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Abstract

Two series of new lanthanide thiophosphates with partial Ca occupancy of the Ln sites,
Cso3(Cag3Lng7)PSy (Ln = Ce, Pr, Nd, Sm, Gd, Tb, and Dy) and Cs 5(CagsLns)PS4 (Ln = Pr,
Nd, Sm, Gd, and Tb), were synthesized using a Csl flux and structurally characterized. The
first series with an idealized formula of Csg3(Cag3Lno7)PS4 crystallizes in the R3m space
group and belongs to a new structure type that consists of a channel containing
[(Cag3Lng7)PS,4]%3 framework, where the channels are occupied by severely disordered Cs*
cations. A second new series with formula Csg 5(Cag sLng5)PS, crystallizes in the monoclinic
C2/c space group and exhibits a layered structure consisting of [(Cag sLng 5)PS4]%~ layers
with Cs* cations located between the layers for charge balance. Together with the parent
structure type, LnPS,, these three structure types illustrate how the LnPS, structure changes
with Cs* cation incorporation, reducing its dimensionality from 3D to 2D. The magnetic
properties of Csg3[(Cag3Cey7)PS4] and Csg3[(Cag3Pro7)PS4] were studied and revealed no

magnetic transition down to 2 K.
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Introduction

A renewed interest in chalcophosphate phases has recently emerged due to their rich
structural chemistry and high ion conductivities that are distinct from similar oxide materials.
Specifically, lithium and sodium thiophosphate phases have been studied for their unique ion
conducting properties,'~ while layered thiophosphates that contain 3d transition metals show
great promise in the design of new 2D materials,®” including magnetically ordering
systems.® Multiple thiophosphate phases exhibit promising optical properties, such as
second harmonic generation and luminescence.!%-!# The rich structural chemistry of the
chalcophosphates stems from the ability of chalcophosphate groups to condense into more
complex structural units, resulting in a large variety of chalcophosphate anions, such as PS;3-
,13720 P,S,47,21723 PS¢+ 2425 PS¢, 2627 etc., 2830 with phosphorus in the +4 and +5 oxidation
states. This extensive variety of building units represents a unique platform for achieving new
crystal structures, although assuming full synthetic control over the structure and the
formation of a desired product phase remains challenging. It is therefore desirable to develop
a set of general crystal chemical rules that govern the formation of chalcophosphates with
which to predict their structures and relate them to the observed properties.

One general trend observed in the formation of lanthanide and actinide
chalcophosphates is their structural modularity, which manifests itself in a preferred
coordination environment of the metal centers. For example, it is generally found that early
lanthanides prefer a nine-fold sulfide coordination environment, while later lanthanides tend
to prefer a lower coordination number due to the lanthanide contraction. This trend has
revealed itself in the recently reported Cs,NaLn(PS,), (Ln = La—Nd, Sm, Gd-Ho) series,’! in
which there is no apparent structural change throughout the series except for a change in the
coordination number of the lanthanide cations from 9 to 8. Despite the change in the
coordination number, the topology of the compounds does not change and each lanthanide
cation is surrounded by four thiophosphate units, as it is typically observed in lanthanide
thiophosphates.3! While the influence of the lanthanide size on the structure is relatively well
studied, there is little information available on how substitutional disorder resulting from
placing heterovalent cations on the lanthanide sites impacts the observed structure formation
in lanthanide thiophosphates. There are only a handful of elements with a size that is close to
that of lanthanide cations, among them Ca?*, which is one that most frequently shares a

crystallographic site with a lanthanide cation.3? This motivated us to study the influence of Ca
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incorporation on the resultant structures and elemental compositions of lanthanide

thiophosphates.

