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The compound Rb2Th7Se15 has been synthesized by the solid-state reaction at 1273 K of Th, Rb2Se3, Se,
and Ge, and its structure has been determined by single-crystal X-ray diffraction methods. Red crystals of
Rb2Th7Se15 crystallize at 100(2) K with four formula units in a new structure type in the monoclinic
space group C5

2h�P21/c. The structure is three-dimensional and comprises Rb and Th atoms coordinated
by Se atoms to form nine-, eight-, and seven-coordinate polyhedra. Infinite channels that contain Rb
atoms are present. Crystals of Rb2Th7Se15 are red in color; an indirect band gap of 1.83 eV was derived
from single-crystal optical measurements.

& 2013 Elsevier Inc. All rights reserved.
1. Introduction

Numerous solid-state compounds containing thorium and the
chalcogens are known. Those whose structures have been char-
acterized by single-crystal X-ray diffraction methods include
binaries, ternaries, and quaternaries. The simplest of these are
the binaries for which the compounds ThS2 [1], Th2S3 [2], Th2S5
[3], Th2Se5 [4], Th7S12 [5], and Th7Te12 [6] are known. In the
ternaries, the following compounds are known: ATh2Q6 (A¼K, Rb,
Cs, Cu; Q¼Se, Te) [7–11]; Ba2ThS6 [12]; SrTh2Se5 [11]; MnThSe3
[13]; ThZQ (Z¼Ge, P, As, O; Q¼S, Se, Te) [14–17]; Th0.81Mo6S8 [18];
ThP2S6 [19]; and ThTe2I2 [20]. The known quaternaries include
ACuThQ3 (A¼K, Cs, Tl; Q¼S, Se) [21–24]; Ba2Cu2ThS5 [25];
K2Cu2ThS4 [21]; K3Cu3Th2S7 [21]; KThSb2Se6 [26]; A5ThP3S12
(A¼K, Rb, Cs) [27]; A2ThP3Q9 (A¼K, Rb; Q¼S, Se) [28,29];
K10Th3P10S36 [27]; Cs2Th2P2Se13 [30]; and Cs4Th2P5Se17 [28].

The present compound, Rb2Th7Se15, is the second compound
discovered in the Rb/Th/Se system, the first being RbTh2Se6 [8].
Here we report the synthesis, structural characterization, and
optical band gap measurements of Rb2Th7Se15.
2. Experimental

2.1. Synthesis

Caution! 232Th is an α-emitting radioisotope and as such is
considered a health risk. Its use requires appropriate infrastructure
ll rights reserved.
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and personnel trained in the handling of radioactive materials.
Th (MP Biomedicals, 99.1%), Ge (Aldrich, 99.99%), Se (Cerac,
99.999%), and Rb (Cerac, 99+%) were used as received. Rb2Se3
was prepared in liquid NH3 according to a literature procedure
[31].

A fused-silica tube was loaded with Th (30 mg, 0.129 mmol),
Ge (9.4 mg, 0.129 mmol), Se (10.2 mg, 0.129 mmol), and Rb2Se3
(52.7 mg, 0.129 mmol), evacuated to near 10�4 Torr, flame sealed,
and placed in a computer-controlled furnace. The tube was heated
to 1273 K in 24 h, kept at 1273 K for 99 h, cooled to 673 K in 198 h,
and then rapidly cooled to 298 K in 4 h. The reaction products
included red plates in approximately 5 wt% yield based on
Th. Their elemental composition was determined to be Rb:Th:Se
in the approximate ratio 9:25:66 on an EDX-equipped Hitachi
S-3400 SEM. There was no evidence for the presence of Ge.
However, attempts to synthesize the compound without Ge were
unsuccessful.
2.2. Structure determination

