer using Cu Kα radiation (λ = 1.5418
Å) over the 2θ range 5−65° with a step size of 0.02° for 30 min.

Energy-Dispersive Spectroscopy (EDS). EDS was performed
directly on crystals mounted on an SEM stub with carbon tape.
Quantitative elemental analysis was carried out using a Tescan Vega-3
SEM instrument equipped with a Thermo EDS attachment. The SEM
was operated in the low-vacuummode with a 30 kV accelerating voltage
and a 120 s accumulating time. The EDS results are summarized in
Table S8 and Figures S2−S13.

Differential Scanning Calorimetry (DSC) and Thermogravimetric
Analysis (TGA). DSC/TGA were performed on polycrystalline powder
samples using a SDT Q600 Thermogravimetric Analyzer. An alumina
pan was used as the sample holder. Samples were heated from room
temperature to the target temperature (700 °C or 900 °C) at 10 °C/
min under a flow of nitrogen gas (100 mL/min), and the resulting
powders were analyzed by PXRD for phase identification.

Inductively Coupled Plasma Mass Spectrometry (ICP-MS). Each
sample was digested with 4 mL of aqua regia at 180 °C for 5 h. The
resulting solution was diluted to 5 mL and analyzed using a Finnigan
ELEMENT XR double-focusing magnetic sector field inductively
coupled plasma-mass spectrometer (SF-ICP-MS). A 0.2 mL/min
Micromist U-series nebulizer (GE, Australia), quartz torch, and injector
(Thermo Fisher Scientific, USA) were used for sample injection.

UV−Visible (UV−vis) Spectroscopy. UV−vis spectra were recorded
using a Perkin-Elmer lambda 35 scanning spectrophotometer. The
spectrophotometer was operated in diffuse reflectance mode and
equipped with an integrating sphere. Reflectance data were converted
internally to absorbance via the Kubelka−Munk function. Spectra were
recorded in the 200−900 nm range.

Photoluminescence. Microphotoluminescence data were collected
on a HORIBA Scientific Standard Microscope Spectroscopy System
equipped with a Horiba iHR320 imaging spectrograph and a Syncerity
CCD detector. A confocal 375 nm diode laser was used as an excitation
source. Data were collected using Labspec 6 in the 400−800 nm range
with a laser excitation source power of 10.0 mW and a 10× UV
objective.

Scintillation. Scintillation images of single crystals were taken using a
digital camera inside a Rigaku (Tokyo, Japan) Ultima IV diffractometer
equipped with a Cu Kα source (λ = 1.54018 Å). Radioluminescence
measurements were collected on a customer-designed configuration of
the Freiberg Instruments Lexsyg Research spectrofluorometer
equipped with a Varian Medical Systems VF-50J X-ray tube with a
tungsten anode. The X-ray source was coupled with an ionization
chamber for continuous radiation intensity monitoring. The light
emitted by the sample was collected by an Andor Technology SR-OPT-
8024 optical fiber connected to an Andor Technology Shamrock 163
spectrograph coupled to a cooled (−80 °C) Andor Technology
DU920P-BU Newton CCD camera (spectral resolution of ∼0.5 nm/
pixel). Powders filled ∼8 mm diameter, 0.5 mm deep cups, thus
allowing for relative radioluminescence intensity comparison between
different samples. Bismuth germanium oxide (BGO) powder [Alfa
Aesar Puratronic, 99.9995% (metal basis)] was used as a reference.
Radioluminescence was measured under continuous X-ray irradiation
(40 kV, 1 mA) with an integration time of 5 s. Spectra were
automatically corrected using the spectral response of the system
determined by the manufacturer. Radioluminescence measurements as
a function of temperature were executed under continuous heating with
a 0.5 °C /s heating rate and a 5 s integration time. Thus, the
temperature increased by 2.5 °C during the acquisition of each
spectrum. Spectra were labeled by the starting temperature.

Computational Details. All DFT calculations were carried out using
the Vienna ab initio simulation package (VASP)80,81 utilizing the
projector augmented-wave (PAW) potential.82 The PBE parametriza-
tion of the generalized gradient approximation (GGA) to the exchange-
correlation functional was used for the calculations.83 We used the
following potentials of the constituent elements: Li_sv (1s2 2s1), F (2s2

Figure 1. (top) View of the [Cs6X]AGa6Q12 structure highlighting
(bottom) the dimensionalities of the building blocks. Pink, green,
yellow, and orange spheres and blue tetrahedra represent Cs, X, A, and
Q atoms and GaQ4 polyhedra, respectively.
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2p5), Na_pv (2p6 3s1), S (3s2 3p4), Cl (3s2 3p5), K_sv (3s2 3p6 4s1), Ga
(3s2 3p1), Se (4s2 4p4), Br (4s2 4p5), Rb_sv (4s2 4p6 5s1), I (5s2 5p5),
and Cs_sv (5s2 5p6 6s1). All compounds were structurally relaxed
(volume, cell shape, and atomic positions) starting from their
experimentally known crystal structures, where available, following
the DFT settings in the open quantum materials database
(OQMD).84,85 The threshold for energy convergence was set to 10−6

eV. The relaxed geometries of the [Cs6X]AGa6Q12 compounds preserve
the R−3m space group during structure relaxation. The energy cutoff
for the DFT calculations was set to 520 eV for static calculations. The
optimized lattice constants agree very well (error < 3%) with the
experimental values.

In relation to the current experimental work, we assessed the T = 0 K
thermodynamic stabilities of the [Cs6X]AGa6Q12 compounds. We
calculated their formation energies, ΔHf

0K = E(σ) − ni i i, where E is
the DFT-calculated total energy at 0 K for a compound σ, ni is the
fraction of the ith element with chemical potential μi. Utilizing the
formation energies of these compositions and all other compounds that
are present in each quaternary or penternary phase space, we
constructed the quaternary/penternary convex hull for [Cs6X]
AGa6Q12 in the OQMD that allowed us to estimate decomposition
energies. Typical decomposition of [Cs6X]AGa6Q12 leads to either AX
and CsGaQ2 or CsX, CsGaQ2, and AGaQ2 (Reactions 1 and 2). All
decomposition enthalpies are negative, indicating that these com-
pounds are not thermodynamically stable at 0 K.
Synthesis.Materials.The following materials were used as received

without further purification: S (Fisher Scientific, 99%), Mn (CERAC,
99.95%), Ga (BTC, 99.999%), Se (Alfa Aesar, 99.999%), Na2S (Alfa
Aesar, 95%), MnCl2 (Acros Organics, 99%), NaF (Alfa Aesar, 99%),
CsF (Thermo Scientific, 99%), CsCl (VWR Chemicals, 99.9%), RbBr
(Alfa Aesar, 99.8%), CsBr (Alfa Aesar, 99%), CsI (STREM Chemicals,
99%), Na2CO3 (Fisher Scientific, 99%), K2CO3 (BDH, 99.0%),
Rb2CO3 (Alfa Aesar, 99%), Cs2CO3 (BTC, 99.9%), and acetone
(BDH, 99.5%). A2CO3 (A = K, Rb, and Cs) were stored at 260 °C in a
drying oven. Synthesis of Na2Se and K2S was performed using a
reported procedure.86 For all mentioned reactions, masses of the
reagents were mixed inside a silica tube except for the synthesis of
[Cs6F]NaGa6S12 described later. Typically, the silica tube was flame
sealed under a vacuum of <10−4 Torr. In the case of using carbonates as
starting reagents, the tube was placed in a metal spring for containment
should the tube burst due to carbon dioxide pressure buildup. The
sealed tube was placed vertically into a programmable box furnace with
the corresponding temperature profile. Once at room temperature, the
tube was cut open and placed into a beaker filled with deionized(DI)
water.
[Cs6−xAxX]AGa6Q12 (A, X, Q = Na, Cl, S; K, Cl, S; Rb, Cl, S; Na, Br, S; K,