In this report we describe the results of exploratory crystal growth in the Ln,S;—CaS—
P,Ss system. As alkali halide fluxes proved useful for the synthesis and crystallization of a
number of oxide and chalcogenide materials,>3—3¢ we selected Csl as a flux due to its
relatively low melting point, 632 °C.373% Two series of isotypic compounds with different
fractions of Ca substitution on the Lz sites were obtained, Csg3(Cag3Lny7)PS, (Ln = Ce, Pr,
Nd, Sm, Gd, Tb, and Dy) and Cs(s(Cag sLnys)PSs (Ln = Pr, Nd, Sm, Gd, and Tb), and
structurally characterized. The Ca content in the crystallized materials was found to be a
function of the Ca content in the reaction mixture for the early lanthanide (Ce—Nd)
thiophosphates, while for the remainder of the series, the reaction products consisted of both
structure types crystallizing simultaneously in the same crystal growth reaction, regardless of
the calcium content of the reaction mixture. By comparing the obtained structures with that of
the parent, LnPS4,*° a structure dimensionality trend was revealed and is discussed herein. In
addition, the magnetic and optical properties of Cs(3(Cag3Ce7)PS4 and Csg3(Cag3Pro7)PS,

were investigated and are described.

Experimental

Materials. P,Ss (99%, Sigma-Aldrich), CsI (99.9%, Alfa Aesar), CaS (99.9%, Alfa
Aesar), CeO, (Alfa Aesar, 99.99%), PrsO; (Alfa Aesar, 99.99%), Nd,O; (Alfa Aesar,
99.99%), Sm,05 (Alfa Aesar, 99.99%), Gd,O; (Alfa Aesar, 99.99%), Tb,O; (Alfa Aesar,
99.9%), Dy,0; (Alfa Aesar, 99.9%), Ho,O5 (Alfa Aesar, 99.99%), and N,N-
dimethylformamide (Sigma-Aldrich) were used as received. P,Ss and CaS were stored and
handled in a glove bag under house nitrogen. Lanthanide sulfides were prepared according to

the procedure described in the literature.*!

Synthesis. Csg3(Cag3Lny7)PSs (Ln = Ce, Pr, Nd, Sm, Gd, Tb, and Dy) and
Cso.5(CagsLngs)PS, (Ln = Pr, Nd, Sm, Gd, and Tb) were obtained by a reaction of CaS, P,Ss,
and the respective lanthanide sulfide in the molar ratios listed in Table 1 in a Csl flux. For
molar ratios of 8:6:1 and 4:4:1, 0.166 mmol of Ln,S; was used to calculate the weight of the

other materials, whereas for a 16:8:1 molar ratio, a 0.083 mmol sample of Pr,S; was used. In



Page 5 of 21

CrysttEngComm

all cases, 0.50 g of Csl flux together with the other starting materials were placed into a fused
silica tube and sealed under dynamic vacuum. The sealed tubes were placed into a
programmable furnace, which was ramped up to 750 °C in one hour, kept at this temperature
for 10 hours, cooled to 500 °C in 25 hours at a rate of 10 °C/h and then to room temperature
by switching off the furnace. The flux was dissolved in N,N-dimethylformamide and the
product was filtered and washed with methanol. The products were found to be moderately
moisture sensitive and decompose in humid air in about two days. The crystals of
Cs3(Cag3Ceg7)PS4 and Csg 3(Cag3Pro7)PS, were obtained as nearly phase pure samples in a
34 or 44% yield, while the other reactions resulted in mixed phases. Yellow crystals of

Ca,P,S¢ were identified as a major impurity in the samples.*?

Table 1. CaS:P,Ss:Ln,S; molar ratios used in reactions.

Ce Pr Nd Sm Gd Tb Dy
Cso3(CagsLlng7)PS, | 8:6:1 | 8:6:1 | 4:4:1
Cso.5(Cag sLngs)PSy - 16:8:1 | 8:6:1

8:8:1 8:6:1 8:6:1 8:6:1

Single Crystal X-ray Diffraction. Single-crystal X-ray diffraction data were
collected at 300(2) K on a Bruker D8 QUEST diffractometer equipped with an Incoatec IS
3.0 microfocus radiation source (MoKa, A =0.71073 A) 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.*>#* Initial
structure solutions were obtained with SHELXS-2017 using direct methods and Olex2 GUL#
Full-matrix least-square refinements against F> were performed with SHELXL software.46
All the structures were checked for missing symmetry with the Addsym program
implemented into PLATON software and no higher symmetry was found.*” The
crystallographic data and results of the diffraction experiments are summarized in Tables 2

and 3.