Single-crystal X-ray diffraction data for Rb2Th7Se15 were col-
lected with the use of graphite-monochromatized MoKα radiation
(λ¼0.71073 Å) at 100 K on a Bruker APEX2 diffractometer [32]. The
crystal-to-detector distance was 6 cm. The data collection strategy
was optimized with the algorithm COSMO in the program APEX2
[32] as a series of 0.31 scans in φ and ω. The exposure time was
10 s/frame. The collection of intensity data as well as cell refine-
ment and data reduction were carried out with the use of the
program APEX2 [32]. Face-indexed absorption, incident beam, and
decay corrections were performed with the use of the program
SADABS [33]. The structure was solved with the direct-methods
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program SHELXS and refined with the least-squares program
SHELXL [34]. The atomic positions were standardized with the
program STRUCTURE TIDY [35]. Crystal structure data and refine-
ment details are given in Table 1 and in Supporting Material.
Selected metrical details are listed in Table 2.

2.3. Optical absorption measurements

Absorbance spectra of a Rb2Th7Se15 single crystal were gathered
over the range 1.39–3.87 eV (890–320 nm) at 298 K. A crystal was
mounted on a glass fiber, affixed to a goniometer head, and positioned
at the focus of a 40� extra-long working distance objective. Optical
data were acquired using an inverted microscope, as previously
described [25]. Collected light was spatially filtered using a 200 μm
aperture such that a circular region of diameter 5 μm on the crystal
was selectively examined. Spectra were acquired for 7 μs and accu-
mulated 200 times. Absorbancemeasurements using unpolarized light
were performed at multiple locations for verification purposes.
Absorbance curves were normalized by the crystal thickness at each
location to produce the absorption coefficient α. In addition, spectra
were collected with a linear polarizer placed below the light source
and rotated from 01 to 3601 in 101 increments to probe the polariza-
tion dependence of absorption. No optical anisotropy was found.
3. Results and discussion

3.1. Synthesis

The compound Rb2Th7Se15 was synthesized by the solid-state
reaction at 1273 K of Th, Rb2Se3, Se, and Ge. The final product did
Table 1
Crystal data and structure refinement for Rb2Th7Se15.

Formula mass (g mol�1) 2979.62
Space group C5

2h�P21/c
a (Å) 15.2384(5)
b (Å) 7.8625(2)
c (Å) 21.7614(7)
β (deg) 90.534(1)
V (Å3) 2607.2(1)
T (K) 100(2)
Z 4
ρ (g cm�3) 7.591
λ (Å) 0.71073
μ (mm�1) 64.41
R(F)a 0.0317
Rw(Fo2)b 0.0631

a R(F)¼Σ||Fo|� |Fc||∕Σ|Fo| for Fo242s(Fo2).
b Rw(F2)¼{Σ[w(Fo2�Fc

2)2]∕ΣwFo
4}1/2 for all data.

w�1¼s2(Fo2)+(0.0167 Fo
2)2 for Fo2≥0; w�1¼s2(Fo2)

for Fo2o0.

Table 2
Interatomic distances (Å) in Rb2Th7Se15.

Atom–atom Coordination Minimum Maximum

Rb1–Se 9; tctp 3.2788(7) 3.7876(7)
Rb2–Se 8; sqap 3.2649(7) 3.5548(7)
Th1–Se 7; pbpy 2.8835(5) 3.0130(5)
Th2–Se 8; d, sqap 2.9322(5) 3.1196 (5)
Th3–Se 8, d, sqap 2.9264(5) 3.1241 (5)
Th4–Se 7; mctbpy 2.8556(5) 3.0653(5)
Th5–Se 7; mctbpy 2.8788(5) 3.0661(5)
Th6–Se 8; d, sqap 2.9481(5) 3.1160 (6)
Th7–Se 8; unknown 2.9197 (6) 3.3274(5)

d¼distorted, tctp¼tricapped trigonal prism, sqap¼square antiprism, pbpy¼
pentagonal bipyramid, mctbpy¼monocapped trigonal bipyramid.
not incorporate any Ge. Subsequent attempts to synthesize the
compound without Ge were unsuccessful.
3.2. Structure

Dirubidium heptathorium (IV) pentakaidecaselenide, Rb2Th7Se15,
crystallizes with four formula units in the monoclinic space group
C5
2h�P21/c with unit cell parameters a¼15.2384(5), b¼7.8625(2),

c¼21.7614(7) Å, β¼90.534(1)1. All atoms in the asymmetric unit
are in general positions. As there are no Se–Se bonds in the
structure the formal oxidation states for the charge-balanced
compound are Rb1+, Th4+, and Se2� .

