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Abstract

A series of rubidium rare earth thiophosphates with the formula Rb,Ln,(P,S¢)(PSy), (Ln
= La, Ce, Pr, Nd, Sm, and Gd) was synthesized using the high temperature molten flux crystal
growth method utilizing a RbBr flux. Single crystals of all title compounds, as well as phase pure
powders of the La-, Ce-, and Sm-containing compositions, were obtained. Single crystals of the
title compounds were characterized by single crystal and powder X-ray diffraction for structure
and phase identification. Rb,Ln,(P,S¢)(PS,), crystallizes in the monoclinic crystal system
adopting the P2,/n space group for the large rare earths (Ln = La, Ce, Pr) and the C2/c space
group for the smaller rare earths (Ln = Nd, Sm, Gd). This RbsLn,(P,S¢)(PS4), series is a rare
example of thiophosphates containing both tetrahedral [PVS,]3- and dimeric [P™V,S¢]*
thiophosphate units that, in this structural family, link corrugated rare earth sulfide chains into
sheets. The band gaps of the materials were determined from UV-Vis data and the fluorescence
spectrum of Rb,Ce,(P,S¢)(PS,4), was collected. Optical band gaps were estimated to be 2.9, and
2.4 for the Nd, and Sm analogues respectively.
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Introduction

Rare earth and transition metal sulfides have been of interest for decades for their
numerous physical properties where, at different times, the specific materials on which research
focused depended typically on a specific application of interest at that time. Thus, recently
thiophosphates have attracted much interest when it was discovered that select thiophosphate
compositions exhibit very high ion conductivity, ! which has quickly generated general interest
in developing synthetic approaches that can lead to single crystals of the desired thiophosphate
compositions. Our group has explored the crystal growth of a number of thiophosphate
compositions, including rare earth 23 and uranyl thiophosphates, 4 to investigate their unique
structural features and we have demonstrated that in many cases the topologies are quite modular
allowing many of their structures to be described as being assembled from simple building

blocks.

To expand the number of known thiophosphates, for structural rather than ionic
conductivity reasons, we have explored the use of different fluxes to crystallize unique
compositions with interesting structural features. The structural variety of the thiophosphate
compounds can be attributed to the different thiophosphate building blocks that can be used to
create complex structures where, specifically, building blocks such as ortho-thiophosphate PVS,3-
, >712 thiopyrophosphate PY,S,*, 13-15 hexathiometadiphosphate PV,S4*, 1512 as well as the
reduced hexathiohypophosphate, P'V,S¢* 21317719 have been observed in a large number of
thiophosphate phases. However, in the majority of the known rare earth thiophosphates, only one
thiophosphate unit is typically present in any given structure 3#+1214.18.2021 and there are only a
few rare earth thiophosphate structures that simultaneously incorporate multiple thiophosphate
units 41319 As the combination of multiple thiophosphate units could increase the structural
diversity via more variability in the connection of polyhedra within the structure, we have
focused on the flux crystal growth 2223 of rare earth thiophosphates with an emphasis on
exploring different fluxes in order to establish their suitability for growing complex

thiophosphate structures.

Based on the previous successful work on the synthesis of lanthanide thiophosphates, e.g.
K;CeP,Ss, 2* our group recently published on several families of alkali metal rare earth

thiophosphates, including chain containing Cs,NaLn(PS,), (Ln = La—Nd, Sm, and Gd—Ho), '?
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layer containing thiohypophosphates NaLnP,Ss (Ln = La, Ce, Pr) ? and thiopyrophosphates
CsLnP,S; (Ln = Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Yb, Y) 2, as well as several other mixed alkali
metal thiophosphates Cs;Las(PSy4)s, Cs3Ces(PS4)s, Cs3Sm3(PSy)4, and Cs;Dy3(PSy)4 2. In all of
these structures, the thiophosphate groups are attached to the rare earth polyhedra and often
decorate rare earth sulfide chains. The presence of a linking group is generally needed to convert
chains into layers, as will be described for the title compounds herein. We had focused on cesium
containing phases as the reactive Csl flux proved effective for growing crystals of cesium
containing thiophosphates. There are relatively few examples of rubidium containing rare earth
thiophosphates compared to those containing potassium and cesium. The first rubidium rare
earth thiophosphates were synthesized by Komm and Schleid 2° with the formulas Rb;Pr3(PS,)4
and Rbs;Er;(PS,)4. Subsequently, only a handful of rubidium rare earth thiophosphates have been
synthesized, including RbLaP,Sg, ¥ Rb;Sm(PS,),, '° and Rb;Gd(PS,), 3. Changing the flux from
Csl to RbBr, and expecting the RbBr flux to be reactive, we targeted new rubidium containing