For Csy(CayLn4)PS4 (Ln = Ce, Pr, Nd, Sm, Gd, Tb, Dy), the Ca and Ln atoms were
found to occupy the same crystallographic position. Both atoms were restrained to fully
occupy the site and refined, resulting in a Ca:Ln ratio of around 0.30 with no apparent
dependence on the Ln atom. Although there may be some variability in the compositions, it

did not significantly affect the R; values, Ca and Ln site occupancies in all structures were set
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to 0.30 and 0.70, respectively, while the cesium sites were restrained to give a total of 0.30 Cs
atoms per formula units to maintain the charge balance. In Csg s(Cag sLns5)PSy, the Ca/Ln
shared sites were set to 50/50 occupancy to account for the electron density on the site and to

maintain charge balance with the fully occupied Cs sites.
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Table 2. Crystallographic data for Csg3(Cag 3Lng PS4 (Ln = Ce, Pr, Nd, Sm, Gd, Tb, and Dy).

. Cs3(Cagslng7PSy

Empirical formula Ceo Pr Nd Sm Gd T Dy

Formula weight 309.19 309.74 312.08 316.35 321.18 32235 324.86

Temperature/K 300(2)

Crystal system Trigonal, 18

Space group R3m

a/A 16.5183(3) 16.4968(4) 16.4932(4) 16.4128(3) 16.3458(3) 16.3448(4) 16.3288(4)

/A 13.6408(3) 13.5795(3) 13.5289(3) 13.4526(3) 13.4242(3) 13.3425(3) 13.3220(4)

Volume/A® 3223.30(14) 3200.47(17) 3187.15(17) 3138.35(13) 3106.21(13) 3086.93(17) 3076.16(18)
| Pegeg/om’ 2.867 2.893 2.927 3.013 3.091 3.121 3.156

wmm'! 7477 7.845 8.194 9.004 9.868 10379 10.825

F(000) 2558.0 2570.0 2583.0 2608.0 2633.0 2646.0 2659.0

Crystal size/mm’ 0.06x0.06x0.05 0.10x0.10%0.05 0.05x0.04x0.04 0.05x0.05%0.03 0.10x0.10%0.05 0.03%0.02x0.02 0.02x0.02x0.01

Radiation MoKoa (A=0.71073)

zg&::ggnfﬁr data 6.432-54.878 6.444-54.978 6.452-54.97 6.484-59.988 6.508-54.982 6.516-54.998 4.99-54.992

Index ranges

21<h<2l,-21<
k<21,-17<1<17

21<h<2l,-21<
k<21,-17<1<17

21<h<21,-21<
k<21,-17<1<17

-22<h<23,-23<
k<23,-18<1<18

21<h<2l1,-21<
k<21,-17<1<17

21<h<21,-21<
k<21,-17<1<16

21<h<20,-21<
k<21,-17<1<17

Reflections collected 37202 68364 32476 30331 62321 30233 23058
Indenendent reflections 908 [Rin = 0.0248, 902 [Rin = 0.0278, 906 [Rin = 0.0247, 1124 [Rin = 0.0274, 878 [Rin = 0.0267, 875 [Ron = 0.0243, 878 [Rin = 0.0355,
P Riigma = 0.0063] Rigma = 0.0059] | Rijomy=0.0063] | Rijgmy=0.0087] | Ry = 0.0050] Reigma = 0.0069] Reigma = 0.0101]
Data/restraints/parameters 908/1/43 902/1/43 906/1/44 1124/1/43 878/1/43 875/1/43 878/1/43
Goodness-of-fit on F? 1.138 1.085 1.161 0.980 1.138 1.126 1.140
Final R indexes [>=26 | R, = 0.0387, wR, = | R, =0.0327, wR, = | R, = 0.0330, wR, = | R, = 0.0343, wR, = | R, =0.0323, wR, = | R, =0.0298, wR, = | R, = 0.0311, wR, =
) 0.1094 0.0859 0.0922 0.1061 0.0910 0.0878 0.0876
N R, = 0.0388, wR, = | R, =0.0327, wR, = | R; =0.0332, wR, = | R, =0.0352, wR, = | R, = 0.0323, wR, = | R, =0.0298, wR, = | R, = 0.0327, wR; =
Final R indexes [all data] 0.1095 0.0859 0.0924 0.1075 0.0910 0.0878 0.0897
‘gge“ diff. peak/hole /¢ 3.74/-3.95 3.37/-4.62 3.26/-4.44 3.48/-3.56 3.69/-3.7 3.04/-4.25 3.72/-3.72
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Table 3. Crystallographic data for Csg so(Cag soL79.50)PS4 (Ln = Pr, Nd, Sm, Gd, Tb, and Dy).