The structure (Fig. 1) is three-dimensional and comprises Rb
and Th atoms coordinated by Se atoms to form nine-, eight-, and
seven-coordinate polyhedra (Table 2). Infinite channels that con-
tain Rb atoms are present. We provide here descriptions of these
polyhedra, although such descriptions are somewhat arbitrary,
especially as the coordination number increases. Atom Rb1 is nine-
coordinate and forms a tricapped trigonal prism. Atoms Rb2, Th2,
Th3, and Th6 are eight-coordinate and form distorted square
antiprisms; Th7 is also eight-coordinate but its coordination
geometry is not easily classified. Atoms Th1, Th4, and Th5 are
Fig. 1. Structure of Rb2Th7Se15 viewed down the b-axis. The unit cell is outlined in
red. Th−Se polyhedra are gray; Rb atoms are blue. Channels containing Rb are
evident. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)



Fig. 2. Coordination environments of the Th atoms in Rb2Th7Se15. The unit cell is outlined. Key: black—Th; orange—Se. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 3. (A) Absorption spectrum plotted as α vs. hν (eV); (B) calculated spectrum for an indirect band gap; and (C) calculated spectrum for a direct band gap.
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seven-coordinate: Th1 forms a distorted pentagonal bipyramid
and atoms Th4 and Th5 form monocapped trigonal bipyramids.

Fig. 2 displays these various polyhedra and their connectivities.
Rb1 polyhedra face-share with each other to form an infinite chain
along the b-axis; Th6 polyhedra do the same. Rb2 polyhedra edge-
share with each other to form discrete pairs throughout the
structure; polyhedra of atoms Th1, Th2, and Th5 do the same.
The polyhedra of atoms Th3, Th4, and Th7 exist as single units.

Rb2Th7Se15 is the second compound to be discovered in the Rb/
Th/Se system, the first being RbTh2Se6 [8]. The structure of
Rb2Th7Se15 differs markedly from that of RbTh2Se6. In that
structure there is only one unique Rb and one Th atom, both of
which are eight-coordinate; the Rb atom is in a rectangular prism,
and the Th atom is in a bicapped trigonal prism, neither of which is
present in Rb2Th7Se15. Additionally, RbTh2Se6 has a two-
dimensional layered structure with Se–Se intermediate bonding,
whereas Rb2Th7Se15 is three-dimensional and has no Se–Se bonding.

Minimum and maximum Rb–Se and Th–Se interatomic dis-
tances for each polyhedral arrangement in Rb2Th7Se15 are listed in
Table 2. The Rb–Se distances vary between 3.2649(7) and 3.7876
(7) Å and may be compared with Rb–Se distance of 3.499(2) Å in
RbTh2Se6. The Th–Se distances in Rb2Th7Se15 vary between 2.8835
(5) and 3.3274(5) Å, whereas these distances in RbTh2Se6 vary
between 2.965(2) and 3.014(1) Å.

