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Abstract: With Tm3F[Si301¢], a new representative of the Ln3F[Si3O1g] series could be synthesized
by the reaction of Tm;O3, TmF; and SiO, (molar ratio: 1:1:3), applying an excess of CsBr as a
fluxing agent in gas-tightly sealed platinum crucibles for eight days at 750 °C, and designed to yield
Tmj3F3[SizOg] or Cs, TmF[Si4O1¢]. Single crystals of Tm3F[SizO1] (monoclinic, P2; /n; a = 725.04(6),
b = 1102.43(9), c = 1032.57(8) pm, B = 97.185(7)°; Z = 4) appear as pale celadon, transparent, air-
and water-resistant rhombic plates. According to its thalenite-type structure, Tm3F[Si3O1¢] contains
catena-trisilicate anions [SizO10]8~ and triangular [FTm3]8* cations. The three crystallographically
different Tm3* cations are coordinated by seven plus one (Tm1) or only seven anions (Tm2 and
Tm3) exhibiting a single F~ anion for each polyhedron, additional to the majority of O~ anions.
Furthermore, the luminescence properties of the isotypic colorless compound Y3F[Si3O19] doped
with Eu®* (red emission), Tb3* (green emission) and Er®* (yellow and infrared emission), respectively,
are reported in presenting their different excitation and emission spectra.

Keywords: oxosilicates; fluorides; thalenite; crystal structure; luminescence

1. Introduction

In the quaternary systems RE;O3-REF;-5iO; (RE = rare-earth element), only six dif-
ferent types of compounds are known so far, which can be distinguished by the linkage
of the involved [SiO4]*~ tetrahedra via common vertices. The lanthanum fluoride oxosil-
icate LasF3[SizO9] [1,2] contains cyclo-trisilicate units [Si309]°~ and therefore shows the
highest degree of silicate connectivity. By breaking one of these bonds with an extra O?~
anion, the fluoride oxosilicates RE3F[Si3O19] (RE =Y [3], Dy-Er [4,5]) with a thalenite-type
structure [6,7] are realized, which comprise catena-trisilicate units [SizOq0]%~. Despite the
assumption that only four representatives of this formula type [3-5] exist, it was recently
possible to obtain the isotypic Tm3F[Si3O19] by a different synthetic route. Furthermore,
the compound RE4F>[SiyO7][Si0O4] (= “RE4F»(5i3011”), RE =Y [8], Er [9]) is built-up by
isolated ortho-oxosilicate ([SiO4]*~) and oxodisilicate units ([Si;O7]°") after another O~
anion has torn the trisilicate chain fragment apart. Three isolated [SiO4]* tetrahedra occur
in the mixed-valent fluoride ortho-oxosilicate EusF[SiO4]3 (= “Eull, Eull'3F(Si3012)”) [10]
with apatite-type structure, where all Si-O-Si bridges are lost. Moreover, discrete ortho-
oxosilicate anions also dominate the structures of some oxide-fluoride derivatives, such as
LayOF;[SiO4]3 [11] and SmzOF3[SiO4] [12].

Silicate host lattices are very suitable for luminescence materials due to their generally
excellent stability. Therefore, several different compounds doped with Eu®*, Tb** and Er®*
were described in the past [13-20]. In this work, we use Y3F[Si3O1¢] as the host lattice
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for the Ln3* cations mentioned above and present their luminescence properties for the
first time. Furthermore, the crystal structure of Tm3F[SizO1¢], as a new compound of the
thalenite series, is described in detail, since only lattice constants have been mentioned
before [21].