Empirical formula Cso.50(Cag.s0L10.50)PS4

Pr Nd Sm Gd Tb Dy
Formula weight 316.16 317.83 320.88 324.33 325.17 326.96
Temperature/K 300(2)
Crystal system, Z Monoclinic, 8
Space group C2/c
a/A 9.2095(2) 9.1970(2) 9.1778(3) 9.1603(2) 9.1479(4) 9.1378(2)
b/A 9.2341(2) 9.2233(2) 9.2037(3) 9.1898(2) 9.1800(4) 9.1727(2)
c/A 16.7221(4) 16.7149(4) 16.6857(5) 16.6882(4) 16.6874(7) 16.6704(4)
pB/° 103.9463(8) 103.8709(8) 103.7780(13) 103.6865(8) 103.6882(15) 103.6778(8)
Volume/A3 1380.15(5) 1376.52(5) 1368.88(8) 1364.94(5) 1361.57(10) 1357.66(5)
Peale/cm? 3.043 3.067 3.114 3.157 3.173 3.199
wmm-! 7.897 8.15 8.692 9.274 9.62 9.942
F(000) 1168 1172 1180 1188 1192 1196
Crystal size/mm? 0.04x0.03x0.01 0.05%0.05%0.02 0.06x0.04x0.01 0.06x0.05%0.01 0.08x0.06x0.03 0.24x0.06x0.06
Radiation MoKa (A=10.71073)
20 range for data collection/° 6.344-64.974 5.02-56.984 5.028-59.99 6.372-59.976 5.024-54.98 6.386-59.998

Index ranges

-12<h<13,-13<k
<13,-25<1<25

-12<h<11,-12<k
<12,-22<1<22

-12<h<12,-12<k
<12,-23<1<23

-12<h<12,-12<k
<12,-23<1<23

-11<h<1l1,-11<k
<11,-21<1<21

-12<h<12,-12<k
<12,-23<1<23

Reflections collected 26261 17462 19807 35177 25062 49642
Independent reflections 2487 [Riyy = 0.0313, | 1748 [Rine=0.0545, | 1989 [R;;;=0.0360, | 1975 [Riyy=0.0287, | 1562 [Ry, = 0.0356, 1972. [Rint = 0.0417,
Rgigma = 0.0148] Rgigma = 0.0215] Rgigma = 0.0185] Rgigma = 0.0105] Rgigma = 0.0141] Rsigma = 0.0134]

Data/restraints/parameters 2487/0/60 1748/0/60 1989/0/60 1975/0/60 1562/0/60 1972/0/60

Goodness-of-fit on F? 1.116 1.109 1.098 1.039 1.14 1.086

Final R indexes [1>=20 (I)] R;=0.0267, wR,= | R;=0.0250, wR,= | R;=0.0231,wR,= | R;=0.0190, wR,= | R;=0.0311,wR,= | R1=0.0237, wR2 =
0.0631 0.0661 0.0526 0.0403 0.0743 0.0521

Final R indexes [all data] R;=0.0287, wR,= | R;=0.0259, wR,= | R;=0.0247, wR,= | R;=0.0192, wR,= | R;=0.0313, wR,= | R1=0.0238, wR2 =
0.0642 0.0668 0.0534 0.0404 0.0744 0.0522

Largest diff. peak/hole / ¢ A3 1.19/-1.06 1.48/-0.95 0.88/-1.00 0.93/-1.11 1.04/-0.96 0.84/-1.44

Page 8 of 21
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Powder X-ray Diffraction. Powder X-ray diffraction (PXRD) data for phase
identification were collected on polycrystalline samples ground from single crystals (Figures S1
and S2). Data were collected on a Bruker D2 PHASER diffractometer using Cu Ka radiation
over a 20 range 10—40° with a step size of 0.02°.