rare earth thiophosphates. !2

Herein we report the successful flux synthesis and crystal structures of a new series of
rubidium rare earth thiophosphates with the formula, RbsLn,(P,S6)(PS4), (Ln = La, Ce, Pr, Nd,
Sm, and Gd), which contain both the [PVS,]3- and [P'V,S¢]* thiophosphate units within their
crystal structures. Phase pure samples of the Ln = Ce, Nd and Sm were obtained and their optical
and magnetic properties were measured. Experiments with Er, Tb, Dy, Ho, Tm, Yb were not

successful and did not result in any crystals.

EXPERIMENTAL

Reagents

P,S5 (99%, Sigma-Aldrich), Na,S (Alfa Aesar), N,N-dimethylformamide (DMF, Sigma-Aldrich,
ACS grade) La,S; (STREM Chemicals Inc., 99.9%), CeO, (Alfa Aesar, 99.99%), PrsO; (Alfa
Aesar, 99.99%), Nd,O3 (Alfa Aesar, 99.99%), Sm,0; (Alfa Aesar, 99.99%), Gd,O5 (Alfa Aesar,
99.99%), Er,O5 (Alfa Aesar, 99.99%), Tb4O (Alfa Aesar, 99.9%), Tm,0; (Alfa Aesar, 99.99%),
Dy,0s3 (Alfa Aesar, 99.9%), Ho,O5 (Alfa Aesar, 99.99%), Yb,0; (Alfa Aesar, 99.99%) were all
used as received. P,Ss and Na,S were stored and handled in a nitrogen glovebag. Rare earth
sulfides, excluding La,S3, were prepared according to the procedure described in the

literature.?-25
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Synthesis

Rb4Lny(P,Se)(PS4), (Ln = La, Ce, Pr, Nd, Sm, and Gd) were all obtained under identical synthetic
conditions. Ln,S; (0.1656 mmol), Na,S (0.662 mmol), and P,Ss (0.662 mmol), in a 1:4:4 molar
ratio, were used along with 1.0 g of RbBr flux. The reagents were loaded into a fused silica tube
(~120 mm long, 10 and 12 mm inner and outer diameters, respectively) inside a nitrogen glove
bag, flame-sealed under vacuum and placed in a programmable furnace. The furnace was ramped
up to 800 °C in 1 h, held at that temperature for 12 h, followed by slow cooling at 10°C/h rate to
460°C, and subsequently cooled to room temperature by switching off the furnace. The flux was
removed by dissolving it in ~50 mL of DMF aided by sonication, and the resulting products

were isolated by vacuum-filtration.
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 IuS 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 26?7, Initial structure solutions were obtained with SHELXS-2017 using
direct methods and Olex2 GUI. 28 Full-matrix least-squares refinements against F? were
performed with SHELXL software. 2° The crystallographic data and results of the diffraction

experiments are summarized in Table 1 and Tables S1-S6.
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Table 1. Crystallographic Data for RbsLn,(P,S6)(PS,), (Ln=La, Ce, Pr, Nd, Sm, and Gd)
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Chemical formula RbyLa,(P,Se)(PSs), | RbsCer(P2S6)(PSs), | RbaPry(P2Se)(PSs), | RbaNdy(P2S6)(PSs)s | RbaSmy(P2Se)(PSs), | RbaGdy(P2Se)(PSs),
Formula weight 1192.42 1194.84 1196.42 1203.08 1215.30 1229.10
Crystal system Monoclinic

Space group, Z P2,/n C2/c

a, A 9.4993(2) 9.4771(2) 9.4631(2) 22.9712(5) 22.8828(5) 22.8259(4)

b, A 6.84630(10) 6.8346(2) 6.83090(10) 6.82480(10) 6.80720(10) 6.79290(10)
c, A 19.8176(4) 19.7215(5) 19.6643(4) 18.8874(4) 18.8375(4) 18.7916(3)

