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5.1 Results

This work starts with a simple synthesis procedure for the rare-earth fluoride sulfides
(MFS) of the tetragonal A-type. The compounds are obtained quantitatively by reacting
a mixture of a lanthanide metal (M), lanthanide trifluoride (MF;) and elemental sulfur
(S) in an NaCl-flux at 850°C. In addition to the rare-earth(IIl) fluoride sulfides, MFS
compounds reached even the composition M3F4S; for samarium and europium. Owing
to their appearance and the results obtained from temperature dependent magnetic
susceptibility measurements and temperature dependent *'Eu-Mdssbauer spectroscopy,
the investigated compounds have to be interpreted as mixed valent (M*/M>"). An
oxygen contamination during the synthesis of A-DyFS lead to the first hexagonal rare-
earth(Ill) oxyfluoride sulfide (Dy;OFsS). On adding more dysprosium sesquioxide
(Dy203) to a mixture of MF; : M : S almost single phase crystals were got. Further
compounds with the same sum formula type M3;OFsS (M = Nd, Sm and Gd — Ho) have
been synthesized and characterized by X-ray diffraction measurements. The lighter rare-
earth elements lanthanum to neodymium and samarium form a closely related
hexagonal structure type with the sum formula MgO,FsS; (M = La — Nd, Sm). When
compared to this, the rare-earth elements (Y, Ho and Yb) with smaller ionic radius show
a stacked "pseudo-tetragonal" crystal structure with the sum formula M;OF;S; (M =Y,
Ho and Tm) under chosen reaction conditions. Till now the ordering of the "light
anions" fluoride (F7) and oxide (O%) in the investigated rare-earth oxyfluoride sulfides
has not been absolutely defined by the single crystal X-ray diffraction measurements.
The different coordination of the "light anions" and MAPLE calculations theoretically
indicate special theoretical crystal structure models, too, but do not give an established
relation to the real crystal structures. Experiments to get the analogue selenide
compounds lead to isostructural compounds MgO,FsSes (M = La, Pr) as well as new
compounds with different sum formulas and different crystal structures. It has been
shown that by the formal derivatization of the chalcogenide ions a wide range of
different phases in the compound system can be attained. The following new

compounds MFSe (M = La, Pr), M,F4Se (M = Pr, Nd), A-La,OF,Se, MOsFsSes (M =
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La, Nd) and B-M,0F,Se (M = Gd, Ho) cystallized out of an NaCl flux at 850°C.
Literature studies lead to the syntheses of compounds which contain a rare-earth
element, fluorine and chalcogene as well as a transition metal. In this work the tantalum
compounds M;F,Se,TaO4 (M = La, Nd) (isotypical to the accidentally obtained niobium
compound LasF,Se;NbO,4) and La,FSeNbO,4 have been synthesized and characterized.
In addition to these, new copper(I) rare-earth(Il) fluoride sulfide and selenide

compounds (CuEuFS and CuSmFSe) have been investigated.
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5.1.1 Fluoride Sulfides

5.1.1.1 Fluoride Sulfides MFS of the A-, B- and C-Type

The reaction of elemental rare-earth metals (M) with sulfur (S) and the corresponding
trifluoride (MF3) in gastight sealed tantalum ampoules (850°C, 7 d) with 2 : 3 : 1 molar
ratios of the educts (M : S : MF;), pure and single-phase fluoride sulfides of the
composition MFS are obtained. In the A-MFS crystal structure of the PbFCl-type, the
M>" cations are present in a capped square antiprismatic coordination of four F~ and five
S*” anions, which again are surrounded by four and five cations, respectively, in
tetrahedral (F7) or square pyramidal (S*") manner. Contrary to this, the closely related
crystal structures of B-MFS and C-MFS each exhibit two crystallographically different
M>" cations. In both cases, M1 is surrounded trigonal antiprismatic by six S*~, whereas
M2 is hexagonal-bipyramidally coordinated by eight anions (six F~ within the equatorial
plane, two S*~ as apical ligands) altogether. The anions themselves reside in a trigonal
planar (F7) or distorted tetrahedral (S*) coordination of three and four cations,
respectively.  Regarding both the structures as built up by triple-
(2 {((Sz_)—(M3+)—(Sz_))}_) and single-layer slabs (’ {(M3+)(F_)2}+) alternately stacked
parallel (001), the B-type and the C-type structures only differ in their stacking
sequence: In the B type a (2x2)H structure is present, while the C type on the other hand

shows a (3x2)R arrangement, according to the Ramsdell nomenclature for layered

structures.
A-MFS: tetragonal, P4/nmm (No. 129)

a/pm c/pm c/a
CeFS 400.13(3) 696.20(5) 1.740
PrFS 396.27(3) 692.73(5) 1.748
NdFS 393.89(3) 691.58(5) 1.756
SmFS 388.36(3) 687.95(5) 1.771
GdFS 383.45(3) 685.18(5) 1.787
TbFS 381.02(3) 683.86(5) 1.795
DyFS 378.54(2) 682.67(2) 1.803
HoFS 376.48(3) 681.92(5) 1.811