Energy-Dispersive Spectroscopy (EDS). EDS was performed on single crystal
products using a Tescan Vega-3 SEM equipped with a Thermo EDS attachment. The SEM was
operated in the low-vacuum mode. Crystals were mounted on an SEM stub with carbon tape and
analyzed using a 20 kV accelerating voltage and an 80 s accumulation time. The results of EDS
confirm the presence of elements found by single-crystal X-ray diffraction (Figures S3-S11 and

Table S1).

Optical Properties. UV—Vis spectra for Csg3(Cag3Ceg7)PS4 and Cs3(Cag3Pro7)PSy4
were recorded using a Perkin Elmer Lambda 35 UV/Visible scanning spectrophotometer used in
the diffuse reflectance mode and equipped with an integrating sphere (Figures S12 and S13).
Diffuse reflectance spectra were recorded in the 200-900 nm range converted to absorbance
using the Kubelka—Munk function. Fluorescence measurements were performed on a sample of

Cs3[(Cag3Ce(7)PS4] using a PerkinElmer LS55 luminescence spectrometer (Figure S15).

Magnetism. Magnetic property measurements were performed using a Quantum Design
MPMS 3 SQUID magnetometer. Zero-field-cooled (ZFC) magnetic susceptibility measurements
were performed from 2 to 300 K in an applied field of 0.1 T. The raw data were corrected for
radial offset and sample shape effects according to the method described by Morrison and zur

Loye.*®

Crystal Chemical Calculations. Crystal structure analysis was performed using the
TOPOS 4.0 software package.*>>* The method of intersecting spheres was employed for
determining the coordination number using the AutoCN program.®! Dirichlet and ADS programs
were employed for Voronoi-Dirichlet polyhedra construction and topological analysis,
respectively. The standard structure simplification procedure was employed to obtain the

underlying nets of the compounds.>?

First-Principles Calculations. First-principles calculations were performed using
density functional theory (DFT) with the Vienna Ab-initio Package (VASP) planewave code,>3->*
generalized gradient approximation of Perdew, Burke and Ernzerhof (PBE),> and projector
augmented wave (PAW) method.>®37 The Ca, Cs, P, and S valence electron configurations

considered for construction of PAW potentials were 3s23p®4s?, 5s25p%6s!, 3s23p3, and 3s23p*,
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respectively. For the rare-earth elements Ce 3 and Pr_3 pseudopotentials from the VASP
distribution were used. These potentials were chosen because other rare-earth pseudopotentials
from the VASP distribution exhibited energy convergence issues. To model the partial
occupancy of the Cs and Ln(Ca) sites (Ln = Ce, Pr) for both Cs(3(Cag3Ln7)PS, and
Csg.5(Cag sLng s)PSy, the Cs and Ca sites were chosen so they are nearest neighbors and furthest
apart from their own type Cs and Ca, respectively, which ultimately lowers the symmetry of the
structure. Spin-polarized calculations were performed, with 520 eV cut-off energy for the plane
wave basis set, 10 eV energy convergence criteria and 3x3x4 and 5x5%4 k-point meshes for
Cs3(CagsLng7)PS4 and Csg 5(Cag sLngs)PS,. The ground state geometries at 0 K were optimized
by relaxing the cell volume, atomic positions, and cell symmetry until the maximum force on
each atom is less than 0.01 eV/A. During the geometry optimization each of the studied

compounds relaxed to a state with 0 ug net magnetic moment.