Br, S; Na, Cl, Se; K, Cl, Se; and Na, Br, Se). The starting reagents, Ga
(0.0540 g), Q, A2Q, or A2CO3 in a 1:2:1 molar ratio, and the eutectic
CsX/CsI mixture (∼1 g) were used to grow single crystals of
[Cs6−xAxX]AGa6Q12. The furnace with the tube was ramped up to 650
°C in 5 h, held at this temperature for 24 h, and then cooled to 250 °C at
a cooling rate of 5 °C/h. After the reaction and work up in water were
complete, the final product was filtered andwashedwith deionized (DI)
water and acetone. Single crystals of [Cs6−xAxX]AGa6Q12 were placed
in immersion oil and mounted for SCXRD. The PXRD patterns for the
bulk samples match the simulated pattern obtained from SCXRD
(Figures S15−S19 and S21−S23). [Cs6Cl]NaGa6S12 was initially
isolated from a reaction that used only a CsCl flux. However, the final
product also contained aGa2S3 impurity. The formation of Ga2S3 can be
avoided if a eutectic CsCl/CsI mixture is used, presumably due to the
soft iodide ligand affecting the solubility of Ga2S3.

87 The use of Gametal
is essential for promoting the formation of the targeted SIC materials.
Otherwise, if GaCl3 was used in the reaction instead of Ga as a starting
reagent, the final product consisted of Ga2S3 and S8 crystals. Under the
mild reaction conditions of 650 °C, Ga2S3, once formed, does not react
further.
[Cs6F]NaGa6S12. The starting reagents, [Cs6Cl]NaGa6S12 (0.025 g)

and CsF (0.055 g)/CsI (0.095 g) flux, were used in the ion-exchange
reaction to obtain single crystals of [Cs6F]NaGa6S12. All solids were
placed in the silver tube, which later was crimped and sealed inside a

carbon-coated silica tube. The furnace containing the tube was ramped
up to 600 °C for 3 h and held at this temperature for 12 h, and then the
furnace was turned off. After the reaction and work up in water were
complete, the final product was filtered and washed with DI water and
acetone. Single crystals of [Cs6F]NaGa6S12 were placed in immersion
oil and mounted for SCXRD. The PXRD pattern for the bulk sample
matches the simulated pattern obtained from SCXRD (Figure S14).
Previously, we had attempted to use a NaF/CsF flux for the synthesis of
fluoride-based salt-inclusion materials starting from the chlorides. The
[Cs6Cl]NaGa6S12 single crystals were placed in a carbon crucible or
crimped silver tube and then sealed inside a carbon-coated silica tube or
placed into a flow through furnace under N2 flow. Those trials were
unsuccessful due to the high fluidity of the NaF/CsF flux, which readily
overflows the crucible and corrodes the silica tube. Those findings are in
line with the literature. Wu and coworkers attempted to carry out the
anion exchange of Cl− to F− in [Cs6Cl]2Cs5Ga15Ge9Se48 using a KF/
CsF mixture at 630 °C for 60 h of dwelling time; however, the tube was
corroded, and no crystals were found.88 Therefore, we believe that a
significant reduction of F− concentration in the flux by adding CsI to
CsF salt and using the crimped silver tube guided the successful
exchange reaction.

[Cs6−xRbxBr]RbGa6S12. The starting reagents, [Cs6−xRbxCl]-
RbGa6S12 single crystals (0.025 g) and RbBr (0.047 g)/CsBr (0.103
g) flux, were used in an ion-exchange reaction to obtain single crystals of
[Cs6−xRbxBr]RbGa6S12. The furnace containing the tube was ramped
up to 700 °C for 3 h and held at this temperature for 12 h, and then the
furnace was turned off. After the reaction and work up in water were
complete, the final product was filtered and washed with DI water and
acetone. Single crystals of [Cs6−xRbxBr]RbGa6S12 were placed in
immersion oil and mounted for SCXRD. The PXRD pattern for the
bulk sample matches the simulated pattern obtained from SCXRD
(Figure S20). As expected, [Cs6−xRbxBr]RbGa6S12 is a kinetic phase,
and hence careful control is necessary for ion-exchange reactions, for
instance, prolonged heating (24 h vs 12 h) in a CsBr/RbBr flux leads to
the decomposition of [Cs6−xRbxBr]RbGa6S12 to CsGaS2.

[Cs6−xRbxBr]NaGa6Se12. The starting reagents, [Cs6Br]NaGa6Se12
single crystals (0.025 g) and RbBr (0.052 g)/CsBr (0.098 g) flux, were
used in ion-exchange reaction to obtain single crystals of [Cs6−xRbxBr]-
NaGa6Se12. The furnace containing the tube was ramped up to 650 °C
in 3 h, held at this temperature for 24 h, and then cooled to 250 °C at a
cooling rate of 10 °C/h. After the reaction and work up in water were
complete, the final product was filtered and washed with DI water and
acetone. Single crystals of the final product were placed in immersion oil
where a [Cs6−xRbxBr]NaGa6Se12 single crystal was isolated from
CsGaSe2 crystals and mounted for SCXRD. The PXRD pattern for the
bulk sample contains CsGaSe2 as the major product and [Cs6−xRbxBr]-
NaGa6Se12 only as a minor phase (Figure S24).

[Cs6−xKxBr]KGa6Se12. The starting reagents, Ga (0.0540 g), Se
(0.1230 g), K2CO3 (0.1060 g), in a 1:2:1 molar ratio, and CsBr (0.553
g)/CsI (0.675 g) flux, were used to grow single crystals of
[Cs6−xKxBr]KGa6Se12. The furnace containing the tube was ramped
up to 550 °C for 2 h, held at this temperature for 24 h, and then cooled
to 250 °C at a cooling rate of 5 °C/h. After the reaction and work up in
water were complete, the final product was filtered and washed with DI
water and acetone. Single crystals of [Cs6−xKxBr]KGa6Se12 were placed
in immersion oil and mounted for SCXRD. The PXRD pattern for the
bulk sample matches the simulated pattern obtained from SCXRD
(Figure S25).

[Cs6X]AGa6Q12:Mn2+. The starting reagents, Ga (0.0540 g), Q, A2Q,
or A2CO3 in a 1:2:1 molar ratio, Mn (0.0004, 0.0026, or 0.0052 g or 6,
36, or 72 mol % Mn per F.U., respectively), and a eutectic CsX/CsI
mixture (∼1.5 g), were used to grow Mn2+-doped single crystals of
[Cs6−xAxX]AGa6Q12. The furnace containing the tube was ramped up
to 650 °C in 3 h, held at this temperature for 24 h, and then cooled to
250 °C at a cooling rate of 10 °C/h. After the reaction and work up in
water were complete, the final product was filtered and washed with DI
water and acetone. The PXRD patterns for the bulk [Cs6Cl]-
NaGa6S12:Mn2+ samples match well with the simulated pattern
obtained from SCXRD of undoped samples (Figures S26 and S27).
While the entire sample was ground and this powder was used in
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scintillation experiments, large single crystals (>100-μm size) were
picked for photoluminescence measurements.