ErFS 374.61(3) 681.34(5) 1.819
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5.1.1.2 Mixed-Valent Fluoride Sulfides M;F,S,

The mixed-valent rare-earth fluoride sulfides are obtained by the reaction of rare-earth
metal (M), elemental sulfur (S) and rare-earth trifluoride (MF;) in a molar ratio of 5: 6 :
4 after seven days at 850°C in silica-jacketed gastight-sealed, arc-welded tantalum-
ampoules (Eu: platinum-ampoules). The almost single-phase product turns single-
crystalline, forming shiny black plates with square cross section on adding equimolar
amounts of NaCl as fluxing agent. Its crystal structure can be described as an
intergrowth layered structure, in which one layer of CaF,-type EuF; is followed by two
layers of PbFCl-type EuFS parallel (001). Temperature dependent magnetic
susceptibility measurements of EusF4S; show Curie-Weiss behaviour with an
experimental magnetic moment of 8.19(5) pg/formula unit and a paramagnetic Curie
temperature of 0.3(2) K. No magnetic ordering is observed down to 4.2 K. In
accordance with an ionic formula splitting like Eu"(Eu"),F4S, only one third of the
europium atoms in EusF4S, carry permanent magnetic moments. ' Eu-Mdssbauer
spectroscopic experiments at 4.2 K show one signal at an isomer shift of —12.4(1) mm/s
and a second one at 0.42(4) mm/s. These signals occur in a ratio of 1 : 2 and correspond
to Eu*" and Eu’’, respectively. No change in the Eu®/ Eu’" fraction is observed.

According to these data EusF4S, may be classified as a static mixed-valent system.

M;F4S;: tetragonal, I4/mmm (No. 139)

a/pm c/pm c/a
Sm;F,4S, 405.48(2) 1936.04(9) 4.775
Eu3F,4S, 400.34(2) 1928.17(9) 4.816

Yb;F,S; 384.61(3) 1884.2(4) 4.899
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5.1.2 Oxyfluoride Sulfides of the Rare-Earth Elements

Depending on the cation radius of M3+, the compounds of the sum formula MgO,FgS;
(M = La — Nd, Sm) can be obtained under the chosen reaction condition only for the
rare-earth metal cations with larger radius. Compounds with the composition M30FsS
could be obtained and characterized by single-crystal X-ray diffraction investigations
for the rare-earth elements M = Nd, Sm and Gd — Ho, with middle radii. In addition to
the two hexagonal classes of compounds, which have close mutual relations, the third
structure type with the composition M30OF;S, (M =Y, Ho, Tm), preferred by the rare-
earth elements with smaller ionic radius, shows a pseudo-tetragonal symmetry. At this
point it must be mentioned, that all the three crystal structures and compound types are
colorless or they are of the typical color of the related M?*" cations. Furthermore,
because of charge neutralisation, there are "light anion" positions in all compound types,
which need a mixed occupation with flourine (as F~) and oxygen (as O%). In contrast to
the light anion positions, which are only occupied by trigonal coordinated fluoride, the
positions mixed occupied by fluoride and oxide dispose of a tetragonal coordination by
rare-earth(IIl) cations. An order of the light anions F~ and O* to the possible particle
positions is shown theoretically in chapter 3.2.3.5, but it is not possible to decide which

model is definitely the right one on the collected diffraction data.

MO,F3S3: hexagonal, P63/m (No. 176)

a/pm c/pm c/a
LagO,FsS; 1382.34(9) 397.51(2) 0.288
CeqO,F3S; 1370.97(9) 392.19(2) 0.286
PrqO,FsS; 1363.56(9) 389.28(2) 0.286
Nd¢O,FsS;3 1354.78(9) 386.43(2) 0.285

SmeO,FsS; 1340.23(8) 381.57(2) 0.285




232

5. Summary and Outlook

M;OF;S: hexagonal, P63/m (No. 176)

a/pm c/pm c/a
Nd;OFsS 960.71(6) 378.35(2) 0.394
Sm3;OFsS 954.83(6) 374.62(2) 0.392
Gd;OFsS 948.65(5) 371.14(2) 0.391
Tb3OF;sS 945.49(5) 369.51(2) 0.391
Dy;OFsS 942.37(5) 367.96(2) 0.391
Ho;O0FsS 939.14(5) 366.53(2) 0.390
M;O0F3S;: tetragonal, [4/mmm (Nr. 139)
a/pm c/pm ¢ / a-Verhiltnis
Y;0F;S; 384.19(3) 1898.12(17) 4.941
Ho;OF;S; 383.45(3) 1894.39(17) 4.940
Tm;O0F3S, 380.12(3) 1889.47(17) 4.971
M3O0F3S;: orthorhombic, P222 (No. 16)
a/pm b/ pm c/pm
Y;0F;S; 542.97(5) 543.68(5) 1898.12(17)
Ho;OF;S, 541.83(5) 542.74(5) 1894.39(17)
Tm;0F3S; 537.28(5) 537.86(5) 1889.47(17)