Results and Discussion

Synthesis. The synthesis of all compounds was achieved by reacting an excess of
calcium sulfide with Ln,S; and P,Ss in a CsI flux. For Ln = Ce, only the Cs3[(Cag3Ce7)PS,4
composition was obtained, and adding more CasS to the reaction did not lead to the formation of
a Csg5(Cag sLngs)PS, phase. For Ln = Pr, the formation of Cs 5(Caj sPr5)PS, with a higher Ca
content was only observed when a 8 : 1 Ca : Pr molar ratio was used in the synthesis, while a
lower molar ratio of 4 : 1, under the same reaction conditions, resulted in Cs3(Cag3Pry7)PS,.
Likewise, an eight-fold excess of Ca in the reaction mixture led to the formation of the
Cs.5(CagsNdg s)PS4 phase, while a smaller Ca content in the reaction mixture favored the
formation of Cs3(Cag3Ndj7)PS,. For the remainder of the series, both compositions are always
found in the product mixture and both can be isolated from the same reaction when using a 4:1
Ca:Ln molar ratio, indicating that both phases have similar stabilities under these reaction

conditions.

Crystal structure of Cs,(CaLn;)PS, (x= 0.3; Ln = Ce, Pr, Nd, Sm, Gd, Tb, Dy).
All compounds crystallize in the R3m space group and consist of a [(Cag 3Lng7)PS4]%3
framework containing channels that are occupied by the Cs* cations. The underlying net of the
framework belongs to a 4,4-connected ptr topological type as identified by the TOPOS software

package.?

10
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As Ln and Ca atoms have similar ionic radii, they share a single 18f Wyckoft position
with a C, site symmetry. Both atoms form Ln(Ca)Sg coordination polyhedra in the shape of a
distorted tetragonal antiprism. The Ln(Ca)-S bond distances change consistently with the Ln
cation size, decreasing from 2.9524(14)-2.9742(12) A for Ce(Ca)-S to 2.9041(15)-2.9412(4) A
for Dy(Ca)-S. Each Ln(Ca) site is connected to four tetrahedrally arranged thiophosphate
groups, which is typical for lanthanide and uranium thiophosphates.3! Each thiophosphate group
is connected to four Ln(Ca) sites, forming a nearly planar fragment. The P—S bond lengths are
within a narrow range of 2.021(3)-2.057(3) A, which is in good agreement with previously
reported values.’#% The single crystallographic phosphorus atom occupies a 18h Wyckoff
position with a Cs site symmetry, resulting in a 1:1 Ln(Ca) : PS4 molar ratio. Since a Ln(Ca) site
has a total charge of 2.7, the remainder of the negative charge from the thiophosphate groups is
balanced by the Cs cations that occupy the channels in the [(Cag3Lng7)PS4]%3~ framework. The
Cs atoms partially occupy several positions throughout the channels, SC XRD data show
extremely elongated thermal ellipsoids for them indicating a “smeared” electron density
throughout the channels (Figure 1). Significant disorder is indicative of virtually free movement
of the Cs™ cations along the channels, suggesting the existence of low thermal barriers that can
be overcome in the temperature range between room temperature and the reaction temperature
(750 °C) and, furthermore, that all potential crystallographic sites have virtually the same
energies. To confirm this, the total energies as a function of the Cs site occupancy were
calculated. The energy barriers for the Cs* cation movement along the channels do not exceed

1.14 kJ/mol, which is consistent with the lack of apparent site preference for the Cs* cations.

Figure 1. (a) View on the structure of Csg3[(Cag3Pry7)PS,4] along the ¢ axis and (b) Cs

atom thermal ellipsoids showing their disorder along the channels.

11
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Cso5(CagsLngs)PS, (Ln = Pr, Nd, Sm, Gd, Tb, Dy). All six compounds crystallize in
the monoclinic C2/c space group. The increase in the Cs content results in a dimensional
reduction to 2D with the Cs cations located between layers rather than within channels as in
Cso3[(CagsLng7)PS4]. All Csy5(CagsLngs)PS4 compositions contain [(Cag sLng s)PS4]% layers
with sql topology that are connected into a 3D structure by coulombic interactions with the Cs
cations. Unlike in Cs,(Ca,Ln;4)PS4 (x = 0.3), the compositions of the crystals do not vary, and

all six compounds have Cs, Ca, and L»n in an exact 1:1:1 ratio.