B, deg. 98.1714(7) 98.1350(10) 98.0659(7) 122.0390(7) 121.9120(10) 121.7523(6)
v, A3 1275.75(4) 1264.55(6) 1258.55(4) 2510.04(9) 2490.79(9) 2477.62(7)
Pealed> g/CM3 3.11 3.14 3.16 3.18 3.24 3.30
Radiation (4, A) MoKa (0.71073)

1, mm! 12.27 12.60 12.92 13.21 13.86 14.54

T,K 302K 301 K 302(2) 300(2) 303(2) 302(2)
Crystal dim., mm? 0.06%0.06%0.04 0.07x0.06x0.01 0.06%0.06%0.02 0.11x0.08%0.04 0.04x0.04x0.01 0.06%0.05%0.04
260 range, deg. 2.532-29.998 2.086-30.00 2.541-29.994 3.163-27.499 2.547-29.999 2.549-29.998
Reflections collected 27582 45198 72275 48114 50286 41258
Data/parameters/restraints | 3727/109/0 3706/109/0 3683/109/0 2859/109/0 3643/109/0 3616/109/0
Rin 0.0354 0.0451 0.0444 0.0298 0.0465 0.0311
Goodness of fit 1.025 1.105 1.060 1.045 1.103 1.101
Ri(I>20(1)) 0.0204 0.0304 0.0161 0.0211 0.0227 0.0158
WRy(all data) 0.0440 0.0606 0.0370 0.0558 0.0481 0.0326
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Powder X-ray Diffraction

Powder X-ray diffraction (PXRD) data for phase purity confirmation were collected on
polycrystalline samples ground from single crystals. Data were collected on a Bruker D2

PHASER diffractometer using Cu Ka radiation over a 20 range 10—65° 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 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.
Optical Properties

UV-vis spectra of RbyNd,(P,S6)(PS,), and RbsSm,(P,S6)(PS,), were recorded using a Perkin
Elmer Lambda 35 UV/Visible scanning spectrophotometer used in the diffuse reflectance mode
and equipped with an integrating sphere. Diffuse reflectance spectra were recorded in the
200—900 nm range. Reflectance data were converted to absorbance using the Kubelka—Munk

function.

Fluorescence measurements were collected on a PerkinElmer LS 55 spectrometer. Excitation
spectra were collected at an emission wavelength of 539 nm, and emission spectra were collected

at an excitation wavelength of 378 nm
Magnetism

Magnetic property measurements for RbsCe,(P,S¢)(PS4),, RbsNdy(P2S6)(PS4), and
Rb4Sm,(P,S6)(PS4), were performed using a Quantum Design MPMS 3 SQUID magnetometer.
Zero-field-cooled (ZFC) magnetic susceptibility data were collected 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 in the literature. 3¢
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RESULTS AND DISCUSSION
Synthesis

The use of Csl as a flux to prepare cesium containing thiophosphates had been extremely
successful yielding, among others, the Cs,NaLn(PS,), (Ln = La, Ce, Pr, Gd, Tb, Dy, and Ho)
family of thiophosphates. !> To expand on these results and to explore the effect of the alkali
metal cation size, we targeted the crystal growth of rubidium containing rare earth
thiophosphates. Switching from CsI to RbBr as the flux, but otherwise utilizing the same starting
materials and reagent ratios, we identified reaction conditions under which crystals formed. This
resulted in single crystals of a new series of rubidium rare earth thiophosphates with the
chemical formula RbyLn,(P,S6)(PS4), (Ln = La, Ce, Pr, Nd, Sm, and Gd). In addition to crystals,
several reactions also yielded phase pure powders, specifically in the case of Ln = La, Ce, and
Sm. Attempts to expand this family to the smaller rare earths (Ln = Tb, Dy, Er, Tm and Yb)
using the same reaction conditions did not result in a single crystalline product. It is likely that
crystals containing these rare earths can be prepared, however, perhaps not with the same crystal

structure due to the decrease in the lanthanide size.

