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Four new compounds, RbSIBiS,, RbGeBiS,, CsSiBiS,, and CsGeBiS,, have been synthesized by means of the
reactive flux method. The isostructural compounds RbSIBiS,, RbGeBiS,, and CsGeBiS, crystallize in space group
P2y/c of the monoclinic system with four formula units in cells of dimensions at 153 K of a = 6.4714(4) A, b =
6.7999(4) A, ¢ = 17.9058(11) A, and B = 108.856(1)° for RbSIBiS,, a = 6.5864(4) A, b = 6.8559(4) A, ¢ =
17.9810(12) A, and B = 109.075(1)° for RbGeBiS,, and a = 6.5474(4) A, b = 6.9282(4) A, ¢ = 18.8875(11) A,
and 8 = 110.173(1)° for CsGeBiS;. CsSiBiS, crystallizes in a different structure type in space group P2,/c of the
monoclinic system with four formula units in a cell of dimensions at 153 K of a = 9.3351(7) A, b = 6.9313(5) A,
¢ = 12.8115(10) A, and B = 109.096(1)°. The two structure types are closely related and consist of 2[MBiS;]
(M = Si, Ge) layers separated by bicapped trigonal-prismatically coordinated alkali-metal atoms. In each, the M
atom is coordinated to a tetrahedron of four S atoms and the Bi atom is coordinated to seven S atoms comprising
five close S atoms at the corners of a square pyramid with Bi near the center of the basal plane and the sixth and
seventh S atoms further away to complete a distorted monocapped trigonal prism. The optical band gaps of 2.23
eV for RbGeBiS, and 2.28 eV for CsGeBiS, were deduced from their diffuse reflectance spectra. From a band
structure calculation, the optical absorption for RbGeBiS, originates from the 2[GeBiS, ] layer. The Ge 4p orbitals,
Bi 6p orbitals, and S 3p orbitals are highly hybridized.

Introduction and A xM3z_»Bi7+xSa4 (A = K, Rb, Cs; M= Sn, Pb), Bas-
BigMSeis (M = Pb, Sn¥ CsMBizTes (M = Pb, Sn)? and
CsM,BisTe; (M = Pb, Sn) In all these structures the group
XIV atoms (Sn or Pb), which are in thet2oxidation state,
show disorder with the Bi or A atoms. The lighter congeners
of Sn or Pb, namely, Si and Ge, have a propensity to be in

Bismuth chalcogenides are an interesting class of com-
pounds with amazing structural and compositional complex-
ity.! The stereochemical activity of the %#&ne pair of
electrons of Bi influences the structures, and thus the

properties of the compounds. During the past decade h idati q hh ¢ f dii
exploratory investigations have led to the discoveries of manyt e 4+ oxi apoq state an as such have tar smafer radi
than A" or Bi®" ions. Thus, incorporation of 8i or G&'*

new bismuth chalcogenides. Some compounds show interest: . - : .
ing propertie€:? A number of ternary and quaternary group ions into b|smpth sulflde§ is likely .to lead to ordered
XIV bismuth chalcogenides have been synthesized recently,StrUCtures' We illustrate this by reporting here the syntheses

: : - ; - : d ordered structures of four new quaternary group XIV
including SnBi,Se,* SnBi,Se;,® CsPbBiSe;,¢ APbBi:Ses (A an : L i e
— K Rg)ﬁ APZbBi3SG (A = Rb, Cs)¢ Alfo37xBi13:‘l.+xS(QO bismuth sulfides, namely, RbSiBjSRbGeBig, CsSiBIS,
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and CsGeBi$ In addition, we report the optical properties Table 1. Crystal Data and Structure Refinements for RbSiBiS
of RbGeBiS§ and CsGeBi$ and the band structure of RPGeBIS, CsGeBiS, and CsSiBI

RbGeBIS. RbSIBiS RbGeBiS  CsGeBiS CsSiBiS,
. . fw 450.78 495.28 542.72 498.22
Experimental Section a(A) 6.4714(4) 6.5864(4) 6.5474(4) 9.3351(7)
) ] b (A) 6.7999(4) 6.8559(4) 6.9282(4) 6.9313(5)
SynthesesThe following reagents were used as obtained: Rb ¢ (A) 17.9058(11) 17.9810(12) 18.8875(11) 12.8115(10)
(Aldrich, 98+%), Cs (Aldrich, 99.5%), Si (Alfa, 99.5%), Ge (Strem,  j (deg) 108.856(1)  109.075(1)  110.173(1)  109.096(1)
99.999%), Bi (Johnson Matthey, 99.999%),Ri(Aldrich, 99.5%), V(A3 745.66(8) 767.36(8) 804.21(8) 783.34(10)
: 0 - . oc (glcn®)  4.015 4.287 4.482 4.225
S (Aldrich, 99.5%). The compounds3; (A = Rb, Cs), the reactive "