Ln and Ca atoms share a single crystallographic site with a 50:50 occupancy and form
coordination polyhedra in the shape of a bicapped trigonal prism (Figure 2). The six bonds with
the sulfur atoms that occupy the vertices of the trigonal prism are much shorter, 2.8010(8) and
2.9544(8) A, than the bonds with the capping atoms, 3.3736(13) and 3.4112(13) A. Like other
lanthanide thiophosphates, each Ca/Lun site is tetrahedrally surrounded by four thiophosphate
groups. Each of the thiophosphate groups is connected to four Ca/Ln coordination polyhedra to
form the [(CagsLngs)PS4]% layers. The thiophosphate groups form tetrahedra with the P—S
bond lengths ranging from 2.0136(10) to 2.0537(11) A. Unlike Csg3(Cag3Ln7)PSs, the Cs atoms
in Csq 5(CagsLng 5)PS, fully occupy sites in the interlayer space, exhibiting no compositional or

positional variation across the series.

Topological analysis. Cs,3[(Cag3Ln7)PS4] and Cs s[(CagsLngs)PS4] are related to the
LnPS, by partial replacement of Ln with Ca and the incorporation of Cs cations for charge
balance.*’ Given similar coordination preferences of the Ca and Ln atoms in these structures, one
can expect that these compounds have similar cation topologies. In all three structure types, the
underlying nets are based on two types of 4-coordinated nodes corresponding to L sites and PSy
groups (Figure 3). However, a 1:1 combination of these 4-coordinated nodes results in three
distinct topologies due to the incorporation of Cs cations in the structures. The underlying nets in
both PrPS, and Cs3[(Cag3Lng7)PS4] are 3-periodic and have pts and ptr topologies,
respectively. Further Ca and Cs incorporation results in a 2-periodic sql topology for the
underlying net in Cs s[(Cag sLn5)PS4]. While dimensional reduction is commonly observed
when alkali cations are incorporated into a structure,®! it usually results in a change in the metal
cation to anion ratio.%? The title compounds provide a rather rare illustration of this effect solely

as a function of an alkali cation fraction, with the identical Ca/Ln : PS4 cation to anion ratio.
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Figure 2. (top) PrSg coordination polyhedron, (middle) a view along the b axis, and
(bottom) a view on a [(Cag sPro 5)PS4]%>~ layer in the structure of Csgs[(Cag sPrs)PS4].
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Figure 3. Cation topology of the [(Ca,Pr;_,)PS4]* frameworks in the structures of (left)
PrPS,, (middle) Cs3[(Cag3Pr7)PS4], and (right) Cs5[(Cag sPrg5)PS4].

Magnetic properties. The magnetic properties of Csg3(Cag;Ce7)PS4 and
Cs3(Cag3Pr7)PS4 were determined by measuring magnetic susceptibility vs. temperature. Due
to the large distances between the lanthanide ions in both structures and partial site occupancy by
Ca on the Ce and Pr sites, both compounds reveal no clear magnetic transitions in y vs. T plots
(Figure 4). The results were fitted to the Curie-Weiss law over the range of 100 to 300 K (Figure
4) to derive effective magnetic moments and Weiss constants for the samples of both
compounds. Csg3(Cag3Ce7)PS4 has an effective moment of 2.10 ug/Ce atom, which is lower
than the 2.54 pp/Ce atom that was calculated taking spin-orbit coupling into account.’! Similarly,
the effective magnetic moment of Pr atoms in Csg3(Cag3Ce7)PS4, 3.23 up/Pr atom, is
appreciably lower that the calculated spin-orbit coupling value of 3.58 ug/Pr atom. The lower
moment is consistent with the fact that both samples contained a small Ca,P,S¢ impurity that
could not be physically or chemically removed, which decreased the mass of the magnetic
component in the sample (Figures S1 and S2). Nonetheless, it is clear that the overall magnetic

behavior of the samples is paramagnetic, as seen in analogous Ce and Pr thiophosphates.2%-63
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Figure 4. Magnetic susceptibility plots for samples of Csg3(Cag3Ce7)PS, and
Cso.3(Cag 3Pro 7)PSs.