3.3. Optical band gap

The electronic band gap of Rb2Th7Se15 was characterized
through analysis of the fundamental absorption edge observed in
the single-crystal absorbance spectrum. Depicted in Fig. 3, the
absorption coefficient α was plotted vs. incident photon energy hν
and compared it with plots of (αhν)2 and (αhν)1/2 vs. hν to
determine whether the band gap is direct or indirect [36]. The
superior linear fit to the band edge of the (αhν)1/2 plot in relation
to the band edge of the (αhν)2 plot suggests that the band gap of
1.83 eV is indirect [25,37]. This value is consistent with the red
color of the compound.
4. Conclusions

Red plates of Rb2Th7Se15 were prepared from a reaction of Th,
Ge, Se, and Rb2Se3 at 1273 K. The compound crystallizes in the
space group P21/c of the monoclinic system in a new structure
type that comprises a three-dimensional network of nine-, eight-,
and seven-coordinate polyhedra. There are no Se–Se bonds in the
structure so charge balance is achieved with Rb1+Th4+Se2� .
Absorption data indicate that Rb2Th7Se15 has an indirect optical
transition at 1.83 eV.
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Appendix A. Supporting information

Supplementary data associated with this article can be found in
the online version at 10.1016/j.jssc.2013.06.013.

The crystallographic data in cif format for Rb2Th7Se15 have
been deposited with FIZ Karlsruhe as CSD number 426092.
These data may be obtained free of charge by contacting FIZ
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(email).
References

[1] G. Amoretti, G. Calestani, D.C. Giori, Z. Naturforsch. A: Phys. Phys. Chem.
Kosmophys. 39 (1984) 778–782.

[2] W.H. Zachariasen, Acta Crystallogr. 2 (1949) 291–296.
[3] H. Noël, M. Potel, Acta Crystallogr. B: Struct. Crystallogr. Cryst. Chem. 38 (1982)

2444–2445.
[4] B.J. Bellott, C.D. Malliakas, L.A. Koscielski, M.G. Kanatzidis, J.A. Ibers, Inorg.

Chem. 52 (2013) 944–949.
[5] W.H. Zachariasen, Acta Crystallogr. 2 (1949) 288–291.
[6] O. Tougait, M. Potel, H. Noël, Inorg. Chem. 37 (1998) 5088–5091.
[7] E.J. Wu, M.A. Pell, J.A. Ibers, J. Alloys Compd. 255 (1997) 106–109.
[8] K.-S. Choi, R. Patschke, S.J.L. Billinge, M.J. Waner, M. Dantus, M.G. Kanatzidis

J. Am. Chem. Soc. 120 (1998) 10706–10714.
[9] J.A. Cody, J.A. Ibers, Inorg. Chem. 35 (1996) 3836–3838.
[10] D.E. Bugaris, D.M. Wells, J. Yao, S. Skanthakumar, R.G. Haire, L. Soderholm

J.A. Ibers, Inorg. Chem. 49 (2010) 8381–8388.
[11] A.A. Narducci, J.A. Ibers, Inorg. Chem. 37 (1998) 3798–3801.
[12] A. Mesbah, E. Ringe, S. Lebègue, R.P. Van Duyne, J.A. Ibers, Inorg. Chem. 51

(2012) 13390–13395.
[13] I. Ijjaali, K. Mitchell, F.Q. Huang, J.A. Ibers, J. Solid State Chem. 177 (2004)

257–261.
[14] K. Stocks, G. Eulenberger, H. Hahn, Z. Anorg. Allg. Chem. 472 (1981) 139–148.
[15] F. Hulliger, J. Less-Common Met. 16 (1968) 113–117.
[16] R. Wawryk, A. Wojakowski, A. Pietraszko, Z. Henkie, Solid State Commun. 133

(2005) 295–300.
[17] L.A. Koscielski, E. Ringe, R.P. Van Duyne, D.E. Ellis, J.A. Ibers, Inorg. Chem. 51

(2012) 8112–8118.
[18] A. Daoudi, M. Potel, H. Noël, J. Alloys Compd. 232 (1996) 180–185.
[19] A. Simon, K. Peters, E.-M. Peters, Z. Anorg. Allg. Chem. 491 (1982) 295–300.
[20] F. Rocker, W. Tremel, Z. Anorg. Allg. Chem. 627 (2001) 1305–1308.
[21] H.D. Selby, B.C. Chan, R.F. Hess, K.D. Abney, P.K. Dorhout, Inorg. Chem.