For [Cs6Cl]NaGa6S12:Mn2+, [Cs6−xNaxBr]NaGa6S12:Mn2+,
[Cs6−xKxBr]KGa6S12:Mn2+, and [Cs6−xRbxCl]RbGa6S12:Mn2+ single
crystals, the Mn concentration was determined using ICP-MS (Table
S9). For ICP-MS analysis, a sample was sonicated for 1 min in water,
followed by decantation. This process was repeated three times. To
eliminate the crystal size effect on Mn concertation, the obtained
crystals of [Cs6Cl]NaGa6S12:Mn2+, [Cs6−xNaxBr]NaGa6S12:Mn2+, and
[Cs6−xRbxCl]RbGa6S12:Mn2+ were separated with 355, 100, and 100
μm sieves, respectively. The [Cs6−xKxBr]KGa6S12:Mn2+ sample was
submitted for ICP-MS analysis as is due to the small amount of crystals
left even after the 100 μm sieving. Additional crystal picking was applied
to [Cs6Cl]NaGa6S12:Mn2+ with the highest Mn-loading (72 mol %
according to reaction stoichiometry) due to the presence of needle-
shaped Cs2Mn3S4 single crystals in the sample.
[Cs6−xNaxBr]NaGa6S12:Mn2+ Obtained through Ion Exchange.

The starting reagents, [Cs6−xNaxBr]NaGa6S12 single crystals (0.025 g),
MnCl2 (0.001 g), and CsBr (0.033 g)/CsI (0.042 g) flux, were used in
an ion-exchange reaction to obtain single crystals of [Cs6−xNaxBr]-
NaGa6S12:Mn2+. The furnace containing the tube was ramped up to 600
°C for 3 h and held at this temperature for 12 h, and then the furnace
was turned off. After the reaction and work up in water were complete,
the final product was filtered and washed with DI water and acetone.
The final product was placed in immersion oil where a [Cs6−xNaxBr]-
NaGa6S12:Mn2+ single crystal was isolated from the minor product,
Cs4Ga6S11 crystals, and mounted for microphotoluminescence studies.
When larger amounts of MnCl2 (0.002 g) and/or CsBr/CsI flux (0.150
g) are used in the ion-exchange reaction, it results in only the formation
of Cs4Ga6S11.
[Cs6−xRbxCl]RbGa6S12:Mn2+ Obtained through Ion Exchange. The

starting reagents, [Cs6−xRbxCl]RbGa6S12 single crystals (0.0125 g),
MnCl2 (0.001 g), and CsCl (0.030 g)/CsI (0.045 g), flux were used in
an ion-exchange reaction to obtain single crystals of [Cs6−xRbxCl]-
RbGa6S12:Mn2+. The furnace containing the tube was ramped up to 600
°C for 3 h and held at this temperature for 12 h, and then the furnace
was turned off. After the reaction and work up in water were complete,
the final product was filtered and washed with DI water and acetone.
The final product was placed in immersion oil where a [Cs6−xRbxCl]-
RbGa6S12:Mn2+ single crystal was isolated from the major product,
Cs4Ga6S11 crystals, and mounted for microphotoluminescence studies.
When larger amounts of MnCl2 (0.002 g) and/or CsCl/CsI flux (0.150
g) are used in the ion-exchange reaction, it results in only the formation
of Cs4Ga6S11.
[Cs6Cl]NaGa6S12:Ce3+. The starting reagents, Ga (0.0540 g), S, Na2S

in a 1:2:1 molar ratio, Ce2S3 (0.0090 g or 36 mol % Ce per F.U.) and
CsCl (0.657 g)/CsI (1.012 g) flux, were used to grow Ce3+-doped
single crystals of [Cs6Cl]NaGa6S12. The furnace containing the tube
was ramped up to 650 °C in 3 h, held at this temperature for 24 h, and
then cooled to 250 °C at a cooling rate of 10 °C/h. After the reaction
and work up in water were complete, the final product was filtered and
washed with DI water and acetone. For the [Cs6Cl]NaGa6S12:Ce3+
sample, the Ce concentration was determined using ICP-MS (Table
S9). For ICP-MS analysis, a sample was sonicated for 1 min in water
followed by decantation. This process was repeated three times. The
obtained crystals of [Cs6Cl]NaGa6S12:Ce3+ were separated with a 355
μm sieve.
[Cs6Cl]NaGa6S12:Eu2+. The starting reagents, Ga (0.0540 g), S

(0.0500 g), Na2S (0.0600 g) in a 1:2:1 molar ratio, Eu2O3 (0.0164 g or
72 mol % Eu per F.U.) and CsCl (0.657 g)/CsI (1.012 g) flux, were
used to grow Eu2+-doped single crystals of [Cs6ClNaGa6S12. The
furnace containing the tube was ramped up to 650 °C in 3 h, held at this
temperature for 24 h, and then cooled to 250 °C at a cooling rate of 10
°C/h. After the reaction and work up in water were complete, the final
product was filtered and washed with DI water and acetone. For the
[Cs6Cl]NaGa6S12:Eu2+ sample, the Eu concentration was determined
using ICP-MS (Table S9). For ICP-MS analysis, a sample was sonicated
for 1 min in water followed by decantation. This process was repeated
three times. The obtained crystals of [Cs6Cl]NaGa6S12:Eu2+ were

submitted for ICP-MS analysis as is due to a small amount of crystals
left after sieving.

Mn Concentration in [Cs6Cl]NaGa6S12:Mn2+ Samples. Using
the direct synthesis and similar synthetic conditions utilized for
[Cs6Cl]NaGa6S12 crystal growth, we obtained single crystals of
[Cs6Cl]NaGa6S12:Mn2+0.03, [Cs6Cl]NaGa6S12:Mn20.04, and [Cs6Cl]-
NaGa6S12:Mn2+0.06 where the Mn concentration was determined by
ICP-MS on single crystals with >355 μm size. Interestingly, doping with
Mn clearly reduced the concentration of Na andGa (Figure 6), which is
consistent with the assigned Mn2+-luminescence resulting from doping
on the Na and Ga sites. Moreover, during our ICP-MS analysis, we
found that the concertation of Mn depends significantly on the crystal
size (Table S9). For the bulk PXRD-pure [Cs6Cl]NaGa6S12:Mn2+y
samples (Figures S26 and S27), the Mn concentration was determined
to be y = 0.01 and 0.13, while for large single crystals, aMn loading of y =
0.03 and 0.04, respectively, was determined. Thus, large single crystals
were used for photoluminescence studies, while the entire ground
sample was used for scintillation measurements.

X-ray Crystal Structure Determination. [Cs6F]NaGa6S12,
[Cs6Cl]NaGa6S12, [Cs6Cl]NaGa6Se12, and [Cs6Br]NaGa6Se12. The
compounds crystallize in the rhombohedral crystal system space
group R−3m. The asymmetric unit consists of one Cs atom, one Na
atom, one halogenX (X = F, Cl or Br), one Ga atom, and two chalcogen
atomsQ (Q = S or Se). The largest residual electron density peak in the
final difference map is 0.58/0.71/0.90/0.60 e−/Å3, located 0.91/0.60/
0.74/0.69 Å from Cs1/Cs1/Cs1/Cs1, respectively. The crystallo-
graphic data and results of the diffraction experiments are summarized
in Tables S1−S4.