Optical and electronic properties. UV-vis spectra of Cs;3(Cag3Cey7)PS4 and
Cs3(Cag3Prg7)PS4 were collected and the band gap was calculated by linear fit of the absorption
onset using Tauc plots (Figure S12 and S13). In the spectrum of Cs( 3(Cag3Pr(7)PS,, the peaks in
2.0-2.2 and 2.4-2.8 eV regions correspond to characteristic f-f transitions (Figure S13). The
direct band gaps are found to be 2.51(6) and 3.12(8) eV for Ln = Ce and Pr, respectively, and
agree well with the previously reported values for lanthanide thiophosphates.?’ The calculated
densities of states (DOS) show a band gap of 2.30 and 2.37 eV for Ce and Pr (Figure 5), agreeing
well with the experimental data. Also, Cs3(Cag3Ce7)PS4 and Cs3(Cag3Pry7)PS,4 have very
similar DOS, where the top of the valence band is dominated by S states, while the bottom of the
conduction band by Ce/Pr states, with some mixture of S and P states. Calculated DOS for
Cs.5(Cag sPrg 5)PS, were found to be similar DOS and to also have a similar band gap of 2.35 eV

(Figure S14), indicating no significant difference in their electronic structure.

As Csy3(Cag3Ceo7)PS, showed visible yellow-green luminescence under a UV lamp, its
photoluminescence emission and excitation spectra were collected. The excitation spectrum
(Figure S15) was collected 519 nm and exhibits two maxima. The most intense peak at 415 nm
was selected for collecting the emission data. The emission spectrum exhibits a single broad
peak with a maximum at 519 nm, which agrees well with a 5d! — 2F5), transition at 510 nm in a

previously reported CegSigS;7.%
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Density of States
Density of States

Energy (eV) Energy (eV)
Figure 5. Density of states plots for (left) Csg3(Cag3Ceg7)PS,4 and (right)
Cso.3(Cag 3Pro 7)PSy.

Conclusions

Two series of lanthanide thiophosphates with Ln(Ca) mixed sites in their structures,
Cs3(Cag3Lng7)PSy (Ln = Ce, Pr, Nd, Sm, Gd, Tb, and Dy) and Cs, 5(Cag sLngs)PS, (Ln = Pr,
Nd, Sm, Gd, and Tb), were synthesized and characterized. The Ca content in the reported phases
is a function of a size ratio between the Ca and the Lz cations. While the larger lanthanide, Ce,
formed only the Cs;3(Cag3Ce(7)PS4 phase, the Csg 5(Cag sLng5)PS, phases form more readily
starting from Ln = Pr. Similar to previously reported lanthanide thiophosphates LnPS,, the
Cso3(Cag3Lng7)PS, structure type is based on a framework containing Cs occupied channels in
which their electron density is effectively “smeared” throughout the channels in the framework.
Further increase of Ca and Cs content in Cs 5(Cag sLng s)PS4 results in dimensional reduction to
a layered compound with a sql layer topology. Magnetic susceptibility measurements of
Cs3(Cag3Ceg7)PS4 and Csg 3(Cag3Pro7)PS4 showed no apparent magnetic transitions down to 2
K. Effective magnetic moments of 2.10 and 3.24 up/Ln** for Ce and Pr, respectively, were

derived from Curie-Weiss law and are slightly smaller than the calculated spin-orbit values of

2.54 and 3.58 pug/Ln’".
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A series of Ca-containing lanthanide thiophosphates has been obtained and their structural evolution from
3D for LnPS, and Csg3(Lng7Cag3)PS, to 2D in Csg 5(LngsCags)PSs was shown as a function of Ca content.
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