The RbyLn,y(P,S6)(PSy,), structure contains, simultaneously, the PVS,3- and the P'V,S¢*
thiophosphate motifs. As PV,Ss was used as a starting reagent, the creation of the P!V,S¢* motif
requires an in situ reduction of the phosphorus from +5 to +4 during the reaction, a phenomena
observed previously. 2 While the identity of the reducing agent has yet to be explicitly
determined, one can surmise that reduced phosphorus incorporation into the final product
occurred because there is a dynamic equilibrium between different types of phosphorus units,
containing phosphorous in different oxidation states, in the flux environment at the high
temperatures used in the synthesis. Unlike reactions utilizing the Csl flux, which resulted in
iodine sublimation to the top of the reaction vessels that could potentially act as a reducing agent,
it is less likely that the bromide anions play the role of a reducing agent in these reactions. This
suggests that the reduction of phosphorus in these reactions takes place no matter the identity of
the halide used in the flux. All compositions reported herein are stable for at least one year when

stored in closed plastic vials.
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Crystal Structure

The Rb,Lny(P,S)(PSy), series crystallizes in the monoclinic crystal system in either the
P2,/n space group for the larger lanthanides (Ln = La, Ce, Pr) or in the C2/c space group for the
smaller lanthanides (Ln = Nd, Sm, Gd). The crystal structures of RbsLn,(PS,),(P,S¢) (Figure 1)
consist of lanthanide thiophosphate layers separated by Rb cations (Figure 1g). The topology of
the lanthanide thiophosphate layers is the same for the two space groups (Figure 1f) and to the
previously reported KyLny(P,S¢)(PS4), (Ln = La, Nd, Sm). 31317 In both structures, the lanthanide
cations are located in 8-fold bicapped trigonal prismatic coordination environments, where the
polyhedra connect to adjacent lanthanides via corner sharing to form corrugated chains (Fig.1c).
The lanthanide polyhedra within the chains are further linked to each other by PS, tetrahedra that
decorate the sides of the lanthanide chains via edge sharing with two neighboring lanthanide
polyhedra and corner sharing with a third (Fig. 1d). The chains are linked to each other through
P,Ss groups that face share with the lanthanide polyhedra creating the [Ln,(P,S¢)(PS4),]* layers
(Fig le). The lanthanide polyhedra have Ln-S bond length ranging from 2.8456(8) to 3.2829(9)
A, agreeing well with Ln-S bond lengths previously reported in the literature. 2!° Rb-S bond
lengths range from 3.3218(6) to 3.8762(7) A. The P—P and P—S bond distances fall within the
ranges of 2.1931(16)—2.1980(2) and 1.9909(7)—2.0568(9) A, respectively. As described
previously, one can denote common coordination types for the thiophosphate anions.  All PS,
thiophosphate units in the structure can be described as having a Q'?° coordination type, the O
denoting a tetradentate coordination mode and the 1, 2, and 0 denoting the number of corner,
edge, and face-shares, respectively. The P,S4 thiophosphate unit can be described as having a
H%? coordination type. Although the crystals of RbsLn,(P,2Se)(PS4), change their symmetry from
P2,/n to C2/c when Ln = La—Pr, and Nd-Gd, respectively, the atomic arrangement in both
symmetries is almost identical (Figure 1g and h) with only small rotations of thiophosphate units.
As illustrated for the TI analogs, both compounds are related to the same supergroup structure

with C2/m symmetry. 3!-32

In our previous studies %!? we observed that when moving across the lanthanide series, the
coordination number of the lanthanide cations tends to decrease from 9 to 8, as a result of the
lanthanide contraction. Due to this contraction, typically, we observe a change in the crystal

structure at some point across the series. Klepov et al. '? discussed this transition in detail and
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characterize the change in coordination number from 9 to 8 along the lanthanide series. In our

case, for this system, the late lanthanides (Tb, Dy, Ho, Er, Tm, Yb) did not result in any crystals.

(a) (b)

() (h)

Figure 1. (a) SmSg coordination polyhedra, (b) (PS4)* and (P,Se)* units, (c) and (d) their
connection to chains running along the y axis (e) Smy(P,S¢)(PS,); layers (f) their topology (g)
structure of RbsSm,(P,S6)(PS4); and (h) structure of RbyCey(P,S6)(PS4),. Samarium, cerium,

phosphorus, and rubidium atoms are colored orange, green, purple and pink, respectively.
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Optical Properties