: e . up(eml  312.95 340.95 309.81 281.96
fluxes!®employed in the syntheses, were prepared by stoichiometric ‘r(r)» 0.0204 0.0252 0.0264 0.0293
reactions of the elements in liquid NHFor the syntheses of the Ru(Fod¢  0.0469 0.0611 0.0794 0.0688
isostructural compounds RbSIiBiISRbGeBi3, and CsGeBi$

. . . a For all structureZ = 4, space group= P2;/c, T = 153(2) K, andl =
reaction mixtures of 0.5 mmol of 25\3, 1.0 mmol of M (M = Sj, 0.71073 Ab R(F) = S|IFol — IFdI/3|Fo| for éoz > 20([:02). CRW(FOZ) —

Ge), 0.5 mmol of Bi, and 2.5 mmol of S were loaded into fused- {S[w(F,? — FA/SWF,% 2 for all data.w ! = 0?(F?) + (zP)2, whereP
silica tubes under an Ar atmosphere in a glovebox. These tubes= (maxFd? 0) + 2F?)/3 andz = 0.02 for CsGeBigand RbSiBig and
were sealed under a 1 Torr atmosphere and then placed in a 0-03 for RbGeBigand CsSiBia

computer-_controlled furnace. The samples were heated to 893 KTabIe 2. Selected Bond Lengths (&) and Angles (deg) for RbSIBIS
for RbMBIS, and 873 K for CsGeBiSin 15 h, kept at those RbGeBiS, CsGeBi$, and CsSiBi$

temperatures for 84 h, and slowly cooled at 6 K/h to 373 K, and
then the furnace was turned off.

RbSIBiS, RbGeBiS CsGeBig CsSiBiS

The compound CsSiBiSwas prepared by the reaction of 0.5 mg% gigg% égiggg gggg% éﬁégg
mmol of CsSg, 1.0 mmol of Si, 0.5 mmol of BS;, and 2.0 mmol M—S3 2.099(2) 2.185(1) 2.190(2) 2.105(3)
of S. The sample was heated to 1073 K in 20 h, kept at 1073 K for M—-S4 2.114(2) 2.198(1) 2.199(2) 2.098(2)
84 h, and cooled at 6 K/h to 373 K, and then the furnace was turned pgj—g1 2.686(1) 2.673(1) 2.664(2) 2.664(2)
off. Bi—S1 3.048(1) 3.098(1) 3.090(2) 3.004(2)

‘The reaction mixtures were washed free of flux withN- nse g:giggg g:ggzgg gggg% g:%gg;
dimethylformamide and then dried with acetone. The products pj_g3 2.875(1) 2.889(1) 2.865(2) 2.805(2)
consisted of orange-red plates of RbSiBiBbGeBig, and CsGe- Bi—S3 3.324(1) 3.370(1) 3.414(2) 3.331(2)
BiS, or yellow plates of CsSiBiS Unoptimized yields (based on Bi—S4 2.779(1) 2.779(1) 2.807(2) 2.799(2)

Bi) for RbGeBiS and CsGeBigwere approximately 70%, whereas  s1-Bi—S1 86.12(2) 85.67(2) 86.55(3) 78.42(5)
those for RbSiBig and CsSiBig were about 20%. Analyses of S1-Bi—S2 83.92(3) 84.49(4) 84.63(5) 84.34(5)
these compounds with an EDX-equipped Hitachi S-3500 scanning g}:g::gg igj?g% %gg-gggﬁg igg-ggg Egggg
electron microscope showed the presence of A, M, Bi, and S. The s1_gj—s52  76.41(3) 75.27(3) 74.78(4) 81.79(4)
compounds are moderately stable in air. The other products of the S1-Bi—S3 74.18(3) 76.62(4) 76.95(5) 75.69(5)
reactions were black noncrystalline melts consisting of ternary S1-Bi—S3  147.97(3)  149.68(4)  149.25(5)  148.96(5)
A/BI/S compounds,_as _deducgd from EDX measgremt_ents. gi:g::gg l??jg((?) 1%%'_%((43)) 1%3_%?1((54)) 1%%%%(54))