44 (2005) 6463–6469.
[22] A.A. Narducci, J.A. Ibers, Inorg. Chem. 39 (2000) 688–691.
[23] L.A. Koscielski, J.A. Ibers, Acta Crystallogr. E: Struct. Rep. Online 52 (2012)

i52–i53.
[24] L.A. Koscielski, J.A. Ibers, Z. Anorg. Allg. Chem. 638 (2012) 2585–2593.
[25] A. Mesbah, S. Lebegue, J.M. Klingsporn, W. Stojko, R.P. Van Duyne, J.A. Ibers

J. Solid State Chem. 200 (2013) 349–353.
[26] K.-S. Choi, L. Iordanidis, K. Chondroudis, M.G. Kanatzidis, Inorg. Chem.

36 (1997) 3804–3805.
[27] R.F. Hess, K.D. Abney, J.L. Burris, H.D. Hochheimer, P.K. Dorhout, Inorg. Chem.

40 (2001) 2851–2859.
[28] P.M. Briggs Piccoli, K.D. Abney, J.R. Schoonover, P.K. Dorhout, Inorg. Chem. 39

(2000) 2970–2976.
[29] B.C. Chan, R.F. Hess, P.L. Feng, K.D. Abney, P.K. Dorhout, Inorg. Chem. 44 (2005)

2106–2113.
[30] P.M. Briggs Piccoli, K.D. Abney, J.D. Schoonover, P.K. Dorhout, Inorg. Chem.

40 (2001) 4871–4875.
[31] W. Klemm, H. Sodomann, P. Langmesser, Z. Anorg. Allg. Chem. 241 (1939)

281–304.
[32] Bruker APEX2 version 2009.5-1 and SAINT version 7.34a Data Collection and

Processing Software, Bruker Analytical X-Ray Instruments, Inc., Madison, WI,
USA, 2009.

[33] G.M. Sheldrick, SADABS, Department of Structural Chemistry, University of
Göttingen, Göttingen, Germany, 2008.

[34] G.M. Sheldrick, Acta Crystallogr. A: Found Crystallogr. 64 (2008) 112–122.
[35] L.M. Gelato, E. Parthé, J. Appl. Crystallogr. 20 (1987) 139–143.
[36] T.-H. Bang, S.-H. Choe, B.-N. Park, M.-S. Jin, W.-T. Kim, Semicond. Sci. Technol.

11 (1996) 1159–1162.
[37] K. Mitchell, C.L. Haynes, A.D. McFarland, R.P. Van Duyne, J.A. Ibers, Inorg.

Chem. 41 (2002) 1199–1204.

dx.doi.org/10.1016/j.jssc.2013.06.013
crysdata@fiz-karlsruhe.de
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref1
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref1
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref2
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref3
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref3
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref4
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref4
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref5
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref6
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref7
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref8
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref8
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref9
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref10
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref10
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref11
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref12
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref12
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref13
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref13
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref14
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref15
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref16
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref16
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref17
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref17
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref18
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref19
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref20
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref21
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref21
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref22
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref23
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref23
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref24
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref25
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref25
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref26
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref26
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref27
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref27
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref28
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref28
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref29
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref29
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref30
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref30
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref31
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref31
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref32
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref33
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref34
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref34
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref35
http://refhub.elsevier.com/S0022-4596(13)00305-8/sbref35

	Synthesis, single-crystal structure, and optical absorption �of Rb2Th7Se15
	Introduction
	Experimental
	Synthesis
	Structure determination
	Optical absorption measurements

	Results and discussion
	Synthesis
	Structure
	Optical band gap

	Conclusions
	Acknowledgments
	Supporting information
	References