2. Materials and Methods

Single crystals of Tm3F[Si3O10] have been synthesized by the reaction of thulium oxide
(TmyO3, ChemPur, Karlsruhe, Germany: 99.9%), thulium trifluoride (TmF3, ChemPur,
Karlsruhe, Germany: 99.9%) and silicon dioxide (SiO,, Merck, Darmstadt, Germany: silica
gel, p. a.) in a molar ratio of 1:1:3 with an excess of cesium bromide (CsBr, ChemPur,
Karlsruhe, Germany: 99.9%) as the fluxing agent in gas-tightly sealed platinum ampoules
(Horst zu Jeddeloh GmbH, Winsen/Luhe, Germany) for eight days at 750 °C. The original
target products were Tm3F3[Si3O9] or Cs,TmF[SisOqy], if Cs*, as part of the flux, would
become incorporated, as it happened in the case of Csp YF[SigO10] [22]. Following cooling
by 10 °C/h down to room temperature and washing the crude product with water, the
compound emerged as light green, transparent, air- and water-resistant rhombic plates.
Crystallographic data of Tm3F[SizO19] and details of its structural refinement, as well as
atomic parameters and coefficients of the anisotropic thermal displacement factors are
summarized in Tables 1 and 2. Selected interatomic distances and angles fill Tables 3 and 4
informs about the motifs of mutual adjunction [23,24].

Table 1. Tm3F[SizO1¢]: Crystallographic data and details of the structure refinement.

Crystal system and space group monoclinic, P21/n (no. 14)
Lattice parameters, a/pm 725.04(6)
b/pm 1102.43(9)
c/pm 1032.57(8)
B/° 97.185(7)
Formula units, Z 4
Calculated density, Dy/g-cm ™3 6.246
Molar volume, Vi, /cm?-mol ™1 123.28
Diffractometer and wavelength K-CCD (BTie;il.\(I);r;f)' Mo-K:
Fhmax/ £kmax/ £lmax 9/14/13
Omax/° 28.36
Electron sum, F(000)/e™ 1352
Absorption coefficient, y1/mm~! 32.73
Absorption correction HABITUS [27]
Reflections (unique) 23467 (2046)
Rint/Res 0.082/0.037
Reflections with | Fy | > 40(F,) 2007

Programs SHELXS-97 and

Structure determination and refinement SHELXL-97 [28]

Scattering factors International Tables, Vol. C [29]
R1/Rq with 1F,| > 40(F,) 0.027/0.026
wR; /Goodness of Fit (GooF) 0.060/1.181
Extinction coefficient, e 0.0031(1)
Residual electron density, pmax/min/€” - 106 pm~3 2.32/—-2.65

CSD number 380467
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Table 2. Atomic parameters and coefficients of the anisotropic thermal displacement factors (U;;/ pm?)
for Tm3F[Si3O1] (all atoms reside at the Wyckoff position 4e).

Atom xla y/b zlc Ull U22 U33 LI23 U13 Ulz Ueqa/pmz
Tml  0.30151(4) 0.40156(3) 0.49629(3)  45(5) 79(2) 53(2) 0(1) 0(1) —14(1) 60(1)
Tm2 0.40500(4) 0.27124(3) 0.81112(3)  50(2) 63(2) 42(2) —2(1) 6(1) 4(1) 52(1)
Tm3  0.26348(4) 0.032003) 0.51734(3)  50(2) 72(2) 49(2) —1(1) 1(1) 8(1) 57(1)
F 0.1957(6) 0.2150(4) 0.4397(4)  62(18) 62(20) 150(22) 17(15)  —21(15)  —7(15) 94(8)
Si1 0.0247(3) 0.0861(2)  0.7410(2) 32(8) 64(20) 32(8) —5(6) 9(6) 3(6) 42(3)
Si2 0.2321(3) 0.2447(2) 0.1107(2) 23(8) 75(8) 47(8) 11(6) 11(6) —5(6) 48(3)
Si3 0.4943(3) 0.0367(2) 0.2079(2)  24(8) 57(8) 47(8) 3(6) 6(6) —4(6) 42(3)
01 0.0134(7) 0.0252(5) 0.3630(5)  45(22) 73(23) 85(23) —6(18)  —27(17)  —10(17) 71(9)
02 0.0423(7) 0.0501(5) 0.8934(5)  44(21) 93(23) 46(21) 16(17)  —13(17)  44(17) 62(9)
03 0.2099(7) 0.1431(5) 0.6967(5)  51(21) 84(23) 70(22) 7(18) —717)  —29(18) 70(9)
O4 0.3448(7) 0.3225(5) 0.2319(5)  94(23) 103(24) 60(22) 9(19) 26(17) —16(19) 84(9)
05 0.2695(7) 0.3198(5) 0.9829(5)  123(23) 80(24) 49(22) —2(19) 46(18) 11(19) 81(9)
06 0.0155(7) 0.2277(4) 0.1200(5)  81(23) 83(24) 41(21) 0(17) 32(17) —8(18) 66(9)
o7 0.3194(7) 0.1082(5) 0.1224(5)  45(21) 79(23) 97(23) 8(18) —10(17) 5(17) 75(9)
08 0.1860(7)  0.3946(5) 0.6927(5)  83(23) 72(23) 70(22) 12(18) 19(18) 17(18) 74(9)
09 0.4666(7) 0.0208(5) 0.3621(5)  43(21) 127(24)  50(22) 11(18) 23(17) 2(18) 72(9)
010 0.0267(7) 0.4103(5) 0.3721(5)  42(20) 81(24) 40(21) 17(18) —16(16)  —35(17) 56(9)