5.1.3 Oxyfluorides M;04F; (M = Gd, Yb) with Vernier-Phase

Structure

Both compounds MsO4F; (M = Gd, Yb) have been investigated by X-ray diffraction

measurements. The collected data build up a crystal structure model with the space

group Abm2 (No. 39). The crystal structure is isotypical to YsO4F; and contains three

cation positions which are all differently coordinated.
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M;504F7: orthorhombic, Abm2 (No. 39)

a/pm b/ pm c/pm
Gds04F; 554.16(5) 2815.7(3) 563.24(5)
Ybs04F; 532.63(5) 2736.9(3) 546.58(5)

5.1.4 Cesium Scandium Oxyfluoride CsScsOF

CsSc¢OF ;7 was first obtained as a by-product during a synthesis of ScFS as a colorless,
hydrolysis-insensitive crystals. The contamination of the educts with oxygen leads to
the charge equation. After multiple variations of the flux, it was possible to isolate
single crystals of CsScqOF,7 by washing the frozen melt. CsScsOF 7 with the hexagonal
space group P6/mmm leads unconstrained to six cis edge linked [ScFe]’~ octahedra.
The stack of the [SceF30]-building blocks, built up on the fluorine anions not lying in the
plane of connection forms one-dimensional hexagonal channels along [001]. Contrasy
to the one-dimensional elements of structure in the hexagonal rare-earth oxyfluoride
sulfides and selenides, there are caesium cations in the channel structure, which are
placed statistically by doubling the lattice parameters in c-direction on two

crystallographically different positions.

CsScsOFy7: hexagonal, P6/mmm (No. 191)

a/pm c/pm c/a

773.64(5) 802.38(5) 1.037

5.1.5 Fluoride Selenides
5.1.5.1 Tetragonal Fluoride Selenides MFSe of the A-type

This work includes the preparation and characterization of the single crystal structure of
rare-earth fluoride selenides MFSe (M = La, Pr) of the A-type (matlockite structure),
which are obtained by emerging an alkali chloride melt under 1000°C. In analogy to the

PbFCI structure type, the M>" cations are coordinated in a capped square antiprism of
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four F~ and five S*~ anions, which are further surrounded by four and five cations. The
fluoride ions themselves are tetrahedrally coordinated by four M>", whilst four edges of

each tetrahedron are linked to infinite two-dimensional double layers of the composition

2[FMyu]™.
MFSe: tetragonal, P4/nmm (No. 129)
a/pm c/pm c/a
LaFSe 413.79(3) 715.24(5) 1.729
PrFSe 405.31(3) 712.98(5) 1.759

5.1.5.2 Trigonal Rare-Earth(III) Fluoride Selenides M,F,Se

The trigonal compounds of the sum formula M,FsSe (M = Ce, Pr, Nd) were obtained as
single crystals from an NaCl melt in evacuated, gas-tight, arc-welded tantalum capsules.
It is to date is the fluorine richest fluoride selenide structure type of the rare-earth
elements. In the Ce,F4Se type there are [(F2)My]-tetrahedra, which are connected along

three cis-standing, not coplanar M—M-edges to infinite two-dimensional double layers

with the composition {[(FI)M4/4]24+}. This structure element is known from the oxide
selenides with the composition M,0,Se (trigonal, P3ml) like’ {[OM4/4]22+} by

formally substituting O>~ with F~. The excess "light anions" (F”) are placed on the one
hand in the trigonal gaps and on the other hand between the edge linked [(F1)M4]-
tetrahedron in the M>" mono layers (F1)” (CN = 3).