[Cs6−xKxCl]KGa6S12, [Cs6−xRbxCl]RbGa6S12, [Cs6−xNaxBr]NaGa6S12,
[Cs6−xKxBr]KGa6S12, [Cs6−xRbxBr]RbGa6S12, [Cs6−xKxCl]KGa6Se12,
[Cs6−xRbxBr]NaGa6Se12, and [Cs6−xKxBr]KGa6Se12. The compounds
crystallize in the rhombohedral crystal system space group R−3m. The
asymmetric unit consists of one Cs atom, two alkali atomsA (A =Na, K,
or Rb), one halogen X (X = Cl or Br), one Ga atom, and two chalcogen
atoms Q (Q = S or Se). In contrast to the [Cs6X]NaGa6Q12 structures,
the Cs site exhibited disorder of the Cs and A cations. To model the
Cs1/A2 disorder, FVAR and EADP commands were applied, while the
coordinates of the Ametal were freely refined, i.e., no EXYZ restriction
for Cs1/A2. Therefore, the occupancy for Cs1 was refined to
0.9276(6)/0.899(8)/0.9486(17)/0.873(3)/0.819(5)/0.957(4)/
0.747(4)/0.929(2). For the [Cs6−xNaxBr]NaGa6S12 structure, the Br
atom position was split into two crystallographic sites, resulting in two
Br atoms in the asymmetric unit. The occupancy of the Br sites was
refined to 0.03 (degeneracy of 6) and 0.82. Introducing the disorder to
the crystal structure solution model resulted in a decrease in the R-
factor from 0.2% ([Cs6−xKxCl]KGa6Se12) up to 1.5% ([Cs6−xNaxBr]-
NaGa6S12). At the same time, modeling the disorder in the non-salt-
inclusion A crystallographic site with A/Cs metals did not lead to a
stable refinement. The largest residual electron density peak in the final
difference map is 0.35/0.97/0.63/0.54/0.58/0.75/1.02/0.47 e−/Å3,
located 0.82/0.60/0.68/0.76/0.64/0.70/0.87/0.44 Å from Cl1/Cs1/
Na2/Cs1/Cs1/Cl1/Cs1/Br1, respectively. The crystallographic data
and results of the diffraction experiments are summarized in Tables S1−
S4.

■ RESULTS AND DISCUSSION
Structure of [Cs6X]AGa6Q12. Exploratory flux crystal

growth in the Ga−Cs−Q−A−X systems (Q = S and Se; A =
Na, K, and Rb; X = Cl and Br) resulted in the discovery of a new
family of SICs, [Cs6X]AGa6Q12 (X = Cl and Br; A = Na, K, and
Rb; Q = S and Se, Tables S1−S4). The [Cs6X]AGa6Q12
structure (sp. gr. R−3 m) consists of 2D [Ga6Q12]n6n−

honeycomb layers with embedded zero-dimensional (0D)
[Cs6X]5+ salt-inclusion fragments and non-salt-inclusion A+

cations between the layers (Figure 1). Despite the significant
differences in ionic radii between Na, K, and Rb, all studied
compositions crystallize in the R−3m space group. The
framework is built up from Ga3Q9 units consisting of corner-
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sharing GaQ4 tetrahedra. Such Ga3Q9 units were previously
observed in the 3D anionic framework of [LiCs2Cl]LiGa3S6,

49

which differs from the framework in our [Cs6X]AGa6Q12
material by virtue of the connectivity of the Ga3Q9 units. In
[Cs6X]AGa6Q12, each GaQ4 belonging to a Ga3Q9 trimer is
further connected via edge-sharing to a GaQ4 that is part of an
adjacent Ga3Q9 unit, resulting in the formation of a honey-comb
layer with 9 Å diameter pore sizes. Although similar honeycomb
layers were previously reported for [Cs6Cl]GeGa5Q12, in the
[LiCs2Cl]LiGa3S6 structure, the Ga3Q9 trimers create a 3D
framework.
The [Cs6X]AGa6Q12 structure is centrosymmetric as two

trimeric Ga3Q9 units connected through edge-sharing GaQ4
tetrahedra create an inversion center. The structure consists of
[Ga6Q12]n6n− honeycomb layers that contain positively charged
salt-inclusion octahedra [Cs6X]5+ in the center of the hexagonal
pores. These honeycomb layers stack in an ABC fashion, where
each successive layer is shifted by a/3 relative to the previous
one (Figure S28), allowing the non-salt inclusion A cations to
occupy the octahedral sites between the layers. This is in
contrast with the previously reported [Cs6Cl]GeGa5Q12
structure (sp. gr. R−3m) in which, due to the substitution of
one Ga3+ for one Ge4+ cation per formula unit, the isotypic
[GeGa5Q12]n5n− layers do not require the A+ cations for charge
balance leaving empty octahedral sites.75

Alkali Cation Size Effects.The [Cs6Cl]NaGa6S12, [Cs6Cl]-
NaGa6Se12, and [Cs6Br]NaGa6Se12 compositions have fully
ordered salt inclusions, resulting in the [Cs6X]AGa6Q12 formula,
while the remainder of the compositions reported herein exhibit
Cs and A cation mixing on the salt inclusion site (Figure 2),

resulting in compositions of the type [Cs6−xAxX]AGa6Q12
(Figures S29−S32). For example, in the [Cs6−xAxCl]AGa6S12
series, we observe Cs/A mixing ranging from zero to 10%
(Figure 2a). This trend correlates with the A cation radii, i.e., the
9-coordinated A metal radii (Figure S33) increase from 1.24 to
1.63 Å from Na to Rb, resulting in a better match between the
sizes of the A and Cs cations (1.78 Å for 9-coordinated Cs). The
same trend is observed for the [Cs6−xAxBr]AGa6S12 (Figure 2b)
and [Cs6−xAxX]AGa6Se12 (X = Cl and Br) series (Figure 2c).
Interestingly, both the X and Q anions also affect the extent of

Cs/A site mixing, which increases for the Br over the Cl
compositions and decreases for the Se over the S compositions;
in contrast, the non-salt-inclusion sites in all these series do not
exhibit site mixing.

Flux Influence on the Formation of SIC Materials.
Multiple parameters affect the formation of SICs, e.g., the halide
salt, the framework building block, the temperature profile, and
the choice of flux. To better understand the formation of GaQ4-
based SICs, we analyzed the 39 reported GaQ4-based frame-
works.49−54,56,57,72,74,75,88−95 The data in Tables S10 and S11
reveal that polychalcogenide flux crystal growth can be
successfully coupled with halide fluxes to obtain single crystals
of SICs. The polychalcogenide flux, over a wide range of
temperatures, appears to increase the solubility and reactivity of
the chalcogenide reagents and intermediates, consistent with
hard-soft principles.96 Furthermore, in addition to the direct use
of A2Qn polychalcogenide fluxes, there are examples of
alternative synthetic routes that involve the in situ generation
of the polychalcogenide flux. For instance, a combination of
elemental Q and A2Q (A = alkali) or A’Q (A’ = alkali earth), a
reaction between Q and A/A’ metal, or, less common, the
reaction between a carbonate salt A2CO3/A’CO3 with Q (Q = S
and Se).51,75,89,92 As detailed in Tables S10 and S11, most of the
GaQ4-based SICs were synthesized using the first two methods,
and so far, the use of carbonates has not been reported for
synthesizing SICs. Interestingly, the identity of the cation in the
flux also influences the formation of the specific framework
building block. For instance, Ba-based fluxes tend to stabilize 0D
GaQ4 isolated units in SIC,89−91,95 while combinations of Ba-
based fluxes with K/Rb/Cs-containing salts typically yield GaQ4
andGa4Q10 framework building units.50,52,54,57 The formation of
new framework moieties, including Ga3Q9,MGa3Q10,MQ4, and
MQ6, tends to take place when Li, B, or M (P, 3d element, Ge,
Cd, and In) metals are added to the reaction mix-
ture.49,51,53,56,72,74,75,88,93,94 For example, [Cs6Cl]6Cs3Ga53Se96,
which contains the Ga3Q9 unit, could be synthesized only upon
the addition of Mnmetal to the reaction mixture.74 Similarly, for
the synthesis of [LiCs2Cl]LiGa3S6, which also contains Ga3Q9
trimers, both Li and Ba metals are combined in the reaction
mixture; the use of only Li metal did not lead to the target
phase.49 Finally, [Cs6Cl]GeGa5Q12 (Q = S and Se), which
contains (Ga/Ge)3Q9 trimer-based [GeGa5Q12]n5n− layers,
isotypic to those in [Cs6X]AGa6Q12, was crystallized from a
CaQ/CsCl flux.75