a ue,, = 1/3 [u22 + 1/sin2 ﬁ(u“ + U33 + ZU]3~COS‘B)].

Table 3. Selected interatomic distances (d/pm) and bond angles (< /°) for Tm3F[SizOq].

d/ipm dlpm d/pm
Tm1-F 224.7(4) Tm2-F 235.1(4) Tm3-F 220.4(4)
Tm1-02 221.9(5) Tm2-05 219.9(5) Tm3-09 226.0(5)
Tm1-02’ 222.2(5) Tm2-06 222.1(5) Tm3-01 226.1(5)
Tm1-010 223.3(4) Tm2-03 223.0(5) Tm3-03 229.4(5)
Tm1-08 229.0(5) Tm2-010 224.5(5) Tm3-09’ 231.2(5)
Tm1-06 236.1(5) Tm2-0O8 232.0(5) Tm3-05 235.2(5)
Tm1-07 268.2(5) Tm2-01 241.6(5) Tm3-01 256.4(5)
Tm1-0O4 292.0(5)
Si1-03 160.0(5) 5i2-06 159.6(5) Si3-08 160.8(5)
Si1-02 161.2(5) 5i2-05 160.9(5) 5i3-010 161.7(5)
Si1-0O1 163.1(5) 5i2-07 163.1(5) Si3-09 163.9(5)
Si1-O4 164.2(5) 5i2-04 164.7(5) Si3-07 165.2(5)
</° q/° q/°
02-5i1-04 99.9(3) 04-5i2-05 103.7(3) 07-5i1-010 97.0(3)
01-5i1-03 100.7(3) 06-5i2-07 105.2(3) 07-5i1-08 109.8(3)
01-5i1-04 110.9(3) 04-5i2-07 105.9(3) 08-5i1-09 111.0(3)
02-5i1-03 114.1(3) 05-5i2-06 112.2(3) 08-5i1-010 112.5(3)
03-5i1-04 115.6(3) 04-5i2-06 114.4(3) 09-5i1-010 112.9(3)
01-5i1-02 116.3(3) 05-5i2-07 115.6(3) 07-5i1-09 113.0(3)
Si1-04-5i2 132.7(2) Tm1-F-Tm2 109.9(2)
Si2-07-5i3 138.1(3) Tm2-F-Tm3 114.1(2)

Tm1-F-Tm3 133.6(2)
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Table 4. Motifs of mutual adjunction [23,24] for the Tm3F[SizO1] structure.

F 01 02 03 04 05 06 o7 08 09 010 C.N.
Tm1l 1/1 0/0 2/2 0/0 0+1/0+1 0/0 1/1 1/1 1/1 0/0 1/1 7+1
Tm?2 1/1 1/1 0/0 1/1 0/0 1/1 1/1 0/0 1/1 0/0 1/1 7
Tm3 1/1 2/2 0/0 1/1 0/0 1/1 0/0 0/0 0/0 2/2 0/0 7
Si1 0/0 1/1 1/1 1/1 1/1 0/0 0/0 0/0 0/0 0/0 0/0 4
Si2 0/0 0/0 0/0 0/0 1/1 1/1 1/1 1/1 0/0 0/0 0/0 4
Si3 0/0 0/0 0/0 0/0 0/0 0/0 0/0 1/1 1/1 1/1 1/1 4
C.N. 3 4 3 3 2+1 3 3 3 3 3 3