M,F,Se: trigonal, R 3m (No. 166)

a/pm c/pm c/a

Pr,F,Se 411.96(3) 2302.8(2) 5.590
Nd,F.Se 409.42(3) 2287.7(2) 5.588
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5.1.6 Oxyfluoride Selenides

Two types of formula oxyfluoride selenides of the lanthanides with three different
structure types were realized during this work: A-La,OF,Se (trigonal), MsO,FsSe; (M =
La, Nd) (hexagonal) and B-M,0F,Se (hexagonal). The crystal structure of the trigonal
compound A-La,OF,Se shows not only a strong relation to the oxygen-free fluoride
selenide La,F4Se (trigonal, R 3 m) but also a strong relation to the fluoride-free oxide
selenide La,O,Se (trigonal, P3 ml). The La,OF,Se structure of the A-type there fore
can be described as an ordered intergrowth arrangement of parallelly (001) stacked,
alternating La,0,Se and La,F4Se layers. On the other hand, there are the two hexagonal
crystal structure types which are not constructed in the form of a stack. The compounds
with the sum formula McO,FgSes (M = La, Nd) crystallize isotypically to the sulfur
containing rare-earth oxyfluoride sulfides MgO,FgS;. Also the structure of the
compounds M,OF;Se of the B-type (hexagonal) with smaller cations, are closely
related to this. By the loss of a fluoride-occupied "light anion" position, the coordination

number of the rare-earth cations is reduced.

A-M,OF,Se: trigonal, R 3 m (No. 166)

a/pm c/pm c/a

A-La,OF,Se 418.13(3) 4478.2(4) 10.710

MO, FsSes: hexagonal, P63/m (No. 176)

a/pm c/pm c/a
LagO,FsSe; 1394.41(9) 402.97(2) 0.289
NdgOFsSes 1372.50(9) 391.36(2) 0.285

B-M,OF;Se: hexagonal, P63;/m (No. 176)

a/pm c/pm c/a

B-Gd,OF;Se 1349.24(9) 379.31(2) 0.281
B-Ho,OF,Se 1331.32(9) 372.13(2) 0.280
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5.1.7 Fluoride Selenide Oxotantalates(V)

The compounds with the sum formula M;FSeTaO4 (M = La) and M;TaO4F,Se; (M =
La, Nd) are obtained by the reaction of elemental lanthanides (M = La bzw. Nd) the
respective trifluoride (MF3;), the sesquioxide (M;03), selenium (Se) and tantalum oxide
(Tay0s5) in the corresponding amounts with NaCl as flux. In both related crystal
structures of La,FSeTaO4 and M3F,Se;TaO4 (M = La, Nd) there are distorted [TaOsSe]-
octahedra, which are connected over the common trans-oriented oxygen positions to
one-dimensional chains along the b-axes. For this, all Se’” ligands have an isotactic
orientation. Other than the loss of a rare-earth position, of one selenide position and one
fluoride position, the compounds M;F,Se,TaOs (M = La, Nd) are more rich of one

formula unit of MFSe than the compounds with the sum formula La,FSeTaOs,.

M,FSeTaQy: orthorhombic, Pnma (No. 62)

a/pm b/pm c/pm

La,FSeTaO, 1146.51(6) 394.97(2) 1281.16(7)

M;F,Se;TaOy: orthorhombic, Pnma (No. 62)

a/pm b/pm c/pm

LasF;Se;Ta0, 1132.65(6) 399.84(2) 1811.66(9)
Nd;F,Se;Ta0, 1116.53(6) 393.24(2) 1742.21(9)
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5.1.8 Copper(I) Rare-Earth(II) Fluoride Chalcogenides

Both copper(I) rare-earth(Il) fluoride chalcogenides CuEuFS and CuSmFSe are
described as tetragonal compounds in the space group P4/nmm (Nr. 129), like CuBaFS
with a filled PbFCl-type crystal structure. It is an anionic partial structure like

2 {[MF44Chy/4]"} with M?*" in square antiprismatic coordination of each four F~ and
Ch®™ anions. For charge equilibration, Cu’ ions are intercalated in tetrahedral holes
between the Ch>™ double layers. CuMFCh can also be understood as a structure of
layers, in which anionic layers 2 {{CuChs4]} and analogous cationic ones * {[FMuu4]"}

alternatingly stacked along (001), build up by [CuChy4] or [FM4] tetrahedra, with four

connecting edges.

CuMFCh (Ch =S8, Se): tetragonal, P4/nmm (Nr. 129)

a/pm c/pm c/a
CuEuFS 394.74(3) 864.25(6) 2.189
CuSmFSe 405.81(3) 881.32(7) 2.171

5.2 Prospects

The stoichiometric compounds of the rare-earth(Ill) fluoride sulfides (MFS) and
selenides (MFSe, M,F,4S,) are structurally well characterized and partly luminescence
investigations have been done on doped host lattices. More over, there are
stoichiometric compositions (MOF) known as well as numerous compounds with a
phase range referring the fluorine and oxygen composition (MF;_Oy,) in the compound
system of the rare-earth(Ill) oxide fluorides. The rare-earth(Ill) oxide fluoride sulfides
(MgOsF3sS,, M30FsS und M3;OF;S;) and selenides (MgO3FgSe,, A- and B-M3;0FsSe)
form a chain-link between both phase systems. Equally related structure elements and

physical properties of both phase systems have to be investigated in the future.
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