We canmake general observations based on the data in Tables
S10 and S11, which suggest that GaQ4-based SICs with 0DXCs6
units form when a CsX salt is used in the reaction without the
addition of Ba metal.74,75,88 In contrast, the use of a Ba-only
based flux stabilizesXBa4 (X = F andCl) tetrahedra orXBa6 (X =
Cl, Br, and I) octahedra that form 2D or 3D salt-inclusion
moieties.53,56,72,89−91,95 The formation of other salt-inclusion
building blocks is possible when the flux contains only A cations
(A =Na andK)92−94 or a combination of Ba andAmetal (A = Li,
K, Rb, and Cs).49−52,54,57 In summary, for the GaQ4-based SIC
materials, we find that flux, salt-inclusion, and framework
building blocks all influence the phase formation of SICs,
illustrating how complex the synthesis of SICs is.
In this study, we did not use Ba-based fluxes, which are mainly

utilized for the synthesis of GaQ4-based SICs. Instead, we
explored alkali-metal-based fluxes, specifically those involving a
combination of two metals. A reaction between Ga, A2Q/
A2CO3,Q, and CsX/CsI (see the Experimental Section for more
details) resulted in colorless hexagonal crystals of [Cs6X]

Figure 2. (a) View of salt the inclusion moiety in [Cs6−xAxCl]AGa6S12.
Orange, violet, pink, and white ellipsoids present Cl, K, Rb, and Cs
atoms, respectively. x in (b) [Cs6−xAxX]AGa6S12 and (c) [Cs6−xAxX]
AGa6Se12 as a function of A and X.
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AGa6Q12, which crystallizes in a new structure type (Figure 1,
Tables S1−S4). During heating, A2CO3 reacts with sulfur or
selenium, leading to the in situ formation of the polychalcoge-
nide flux (A2Q or A2Qn), out of which [Cs6X]AGa6Q12
crystallizes at 650 °C; in the absence of the A2S/A2CO3
reagents, only Ga2S3 and S8 powder products are isolated.
Synthesis Temperature. Temperature is an additional

important factor that influences the formation of the [Cs6X]
AGa6Q12 structure. To synthesize the [Cs6X]AGa6Q12 series, we
used a temperature profile with a maximum annealing
temperature of 650 °C (Figure 3a), which enabled the synthesis
of many but not of all combinations of X (Cl and Br), A (Na, K,
and Rb), and Q (S and Se). For example, the reaction between
Ga, K2CO3, and Se, in a CsBr/CsI flux at 650 °C leads to the
formation of CsGaSe2 (Figure 3b), but decreasing the maximum
annealing temperature to 500 °C results in the formation of a

polycrystalline powder of [Cs6−xKxBr]KGa6Se12 (Figure 3d). To
obtain hexagonal-plate-shaped single crystals of [Cs6−xKxBr]-
KGa6Se12, the optimum annealing temperature was found to be
550 °C. This same strategy, however, failed to yield
[Cs6−xRbxBr]RbGa6S12 and [Cs6−xRbxX]RbGa6Se12 (X = Cl
and Br) and resulted only in CsGaQ2 or CsGaQ3 (Figure 3c).
This suggests that [Cs6X]AGa6Q12 is a kinetic phase, which may
be stabilized at lower temperatures, as in the case of
[Cs6−xKxBr]KGa6Se12, and competes with the thermodynamic
CsGaQ2 phase in the A2Qn−CsX−CsI flux.1

Thermal Stability of [Cs6X]AGa6S12. To probe the thermal
stability of the [Cs6X]AGa6Q12 family, we investigated several
compositions, including [Cs6X]AGa6S12 (A = Na, K, and Rb),
using DSC coupled with TGA under an N2 atmosphere. These
measurements demonstrated the thermal stability of these
compositions up to 700 °C, as confirmed by analyzing post-TGA

Figure 3. (a) Reaction scheme for [Cs6X]AGa6Q12 crystal growth. (b) Compositionmap of the [Cs6X]AGa6Q12 structure. Gray, blue, and orange color
highlight whether single crystals were synthesized at an annealing temperature of 650 °C, < 650 °C, or were not obtained even in the 450−650 °C
temperature range, respectively. (c) Phase composition of the reaction targeting [Cs6−xRbxBr]RbGa6S12 and [Cs6−xRbxX]RbGa6Se12 (X = Cl and Br)
at different temperatures. (d) PXRD patterns of the products of the reaction targeting [Cs6−xKxBr]KGa6Se12 at 500 °C (orange), 550 °C (blue), and
650 °C (violet); and [Cs6−xKxBr]KGa6Se12 simulated with (black) and without preferred orientation along [003] (gray). Pink squares highlight the
impurity phase, which was not identified.

Figure 4. (a) Cation- and anion-exchange scheme for (top) salt-inclusion moiety and (bottom) non-salt-inclusion site. EDS spectra of starting SIC
crystal (orange) and ion-exchanged product (blue) in reaction (b) [Cs6Br]NaGa6Se12 → [Cs6−xRbxBr]NaGa6Se12, (c) [Cs6−xRbxCl]RbGa6S12 →
[Cs6−xRbxBr]RbGa6S12, and (d) [Cs6Cl]NaGa6S12 → [Cs6F]NaGa6S12. Blue and orange color highlight cation and anion exchange in a salt-inclusion
fragment, respectively. For EDS spectra, peaks for O (0.5 eV); Na (1.0 eV); S (0.5, 2.3, and 2.4 eV); Ga (1.1 and 9.2 eV); Se (1.4 eV); and Cs (0.9, 4.3,
4.6, 4.9, 5.3, and 5.6 eV) are not labeled (Figure S2−S13).
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samples via PXRD (Figures S34 and S35). Heating a vacuum-
sealed powder sample of [Cs6Cl]NaGa6S12 to 900 °C for 5 h,
followed by quenching, on the other hand, resulted in sample
decomposition and the formation of CsGaS2. This is consistent
with the formation of CsGaQ2 in A2Qn−CsX−CsI fluxes when
the temperature exceeds 700 °C.
Ion Exchange in [Cs6X]AGa6Q12.The observation of mixed

site occupancy in the salt-inclusion [Cs6−xAxCl]AGa6Q12
demonstrates compositional flexibility and suggests the
possibility of preparing additional compositions via ion-
exchange reactions. The titled sulfur-based compounds are
thermally stable up to 700 °C, and the selenium-based materials
are assumed to be stable at least up to the maximum annealing
temperature used in their synthesis. Those temperatures are
sufficient tomelt eutectic CsX/AX and CsX/CsI mixtures and to
use them for single-crystal-to-single-crystal (SC-SC) ion-
exchange reactions. To confirm that ion exchange took place,
a combination of EDS and SCXRD was used to verify the
changes in the sample compositions and, as needed, to refine the
salt inclusion site’s mixed cation occupancies.
A series of SC-SC ion-exchange reactions demonstrated that