Structure Determinations. Single-crystal X-ray diffraction data S1-Bi—S4 86.17(3) 84.00(4) 84.13(5) 89.49(5)
were collected with the use of graphite-monochromatized Mo K S%*ggfgg ﬁg'éé(é)) 1712-36’3%((2)) 17159-%%1((53)) 1713;82%(?3))
ra_1d|at|on ¢ =0.71073 A) at 153 Kon a Br_uker Smart-1000 CCD 25" .~ 22 93.53(3) 93.20(4 93.88(5) 94.10(5)
diffractometeri! The crystal-to-detector distance was 5.023 cm. s> gj-s3  68.03(3) 70.16(3) 70.17(4) 68.43(5)
Crystal decay was monitored by re-collecting 50 initial frames at S2-Bi—S3 66.65(3) 64.91(3) 66.23(4) 67.60(5)
the end of the data collection. Data were collected by a scan of g?gfgi gi-gg(g) gg-;g(ﬁ) gg-gg(g) gi-gg(g)

0.3 in w in groups of 606, 606, _6(_)6, and 606_3 frameasaiettin_gs SZ_B:_S 4 125 87((3)) 127'.58((3)) 126.2 4(( 4)) 121'.01((5))

of 0°, 90°, 18, and 270 for RbSIBiS,, RbGeBiS, and CsGeBig S3-Bi—-S3  120.02(2) 119.88(2) 120.83(3) 119.40(3)

and in groups of 606, 606, and 606 framespasettings of 0, S3-Bi—S4  157.92(3) 158.61(4) 159.21(5) 162.25(5)
120, and 240 for CsSiBiS. The exposure time was 10 or 15  S3-Bi—S4  81.03(3) 81.49(3) 79.94(4) 78.30(5)
s/frame. The collection of the intensity data was carried out with

the program SMART! Cell refinement and data reduction were tion correction was included for CsGeRiSThe program TIDY®
carried out with the use of the program SAINTand face-indexed was then employed to standardize the atomic coordinates in each
absorption corrections were performed numerically with the use Structure. Additional experimental details are given in Table 1.
of the program XPRE2 Then the program SADABS was Selected metrical data are given in Table 2. Additional information
employed to make incident beam and decay corrections. may be found in the Supporting Information.

The structures were solved with the direct methods program  Diffuse Reflectance SpectroscopyA Cary 1E UV-vis spec-
SHELXS and refined with the least-squares program SHELXL of trophotometer with a diffuse reflectance accessory was used to
the SHELXTL.PC suite of programid.Each final refinement  Measure the spectra of the compounds RbGeBifsl CsGeBip
included anisotropic displacement parameters. A secondary extinc-OVer the range 350 nm (3.54 eV) to 850 nm (1.46 eV).

TB-LMTO Calculation. The electronic structure of RbGeBiS
(10) Sunshine, S. A.; Kang, D.; Ibers, J. A.Am. Chem. S0d.987, 109, was calculated by means of the self-consistent, scalar relativistic
6202-6204. linearized muffin-tin orbital program of Andersen and co-

a1 grzuzkegggp‘lfrzc\égrssiin%” Fs"gf?v‘\‘la?gt?ofot'r'gﬁgfﬁg}r'Fé';;ggfg” workerg4-16 within the atomic sphere approximation. This method

Analytical X-ray Instruments, Inc.: Madison, WI, 2000.
(12) Sheldrick, G. MSHELXTL DOS/Windows/NT Version 6, Btuker (13) Gelato, L. M.; PartheE. J. Appl. Crystallogr.1987, 20, 139-143.
Analytical X-ray Instruments, Inc.: Madison, WI, 2000. (14) Andersen, O. KPhys. Re. B 1975 12, 3060-3083.
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splits the crystal space into overlapping atomic spheres (Wigner
Seitz spheres) whose radii are chosen to fill completely the crystal
volume. In the calculation presented here, the von Bértédin
exchange-correlation potential was used within the local density
approximation-’” All k-space integrations were performed with the
tetrahedron methot:1° The basis sets consisted of the valence 5s
electrons for Rb, the 6s and 6p electrons for Bi, the 4s and 4p

electrons for Ge, the 3s and 3p electrons for S, and the 1s electrons

for empty spheres. The 5p and 5d electrons for Rb, 6d for Bi, 4d
for Ge, 3d for S, and pd states for empty spheres were downfolded
by means of the technique of “lalin?® The crystal orbital
Hamiltonian population (COHPY, which is the density of states

weighted by the corresponding Hamiltonian matrix element, was 5

calculated to analyze the strength and nature of the bonding. Within
the irreducible Brillouin zone, 9@ points were used.