The colorless samples for luminescence investigations Y;3F[Si3O19]:Ln®* (Ln = Eu, Tb,
Er) could be synthesized via the classical route [3]. For this purpose, mixtures of yttrium
oxide (Y03, ChemPur, Karlsruhe, Germany: 99.9%), yttrium trifluoride (YF3, ChemPur,
Karlsruhe, Germany: 99.9%) and silicon dioxide (SiO,, Merck, Darmstadt, Germany: silica
gel, p. a.) in the molar ratio 1:4:9 with a slight excess of cesium chloride (CsCl, ChemPur,
Karlsruhe, Germany: 99.9%) as fluxing agent, and doped with 3% of the lanthanoid
trifluorides LnF3 (Ln = Eu, Tb, Er; each ChemPur, Karlsruhe, Germany: 99.9%) replacing
YF3 were heated in arc-sealed tantalum ampoules (Plansee, Reutte, Austria) for seven days
at 700 °C. For example, to yield circa 500 mg of (Y59Er 1)F[SizO10], 271.36 mg of Y,03 was
mixed with 43.83 mg of YF3, 2.25 mg of ErF3 as dopant, and 168.06 mg of 5iO, and a slight
excess of cesium bromide (550 mg). The lack of color for Y3F[SizO1p] results from the fact
that all included ions (Y3* and Si** as well as F~ and O%") exhibit electronic closed-shell
configurations ([Ne] for the anions and Si**, [Kr] for Y3*). As no visible charge-transfer
processes from the anions to the cations are active, there is no way to show any color
within the 380-750-nm region. So consequently, all components or combinations, such
as Y03, Si0,, YF;, SiF4, YOF, SiOF, and Y,SipO; appear colorless as well, no matter if
covalent or ionic. For this reason, their huge band gaps feature the key property for energy
preservation after irradiation followed by transfer processes and avoid thermal quenching.
Since Y3* as a non-lanthanoid cation exhibits the same ionic radius (r;(Y3*) = 96-102 pm
for C.N. = 7-8) [25] as the mid-size Ln3* cations, despite being so much lighter in weight,
yttrium(IIl) compounds with “hard anions”, such as F~ and O?>~ according to the Pearson
concept [26], provide perfect host materials for doping with luminescent Ln3* guests with
similar ionic radii, but open-shell representatives (e.g., Eu®*: [XeJ4f °, r; = 101-107 pm;
Tb3*: [Xeldf 8, r; = 98-104 pm; Er3*: [Xe]4f 11, r; = 95-100 pm) [25] harvest the visible light
upon UV irradiation from electronic f—f transitions.

Quick satisfying phase-purity checks with PXRD of each product were made with a
STADI-P powder X-ray diffractometer (Stoe & Cie, Darmstadt, Germany; Cu-K « radiation),
but no Rietveld refinement appeared to be necessary (Figure 1). Semi-quantitative EDXS
checks were made with an electron-beam X-ray microprobe (SX-100, Cameca, Gennevilliers,
France) and Figure 2 shows a scanning electron micrograph of Tm3F[Si3O1¢]. Photolumines-
cence emission and excitation spectra of each sample were recorded at room temperature on
a Jobin Yvon fluorescence spectrometer (Fluorolog 3, Horiba, Kyoto, Japan) equipped with
two 0.22 m double monochromators (SPEX, 1680, Horiba, Kyoto, Japan) and a 450 W xenon
lamp. The emission spectra were corrected for photomultiplier sensitivity, the excitation
spectra for lamp intensity and both for the transmission of the monochromators.
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Relative Intensity /a.u.

10 15 20 25 30 35 40 45 50 55 60
Diffraction Angle 26 /°

Figure 1. Powder X-ray diffractogram of (Y9Erg1)F[Si3Oq9] (top: measured in orange, bottom:
calculated in blue with data from [3]).