only the salt-inclusion moiety [Cs6X]5+ or [Cs6−xAxX]5+
participate in the ion exchange process and that the non-salt-
inclusion cations do not. (Figure 4a). For instance, the rubidium
ion exchange into [Cs6Br]NaGa6Se12 single crystals using a
RbBr/CsBr eutectic mixture at 650 °C resulted mostly in
CsGaSe2 single crystals (presumably due to thermal decom-
position of SIC) and [Cs6−xRbxBr]NaGa6Se12 as a minor
product (Table S12, Figure 4b and, Figure S24). EDS analysis of
[Cs6−xRbxBr]NaGa6Se12 crystals supports the ion exchange of
Rb into the structure, and SCXRD quantitatively determined
that 25% of the Cs cations were substituted by Rb (x = 1.5).
Furthermore, SCXRD demonstrated that the ion exchange
involved only the [Cs6X]5+ but not the Na crystallographic
position. The 25% rubidium/cesium substitution turned out to
be themaximum that could be achieved and attempts to increase
the exchange fraction simply led to the formation of CsGaSe2.
Higher exchange levels may cause the [Cs6−xAxX]AGa6Q12
structure to become unstable such that the decomposition
products enable the crystallization of CsGaQ2 from the melt.
While there is a limited cation exchange in the salt-inclusion

moiety, Cl− anions in [Cs6−xRbxCl]RbGa6S12 completely
exchanged with Br− in a CsBr/RbBr melt to form [Cs6−xRbxBr]-
RbGa6S12 (Table S12), as shown by EDS and SCXRD
measurements (Figure 4c). Interestingly, we were unable to
obtain this composition using flux crystal growth (Figure 3b).
Similar SC-SC ion exchange reactions were observed in
[Cs6Cl]2Cs5Ga15Ge9Se48, which consists of a 0D super-
cuboctahedron covalent building block, 0D [Cs6Cl]5+ salt-
inclusion fragment, and Cs ions.88 Here also, both cation and
anion exchange were observed only for the salt-inclusion moiety
(Table S12), and ion exchange reactions did not proceed for the
non-salt-inclusion cation site. Extending our work to iodine
substitutions did not succeed, and we could not introduce I−
into the salt-inclusion of the [Cs6X]AGa6Q12 structure. This
contrasts with [Cs6Cl]2Cs5Ga15Ge9Se48, where the composition
[Cs6I0.6Cl0.4]2Cs5Ga15Ge9Se48 was achieved, perhaps due to
more accessible diffusion pathways in 0D relative to 2D
frameworks.
Extending our work to fluorine, on the other hand, was

successful. The synthesis of F-containing SIC compounds is
challenging due to the reactivity of crucible materials with F-
based fluxes, particularly the corrosive AF (A = Li, Na, K, and

Rb) fluxes.88 For that reason, most F-containing SIC structures
were synthesized using the less reactive SrF2 or BaF2 fluxes
contained in carbon crucibles and sealed in silica
tubes.63,65,66,68−70,72,73,89,97 Since ion-exchange reactions can
lead to new compositions that cannot be obtained with
traditional synthetic routes, we decided to probe the use of a
CsF/CsI flux to obtain [Cs6F]NaGa6S12 (Figure 4d). For the
preparation of [Cs6F]NaGa6S12, single crystals of [Cs6Cl]-
NaGa6S12 were mixed with the flux and placed into a silver tube
that was later crimped and sealed inside a carbon-coated silica
tube (see the Experimental Section for more details). This
succeeded, and both EDS and SCXRD confirmed the
substitution of Cl− by F− in the crystal structure (Figure 4d).
Clearly, ion exchange is a viable route for obtaining new fluoride-
based SIC materials that cannot be obtained or are extremely
challenging to synthesize via traditional synthetic routes.

Theoretical Stability of [Cs6X]AGa6Q12. To evaluate the
thermodynamic stability of different [Cs6X]AGa6Q12 composi-
tions, we performed DFT calculations to derive their enthalpies
of formation. These calculations are based on the idealized
compositions and were modeled assuming the absence of any
anion or cation disorder. The data in Table S13 clearly shows
that all [Cs6X]AGa6Q12 compositions with X = F, Cl, Br, and I, A
= Li, Na, K, Rb, and Cs, Q = S and Se have negative ΔHf

0K and,
thus, are in principle stable. Nonetheless, our attempts to
incorporate, for example, Li or I into the [Cs6X]AGa6Q12
structure did not succeed. To consider a reaction profile that
could include more stable phases in the Cs−X−A−Ga−Q
system, we built a convex hull using theOQMD.84,85 The convex
hull helps to determine the most favorable decomposition
reaction of [Cs6X]AGa6Q12, i.e., the one which has the most
thermodynamically stable products in the Cs−X−A−Ga−Q
landscape keeping the elemental stoichiometry of the [Cs6X]
AGa6Q12 composition.84,85 According to OQMD, typical
[Cs6X]AGa6Q12 compounds can decompose according to one
of two reactions:

X A Q Q AXCs Ga 6CsGa6 6 12 2[ ] + (1)

X A Q Q A Q XCs Ga 5CsGa Ga Cs6 6 12 2 2[ ] + + (2)

These reactions are reasonable as we know from our thermal
analysis measurements that, for example, [Cs6Cl]NaGa6S12
decomposes to CsGaS2 and NaCl at high temperatures, which
is consistent with the decomposition of [Cs6Cl]-
NaGa6S12viaReaction 1 predicted by convex hull construction.
In this sense, none of the [Cs6X]AGa6Q12 compounds are stable,
and all have a negative decomposition enthalpy at 0 K (Figure
5a,b, Figure S36 and S37, Table S13), supporting the claim that
these SICs are kinetically stabilized.
Even though convex hull data favors decompositions of those

materials, we attempted to compare ΔHdecom
0K enthalpies for the

entire [Cs6X]AGa6Q12 series (Figures S36 and S37 and Table
S13). Less negative ΔHdecom

0K values indicate a smaller
thermodynamic driving force for the decomposition reaction.
In general, we observed that the thermodynamic stability ranges
for [Cs6X]AGa6Q12 compositions are consistent with experi-
ments showing that the [Cs6Cl]5+ salt-inclusion moiety is more
energetically favorable than [Cs6Br]5+ andNa- and K-containing
phases are more stable than Rb-ones. For example, in the
synthesized [Cs6X]AGa6Se12 series, [Cs6Br]KGa6Se12 is the
least stable according to DFT calculations (Figure 5) and its
disordered analog [Cs6−xKxBr]KGa6Se12 has to be synthesized
at lower temperatures (Figure 3d). Also, we were not able to
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synthesize [Cs6−xRbxBr]RbGa6S12 using traditional flux crystal
growth, and DFT calculations show that this composition is the
least stable of the [Cs6X]AGa6S12 series (X = Cl and Br; A = Na,
K, and Rb) (Figure 5). In the broader range of [Cs6X]AGa6Q12
compositions with X = F, Cl, Br, and I, A = Li, Na, K, Rb, and Cs,
Q = S and Se, we found that DFT calculations were in line with
experiment and highlighted that the synthesized compounds are
the most stable (Figures S36 and S37). [Cs6X]AGa6Q12
compositions with X = F and I or A = Li and Cs have the
most negative ΔHdecom