Diffuse reflectance UV/Vis spectra were collected for ground powders of Rb,;Nd,(P,S¢)(PSy),
(blue) and RbsSm,(P,S¢)(PS,), (yellow-green). The f-f transitions characteristic of the localized
4f orbitals of the lanthanides were resolved. 33 Converting the diffuse reflectance spectra (Fig 2)
to optical energy plots shows the sharp absorption edges characteristic of semiconducting
materials. Optical band gaps were estimated to be 2.9, and 2.4 for the Nd, and Sm analogues

respectively. The estimated band gaps agree well with the observed colors of the compounds.
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Figure 2. The UV-vis spectrum of (left) Rby;Nd,(P,S¢)(PS4), and (right) RbsSm,(P,S6)(PS4),

All crystals were checked for fluorescence under UV light excitation and only
Rb4Ces(P,S6)(PS,4), showed strong green-yellow fluorescence. Fluorescence measurements were

performed on RbsCe,(P,S¢)(PS4), using an excitation wavelength of 378 nm with a maximum

emission peak at 539 nm (Figure 3).

11




Dalton Transactions Page 12 of 18

250
Em=539 nm
200 Ex=378 nm
150
3
[
3
5 100
8
<
50
0
250 350 450 550 650 750

Wavelenght (nm)

Figure 3. Fluorescence excitation and emission spectra of RbsCe,(P,S¢)(PS4),.

Magnetic Properties

Magnetic susceptibility data over the temperature range of 2-300K were collected for
Rb4Cey(P2S6)(PS4)2, RbyNdy(P2S6)(PS4)2, and RbySm,(P,S6)(PS,), (Figure 4). The Ln = Ce and
Nd analogues follow the Curie-Weiss law and effective magnetic moments were obtained from
fits of the susceptibility data to the Curie-Weiss law. The effective moments of 2.66 ug and 3.77
ug for Ln — Ce and Nd, respectively, closely match the calculated values of 2.54 ug and 3.63 pug.
The Sm compound exhibits Van Vleck paramagnetism due to mixing of ground and excited
states. 3* The magnetic moment of 1.57 ug was determined from the molar susceptibility versus
temperature plots at 300 K. This moment compares well to the reported moments of 1.4-1.7. 3>
None of the three compositions exhibited any indication of long range magnetic order, which is
not unexpected due to rather long Ln-Ln separations observed for the three compositions. The
Ln-Ln distances range from 5.421, 5.447, 5.387 A for Nd, Ce and Sm, respectively, all
significantly larger than any distance for which one would expect magnetic interactions for

highly localized 4f orbitals.

12
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Figure 4. Plots of the temperature dependence of the magnetic susceptibilities and inverse
susceptibilities for Rb4Nd2(st6)(PS4)2, Rb4C€2(P286)(PS4)2, and Rb4Sl’Il2(PQS6)(PS4)2.

CONCLUSION

A series of new rare earth thiophosphates, RbsLn,(P,S¢)(PS,), (Ln=La, Ce, Pr, Nd, Sm, Gd),
were prepared via high-temperature flux crystal growth in evacuated silica tubes using a RbBr
flux. The RbyLny(P,Se)(PS4), structure contains two thiophosphate motifs, PVS,3 and P'V,S¢*,
within the crystal structure. The compounds crystallize in the monoclinic crystal system with
space groups P2,/n for the larger lanthanides (Ln = La, Ce, Pr) and in the space group C2/c for
the smaller lanthanides (Ln = Nd, Sm, Gd). The topologies of these structures are quite modular
enabling their description as being assembled from simple building blocks. The magnetic
properties of Rb,Ln,y(P,S¢)(PS4), (Ln=Ce, Nd and Sm) were characterized by magnetic
susceptibility measurements. The magnetic moments agree with the calculated moments and no
indication of long-range magnetic order was observed. UV/Vis measurements allowed the
typical f-f transitions characteristic to the 4f orbitals of the lanthanides to be resolved.
Fluorescence measurements performed on RbsCe,(P,S¢)(PS4), show strong yellow-green
luminesces using an excitation wavelength of 378 nm with a maximum emission intensity at 539

nm.

14
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Supporting information

PXRD patterns (Figures S1-S3), EDS results (Figure S4-10 and Table S7), Effective Magnetic
Moments and Weiss Constants (Table S8) PDF). CSD 2040663-2040668 contain the
supplementary crystallographic data for this paper. The data can be obtained free of charge from

The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures.
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