90 um

Figure 2. Scanning electron micrograph (SEM) of the measured, in this case bar-shaped, single crystal
of Tm3F[Si3010].

3. Results and Discussion
3.1. Structure Description

Instead of the expected hypothetical quinary thulium oxosilicate with the formula
Csp TmF[Si4O19], that was scheduled to form analogously to Cs, YF[SigO1¢] [22], Tm3F[SizO10]
was surprisingly obtained in several experiments, which represents an extension of the
domain of existence in the thalenite-type series (RE3F[Si3O19]; RE = Dy, Ho, Er and Y [4,5]).
Tm3F[Si3019] crystallizes isotypically to monoclinic Y3F[Si3O1¢] [3] in space group P2;/n
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with a =725.04(6), b = 1102.43(9), ¢ = 1032.57(8) pm, = 97.185(7)° and four formula units
per unit cell. The three crystallographically independent [SiO4]*~ tetrahedra are linked
via common vertices to an open, horseshoe-shaped chain fragment [Si3019]®~ (Figure 3),
which has to be addressed as a catena-oxotrisilicate unit. The tetrahedra are aligned and
eclipsed in respect to the O4 bridge (¢(5i1-O4-Si2) = 133°), but staggered considering
the O7 connection (< (Si2—07-Si3) = 138°). In the unit cell, the opening of the [Si301]8~
horseshoes is arranged alternatingly to the left and the right (Figure 4) along the [010]
direction. The Si—O distances with values of 160-165 pm match very well with the dis-
tances of the two known types of thulium oxodisilicates (e.g., B-type Tm;Si,O7: d(Si-O) =
160-165 pm [30] or C-type Tm;SipOy: d(Si-O) = 161-164 pm [31]). The triangular, almost
planar, isolated [FTm3]®* units (d(F-Tm) = 220-235 pm; Figure 5) are located between the
[Si3010]®~ chain fragments (Figure 2). The deflection of the F~ anion from the (Tm3*)3
triangle amounts to 20 pm and the Tm-F-Tm angles range from 110 to 134°. In the structure,
three crystallographically distinguishable Tm3* cations are found. (Tm1)3* is surrounded
by one F~ and six plus one O?>~ anions in the shape of a distorted square antiprism. The
coordination polyhedra of (Tm2)?** can be described as a strongly distorted monocapped
trigonal antiprism, consisting of one fluorine and six oxygen atoms and (Tm3)** shows an
environment of one F~ and six O?~ anions arranged as a distorted monocapped trigonal
prism (Figure 5). The Tm-O distances with values of 220-268 plus 292 pm correspond
excellently with those in thulium oxodisilicates, oxide ortho-oxosilicate or sulfide oxodisili-
cate, respectively (e.g., B-type Tm;Si;Oy: d(Tm-0) = 220-274 + 287 pm [30], TmO[SiO4]:
d(Tm-0) = 218-250 + 322 pm [32], Tm4S;3[Si;O7]: d(Tm-O) = 225-251 + 317 pm [33]). The
distances between thulium and fluorine (d(Tm-F) = 220-235 pm) are also in good agreement
with the separations in, for example, BaTm,Fg (d(Tm-F) = 222-231 pm) [34] or TmF[AuF,4],
(d(Tm-F) = 212-238 pm) [35]. For visualization of the crystal-structure features, Figures 3-5
were created using the DIAMOND [36] program.

Figure 3. The horseshoe-shaped catena-oxotrisilicate anion [SizO101%~ in TmsF[Si3O10].
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Figure 4. View at the monoclinic crystal structure of Tm3F[Si3O¢] along [100] emphasizing the
discrete [FTm3]3* and [Si3O10]8~ units.