0K (Figures S36 and S37 and Table S13)
and were not synthetically accessible within the synthesis
temperatures used. This exercise illustrates that DFT calcu-
lations can readily help to predict the stability of new structures,
depending on their composition, and help guide the preparation
of new phases, even if these phases are kinetic and not
thermodynamic product.
Photoluminescence of [Cs6X]AGa6Q12:Mn2+. The struc-

ture of [Cs6X]AGa6Q12 contains several different coordination
environments into which optically active elements can, in
principle, be incorporated, making these materials promising
hosts for photophysical studies and optical applications. We
focused on Mn2+, one of the most popular inorganic dopants
whose emission color can vary from green to red as a function of
coordination environment and crystal field.98−106 UV−vis
spectroscopy was used to extract a band gap of 4.3 eV for
[Cs6Cl]NaGa6S12, which is acceptable for hosts in solid-state
lighting (Figure S38). We utilized two approaches to introduce
Mn2+ and control the Mn2+ content of [Cs6X]AGa6Q12 single
crystals: (1) incorporation of Mn via direct synthesis by
including aMn starting reagent and (2) via SC-SC ion-exchange
reactions using aMnCl2-containing CsX/CsI flux. Using the first
method, we obtained single crystals of [Cs6X]AGa6Q12:Mn2+y.
By adjusting the amount of Mn added to the reaction, we were
able to change the dopant level from y = 0.03 to 0.06Mn per F.U.
as determined by ICP-MS (Figure 6 and Table S9, see the
Experimental Section for more details). The latter method, SC-

SC ion exchange, resulted in partial crystal decomposition to
Cs4Ga6S11 (see the Experimental Section for more details); thus,
individual crystals of SIC materials [Cs6X]AGa6Q12:Mn2+ were
selected for photoluminescence analysis. A unit cell check
conducted on these crystals prior to use confirmed that the
[Cs6Cl]NaGa6Q12:Mn2+ crystals retained the structure and
space group, R−3m.
Photoluminescence data were collected on individual single

crystals of [Cs6X]AGa6Q12:Mn2+. Measuring the luminescence
of crystals obtained by direct synthesis resulted in bright
emission ranging from orange (∼610 nm) to red (∼690 nm) for
[Cs6Cl]NaGa6S12:Mn2+. In contrast, no luminescence was
observed for [Cs6Cl]NaGa6S12:Mn2+ single crystals obtained
via a SC-SC ion-exchange reaction. Mn2+(3d5)-luminescence is
associated with a partially forbidden transition from the 4T1(g)
(G) excited state to the 6A1(g) (S) ground state. According to the
d5 Tanabe−Sugano diagram, the 4T1 → 6A1 transition in a weak
tetrahedral crystal field, i.e., in MnQ4, has a larger energy
transition than the 4T1(g) → 6A1(g) transition in an octahedral
crystal field forMnQ6.

98,105 In addition to the ligand identity and
coordination number, another significant factor affecting the
crystal field is the size mismatch between the dopant and host
framework site, which ultimately can be considered a chemical
pressure applied to Mn2+ to fit into the host matrix (Figure
7a).107 For example, Mn doping into rock saltMS (M =Mg, Ca,
Sr., and Ba) leads to a photoluminescence peak shift of over
∼150 nm (Figure 7b), even though all MS:Mn2+ compositions
contain only one type of octahedral MnS6 luminescent
center.101−104 The more significant the radii mismatch,

100%r M r
r M

( ) (Mn)
( )

× , (Table S14), the more prominent the

MnS6-luminescence blue-shift is. A similar trend was observed
for MnS4 tetrahedral fluorescence centers in ZnS and Ga2S3
samples (Figure 7c and Table S14).107,108

Based on these literature reports, we speculate that the lower
wavelength peak in [Cs6Cl]NaGa6S12:Mn2+ luminescence
(∼610 nm) originates from Mn doping into the octahedral
site (GaS6), while the GaS4 tetrahedral site doping results in a
∼690 nm emission (Figure 8a); this matches well with observed
Mn2+ luminescence in the Ga2S3 structure, i.e., 685 nm.108 The
radii mismatch between Mn2+ and the Na and the Ga host sites
differs significantly and is plus 18.6% and minus 40.4%,
respectively (Table S14). Based on the collected luminescence
data, it appears that Mn2+ preferentially occupies the NaS6 site
under lowMn reactant content. For higherMn reactant content,

Figure 5. Contour plot of enthalpies of (a) [Cs6X]AGa6S12 and (b)
[Cs6X]AGa6Se12 decomposition reactions, leading to CsGaQ2 or
AGaQ2 and the respective salt, AX or CsX, as a function of A and
X.84,85 Plus and minus schematically demonstrate [Cs6X]AGa6Q12
compositions, which we were able and were not able to obtain via
flux crystal growth or ion-exchange reaction, respectively.

Figure 6. ICP-MS results for [Cs6Cl]NaGa6S12:Mn2+y single crystals.
Number of Ga (blue circles) andNa (orange circles) per formula unit as
a function of y in [Cs6Cl]NaGa6S12:Mn2+y.
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it also starts to occupy the GaS4 site. This hypothesis is in good
agreement with the experiment, where at lowMn concentration,
the material emits at ∼610 nm − orange, Figure 8a; for medium
Mn concentrations, it luminesces equally at ∼610 and ∼690 nm
(Figure 8a); while for the highest Mn concertation, the single
crystals luminesce most at ∼690 nm (red), as more of the
gallium site is occupied by Mn (Figure 8a).
Our analysis of the luminescence behavior of [Cs6X]

AGa6Q12:Mn2+ (Figures S39−S48) demonstrated that the X
and Q anions in [Cs6X]AGa6Q12:Mn2+ have almost no effect on
the emission spectra (Figure 8c,d). In contrast, a change in the A
cation leads to a significant difference in the luminescence
brightness, dropping in intensity from Na to K/Rb analogs, as
well as in the number of peaks and their positions (Figure 8b).
Changing from Na to K and Rb, the size mismatch increases to
39.9% and 45.4%, respectively (Table S14), and hence the peak
at∼610 nm disappears from photoluminescence spectra (Figure
8b). In contrast, the peak corresponding to the Ga site doping at
∼690 nm is still present. It is worth noting that there is also a
distortion of the GaQ4 and AQ6 polyhedra within the [Cs6X]
AGa6Q12 structures (Tables S5−S7), which likely also impacts
the photoluminescence.109−112 However, we did not study this
aspect.
Our SC-SC ion exchange experiments described earlier

demonstrated that we can only ion exchange the Cs cations in
the salt-inclusion fragment and are not able to introduce cations
into the actual framework. In the case of SC-SC ion exchange for
mixed alkali metal salt-inclusions, such as [Cs6−xAxX]AGa6Q12,
it is possible to introduce additional, non-framework Mn2+
luminescent centers into the salt-inclusion fragment. We
speculate that this can occur due to the better size match of
Mn2+ with A+ (A = Na, K, and Rb) cations versus Cs+. Single
crystals of such modified compositions, [Cs6−xAxX]
AGa6Q12:Mn2+, exhibit additional ∼500 nm and ∼ 560 nm

Figure 7. (a) Schematic representation of radii mismatch effect on
Mn2+-luminescence. The emission peak position for (b) MnS6

101−104

and (c)MnS4
107,108 as a function of a radii mismatch betweenM cation,

host crystallographic site, and Mn, dopant.

Figure 8. Normalized photoluminescence spectra of single crystals of
(a) [Cs6Cl]NaGa6S12:Mn2+0.03 (orange), [Cs6Cl]NaGa6S12:Mn2+0.04
(red), and [Cs6Cl]NaGa6S12:Mn2+0.06 (dark red); (b) [Cs6Cl]-
NaGa6S12:Mn2+0.03 (orange), [Cs6−xKxBr]KGa6S12:Mn2+0.04 (red),
and [Cs6−xRbxCl]RbGa6S12:Mn2+0.01 (dark red); (c) [Cs6Cl]-
NaGa6S12:Mn2+0.04 (orange) and [Cs6−xNaxBr]NaGa6S12:Mn2+0.01
(red); and (d) [Cs6Cl]NaGa6S12:Mn2+ (orange) and [Cs6Cl]-
NaGa6Se12:Mn2+ (red). All emission spectra were collected on single
crystals using a HORIBA Scientific Standard Microscope Spectroscopy
System with a 375 nm laser excitation source. Orange and blue color
highlight Mn2+-luminescence in the octahedral and tetrahedral
environments, respectively.
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centered emissions and lead to more complex spectra. As a
result, [Cs6−xNaxBr]NaGa6S12:Mn2+ and [Cs6−xRbxCl]-
RbGa6S12:Mn2+ single crystals exhibit essentially white emission
under 375 nm laser excitation (Figure 9). These spectra are

noticeably different from the spectra collected for [Cs6−xNaxBr]-
NaGa6S12:Mn2+ (Figure 9a) and [Cs6−xRbxCl]RbGa6S12:Mn2+
(Figure 9b) synthesized via direct synthesis, offering additional
pathways for tuning the optical properties of SIC materials.