Results and Discussion

Syntheses.The compounds RbSIiBiS RbGeBiS, and
CsGeBig were relatively easy to synthesize, although the
yield of RbSiBiS was low. On the other hand, the synthesis
of CsSiBiS proved to be difficult. Although the reaction of
CsS;, Si, Bi, and S at various temperatures led to the
formation of yellow polycrystals that contained all four

elements, as determined by EDX measurements, no crystals

suitable for X-ray structure analysis were obtained. However,
single crystals of good quality were obtained whenBi
was used in place of Bi at a reaction temperature of 1073 K.

Structures. The isostructural compounds RbSiBi&Rb-
GeBiS, and CsGeBig crystallize in one structure type,
whereas CsSiBiscrystallizes in a different one. In neither
structure is there any detectable disorder among M, Bi, or
A atoms. Since there are no-S bonds in the structures,
the formal oxidation states oft}, 4+, 3+, and 2- can be
assigned to A, M, Bi, and S, respectively.

The structure of the isostructural compounds RbSjBIS
RbGeBIiS, and CsGeBigis illustrated in Figure 1. It consists
of 2[MBiS,] (M = Si, Ge) layers separated by A (ARD,

Cs) atoms. Each A atom is coordinated to a bicapped trigonal
prism of eight S atoms. The -AS bond lengths (Table 2)
range from 3.323(1) to 3.577(1) A in RbSIiBjSfrom
3.309(1) to 3.641(1) A in RbGeBiSand from 3.432(2) to
3.890(2) A in CsGeBi$ Each bicapped trigonal prism has

four edge-sharing neighbors and two corner-sharing ones to

form a two-dimensiona}[AS, "] layer (Figure 2). Each M
atom is coordinated to a slightly distorted tetrahedron of four
S atoms. The M'S bond lengths range from 2.099(2) to
2.153(2) A in RbSIBi$, from 2.185(1) to 2.236(2) A in
RbGeBiS, and from 2.190(2) to 2.236(2) A in CsGeRiS
(Table 2). Each Bi atom is coordinated by seven S atoms.
The coordination geometry may, with some arbitrariness, be
described as a distorted monocapped trigonal prism compris

(15) Andersen, O. K.; Jepsen, Bhys. Re. Lett. 1984 53, 2571-2574.
(16) Jepsen, O.; Andersen, O. K. Phys. B1995 97, 35-47.
(17) Hedin, L.; Lundqvist, B. I.J. Phys. Chem. Solid$971, 4, 2064~

2083.

(18) Lambrecht, W. R. L.; Andersen, O. Rhys. Re. B 1986 34, 2439~
2449.

(19) Jepsen, O.; Andersen, O. Kolid State CommurL971 9, 1763~
1767.

(20) Lowdin, P.-O.J. Chem. Phys1951 19, 1396-1401.
(21) Dronskowski, R.; Blohl, P. E.J. Phys. Chen1993 97, 8617-8624.
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Figure 2. 2[AS,""] layer in the RbSIBi$ structure type.

S2°
Figure 3. Coordination geometry of Bi in RbGeBiS(The displacement
ellipsoids are shown at the 90% level.) Symmetry codesx,(g)z (b) 1
X+ y Y=z )XY+ y -z d)xy+12z
ing five close S atoms at the corners of a square pyramid
with Bi near the center of the basal plane and the sixth and
seventh S atoms further away (Figure 3). The S atom at the
apex of the square pyramid is the cap of the prism. The
largest differences in BiS bond lengths within these BiS

(22) Mumme, W. G.; Watts, J. AActa Crystallogr., Sect. B: Struct.
Crystallogr. Cryst. Chem198Q 36, 1300-1304.
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tion environments of the Cs, Si, and Bi atoms are similar to
those of the Rb, Si, and Bi atoms in RbSiBi&spectively.
Each Cs atom is coordinated to a bicapped trigonal prism of
eight S atoms, with CsS bond lengths ranging from
3.429(2) to 3.758(2) A. The structure of tAECsS, ] layer
formed by these bicapped trigonal prisms is the same as the
structure of the2[RbS,""] layer in RbSiBiS. As in RbSi-
BiS,, the Si atoms are tetrahedrally coordinated to four S
atoms, with S+S bond lengths ranging from 2.098(2) to
2.161(3) A. The Bi atoms are also coordinated to a distorted
monocapped trigonal prism of seven S atoms. The largest
difference in Bi~S bond lengths within the Bi$olyhedron
is 0.798(2) A.