3.2. Spectroscopy

In the Y5F[Si3Oq0]:Ln®* phosphors (Ln = Eu, Tb, Er), the doping Ln3* cations are
obviously able to replace all three different Y3*-cation sites. The emission spectrum of
Y;5F[Si3010]:Eu’* detected at 390 nm (Figure 6, top) presents strong peaks due to the 5Dy
— ’F, transition, as well as the peaks for the >Dy — ’Fj transition. The “F; level is split
into nine components due to three different sites and the low symmetry for Eu®* in the
crystal structure. The existence of a weak 5Dy — 7Fy peak indicates that only Cy,, Cpy or Cs
symmetries are possible. The bands for °D; — F transitions were also observed. A weak
broad band at 442 nm was detected, which suggests the occurrence of the charge-transfer
transition O?"-2p — Eu®*-5d. The excitation spectrum detected at 585 nm (Figure 6, bottomn)
shows f—f transitions of the Eu®* cation together with a broad band peaking at 316 nm,
which can be assigned again to the 0>~ — Eu®* charge-transfer process.
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Figure 5. Coordination of the polyhedra of the three crystallographically independent Tm3* cations
and the triangular [FTm3]®* unit in Tm3F[Si3O1g].

In the emission spectrum of Y3F[Si3O10]:Tb** at 370 nm (Figure 7, top), broad bands
were detected for the °D3 — 7F] and °Dy — 7F] transitions. Due to the lot of degeneration
possibilities of the f—f transitions, these bands usually appear to be broad. The excitation
spectrum of Y3F[Si3O10]:Tb** detected at 485 nm (Figure 7, botton) shows the °D3 — “Fg
transition of Tb®" together with an obvious strong broad band, which results from the
allowed transition from the 4f® to the 4f”54' configuration.

A large number of bands between 536 and 550 nm were detected for 4S3,, — 4115/,
in the emission spectrum of Y3F[Si3O1]:Er®* at 375 nm (Figure 8, top). The excitation
spectrum (Figure 8, bottom) recorded at 536 nm shows strong peaks due to f—f transitions.
This indicates that the luminescence of Er?* is almost exclusively owed to f—f transitions of
the Er®* cations.

Figure 9 shows that Y3F[Si3010]:Er>* also offers infrared emission bands, the strongest
at 850 nm (= 11765 cm™1), 1000 nm (= 10000 cm 1), 1200 nm (= 8333 cm 1) and 1500 nm
(E 6667 cm_l), which can be attributed to 483/2 — 4113/2, 4111/2 — 4115/2, 4F9/2 — 4113/2 and
445 /2 — 45 /2 transitions, respectively. However, this special kind of Er®* IR-luminescence
seems more suitable for living tissue probing [37] than for lighting applications.
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Figure 6. Emission spectrum of Y;3F[Si3O010]:Eud* excited at 390 nm at room temperature (top). Excita-
tion spectrum of Y5F[Si3O10]:Eu’* detected at the emission energy of 585 nm at room temperature

(bottom).
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Figure 7. Emission spectrum of Y3F[Si301(]:Tb%* excited at 370 nm at room temperature (top). Excita-
tion spectrum of Y;5F[Si3010]:Tb3* detected at the emission energy of 485 nm at room temperature

(bottom).
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Figure 8. Emission spectrum of Y;5F[SizO10]:Er?* excited at 375 nm at room temperature (fop). Excita-
tion spectrum of Y;3F[Si3O10]:Er®* detected at the emission energy of 536 nm at room temperature

(bottom).
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Figure 9. Emission spectrum of Y;5F[SizO10]:Er®* excited at 375 nm at room temperature (dotted
curve) and 80 K (solid curve); excitation spectrum inserted of Y5F[SizOq0]:Er®* detected at the emission
energy of 536 nm at room temperature.

4. Conclusions

The crystal structure of Tm3F[SizO1¢] is presented for the first time with the so far
heaviest Ln3* cation of the LnsF[SizOq] series (Ln = Dy-Tm), exhibiting the monoclinic
thalenite-type arrangement of Y3F[Si3O19]. The latter itself was used for doping experiments
with selected Ln®* cations replacing 3% of its Y3* content. With Eu®* as dopant, the typical
red luminescence resulting from 5Dy — ’F, and °Dy — 7F; transitions could be detected
and interpreted, while the Tb3*- and Er®*-doped YF;[Si3O10] samples shine green and
yellow light, respectively, accompanied by rather strong emissions in the infrared region
for the Er3* case.
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