Finally, to demonstrate the versatility of [Cs6X]AGa6Q12
structure for creating new optical materials, we also explored
doping with other popular luminescence centers, such as Ce3+
and Eu2+, which resulted in the typical blue and green emissions,
respectively (see the Experimental Section for more details,
Figures S49−S51).113−122

Scintillation of [Cs6Cl]NaGa6S12:Mn2+. The photolumi-
nescent properties of [Cs6X]AGa6Q12:Mn2+ inspired us to test
whether these materials exhibit scintillation.123−127 Single
crystals of [Cs6X]AGa6S12:Mn2+ were irradiated by X-rays
inside a diffractometer equipped with a copper X-ray source
while monitoring their emission using a digital camera (Figure
10a and Figures S39−S44). All [Cs6X]NaGa6S12:Mn2+ crystals
demonstrated bright orange scintillation, while [Cs6−xKxBr]-
KGa6S12:Mn2+ and [Cs6−xRbxCl]RbGa6S12:Mn2+ did not
scintillate. Radioluminescence of [Cs6Cl]NaGa6S12:Mn2+0.01
and [Cs6Cl]NaGa6S12:Mn2+0.13 bulk samples (Figures S26 and
S27, Table S9) were measured using a dedicated spectrometer
(see the Experimental Section for more details) and produced
scintillation centered at 610 nm (Figure 10a). The integrated
brightness of [Cs6Cl]NaGa6S12:Mn2+

0.01 and [Cs6Cl]-
NaGa6S12:Mn2+0.13, was estimated to be 22% and 9%,
respectively, that of a commercial scintillator, bismuth
germanium oxide (BGO). The higher Mn content resulted in
a decrease in the material’s scintillation, presumably due to
concentration quenching.126,128,129 In the future, efficiency
improvements can be explored by optimizing Mn concentration
in [Cs6X]NaGa6S12:Mn2+ since a clear dependence on the Mn
content was observed (Figure 10a). Sulfur-based materials,
compared to oxides, are thought to have better attenuation
length characteristics for scintillators due to the higher atomic
number of S and, thus, a larger number of electrons, highlighting
the potential to develop novel scintillating SIC materials.130−132

Using high-temperature radioluminescence measurements,
we observed thermal quenching of the [Cs6Cl]NaGa6S12:Mn2+
scintillation (Figure 10b and Figure S52), and emission was
completely quenched at temperatures exceeding ∼100 °C. The
intensity of the 610 nm peak as a function of temperature was fit
using a Mott−Seitz model for thermal quenching (Figure 10c
and Figure S53).98,133 This resulted in an estimate for the
thermal quenching activation energy of 0.55 eV, which is
consistent with the 0.45 eV measured for Mn2+ in Zn2GeO4.

98

Therefore, [Cs6Cl]NaGa6S12:Mn2+ materials are the first
example of SIC compounds that demonstrated radiolumines-

Figure 9. Normalized photoluminescence spectra of single crystals of
(a) [Cs6−xNaxBr]NaGa6S12:Mn2+ and (b) [Cs6−xRbxCl]-
RbGa6S12:Mn2+ obtained through direct synthesis (orange) and ion
exchange (red). All emission spectra were collected on single crystals
using a HORIBA Scientific Standard Microscope Spectroscopy System
with a 375 nm laser excitation source.

Figure 10. (a) Radioluminescence spectra of BGO (black), [Cs6Cl]NaGa6S12:Mn2+0.01 (orange), and [Cs6Cl]NaGa6S12:Mn2+0.13 (red). The
percentage values correspond to relative scintillation intensity in comparison with the commercial scintillator, BGO. An insert of optical images
demonstrates single crystals of [Cs6Cl]NaGa6S12:Mn2+: pristine and irradiated with X-ray. (b) Thermal quenching of [Cs6Cl]NaGa6S12:Mn2+0.01
scintillation. (c) Radioluminescence peak intensity for [Cs6Cl]NaGa6S12:Mn2+0.01 as a function of temperature. Peak intensity was fitted with a Mott−
Seitz model, resulting in an EA of 0.55 eV.
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cent properties, suggesting the potential of SICs as scintillating
materials.

■ CONCLUSIONS
Crystal growth in a halide/polychalcogenide flux resulted in the
crystallization of a new family of salt-inclusion materials [Cs6X]
AGa6Q12. The [Cs6X]AGa6Q12 structure consists of 0D
[Cs6X]5+ fragment, 2D [Ga6Q12]n6n− honeycomb layers, and A
cations between the layers. These materials were shown to be
kinetic products as demonstrated by testing their thermal
stability, where increasing the reaction temperatures resulted in
the dissociation of the structure into the thermodynamically
more stable (Cs/A)GaQ2 and (A/Cs)X. DFT calculations
corroborated this decomposition path in the Cs−X−A−Ga−Q
landscape. Although there are many combinations of covalent
frameworks and salt-inclusion fragments, a fast stability
screening of phase stability for SICs helped to identify more
stable phases in the [Cs6X]AGa6Q12 family.
The [Cs6X]AGa6Q12 structure demonstrated the potential to

undergo SC-SC ion-exchange reactions. Ion exchange in the
melt affects only the salt-inclusion fragment via complete anion
or partial cation exchange, e.g., [Cs6Cl]NaGa6S12 → [Cs6F]-
NaGa6S12 and [Cs6Br]NaGa6Se12 → [Cs6−xRbxBr]NaGa6Se12,
respectively. In all cases, no exchange was observed for the non-
salt-inclusion A site. It was demonstrated that ion-exchange
reactions can be used to synthesize novel SICs compositions
that do not form during flux crystal growth. Moreover, it was
shown to be a viable approach for synthesizing fluoride-based
SICs.
The Mn-doped [Cs6X]AGa6Q12 structure exhibits photo-

luminescence ranging from orange (610 nm) to red (690 nm).
Based on literature analysis and control experiments on [Cs6X]
AGa6Q12:Mn2+ single crystals, these peaks were assigned to
MnS6 (610 nm) and MnS4 (690 nm) fluorescent centers.
However, additional structure characterization is needed to
more precisely determine the local Mn coordination environ-
ments.134 In general, it appears that SIC materials are a versatile
platform for photophysics modulation due to diverse cation
environments and abilities to activate luminesce using a variety
of inorganic luminophores (Mn2+, Ce3+, and Eu2+) as well as
their combinations. Finally, [Cs6X]NaGa6S12:Mn2+ samples
demonstrated scintillation properties, and the brightness of
this novel scintillator was estimated to be 22% of BGO for a
sample with the lowest Mn loading, [Cs6Cl]NaGa6S12:Mn2+0.01.
Future research may focus on developing new SIC materials for
photoluminescence and radioluminescence applications and
optimizing luminophore concentrations to enhance the SIC
material’s properties.
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