The 2[SiBiS;7] layer in CsSiBig is related to but
different from the2[SiBiS,~] layer in RbSIBiS. Figure 6

eBi oSi ©OS shows the structure of this layer in CsSiBi®\s in the

Figure 4. Structure of the2[SiBiS,™] layer in RbSiBiS. Here and in RbSIBIS, structure, the Bigdistorted monocapped trigonal
Figure 6 the dashed lines represent the two longesBSiionds; these are prisms form zigzag chains along thelirection. The chains
mainly fonic in character. are connected by SiSetrahedra. However, there are two
polyhedra are 0.665(1) A in RbSiBiS0.726(2) A in obvious differences between the structures of these two layers

RbGeBiS, and 0.775(2) A in CsGeBiS This kind of (Figu.re 4 vs Figure 6). One'is' in the disppsition of the
coordination geometry is common for the Bi atom, for €@PPing S atoms. In the CsSiBiStructure, (Figure 6) the
example, in HgBiS,22 where the Bi-S bond lengths range ~ ©&PS on two sides of a chain pointin t_he same dlr_ectlon along
from 2.63(3) to 3.34(4) A. Although the Bi cation contains the b axis but the caps on neighboring chains in the same
a stereoactive lone pair of electrons, in none of the present/@/€r pointin alternating directions; in the RbSigiSructure
structures is the position of this lone pair apparent, either (Figure 4), all the caps within the layer point in the same
from the distortion of the Bi coordination sphere or from direction. Another difference lies in the connectivity between
the X-ray diffraction data. The structure of tRESIBIS,] Bi atoms. In the CsSiBiSstructure each BiSpolyhedron
layer in RbSiBiS is shown in Figure 4. The neighboring in one chain is connected to another Bdlyhedron in a
BiS; polyhedra share opposite edges of the rectangular planed!€ighboring chain by edge sharing, whereas in RbSIBi&
of the prisms to form zigzag chains along thelirection. connection is by corner sharing.
Two parallel polyhedral chains are connected by the sharing The structure of th8[MBiS,~] (M = Si, Ge) layer in the
of opposite edges of the Si&trahedra. Each Si$etrahe- RbSIBIiS, structure type is similar to the structures of the
dron is arranged in such a way that one of the S atomsZ2[LaGeS] layer in KLaGeS (space grougP2;)?® shown
becomes the cap of an adjacent Bi®lyhedron. Although in Figure 7 and thé[SmGeS] layer in CsSmGe§(space
the caps in a single layer point in the same direction along groupP2;2,2;)?* shown in Figure 8. However, in KLaGgS
theb axis, the caps of neighboring layers point in alternating the length of thec axis is about half that in RbGeBi&nd
directions. there is only one [LaGeS] slab in the unit cell. Thus, the
The structure of CsSiBiS a different structure type, is  caps of neighboring layers point in the same direction along
displayed in Figure 5. It is also a layered structure composedthe polarb axis. In CsSmGeShere are two [SmGea§] slabs
of 2[SiBiS, 7] layers separated by Cs atoms. The coordina- in the unit cell, but these slabs are related by ac2ew axis

® Cs
o Si
@ Bi
O S

Figure 5. Unit cell of CsSiBiS viewed along [010].
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Figure 9. Diffuse reflectance spectra of RbGeBi&d CsGeBi%
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Figure 10. Density of states of RbGeBiS

the LnS distorted monocapped trigonal prisms are 0.225(1)
A'in KLaGeS, and 0.185(1) A in CsSmGgSmuch smaller
than those in the BiS bond lengths in the AMBIS
compounds.

Experimental Band Gaps.The diffuse reflectance spectra
of RbGeBig and CsGeBigare shown in Figure 9. Band
gaps of 2.23(1) eV for RbGeBiSand 2.28(1) eV for
CsGeBig were deduced by the straightforward extrapolation
method?®

Band Structure Calculation. Figure 10 shows the density
of states of RbGeBiSMost of the contributions around the
Fermi level are from the 4p electrons of Ge, the 6p electrons
of Bi, and the 3p electrons of S; the Rb 5s electrons
contribute minimally. The calculated band gap is about 2.2
eV, which is close to the band gap deduced from the diffuse
reflectance spectrum. Since Rb 5s electrons contribute

alongc, not by a center of inversion (Figure 8). The largest Minimally around the Fermi_level, the band gap is mainly
differences in the LA'S (Ln= La, Sm) bond lengths within ~ detérmined by thg[GeBiS,] layer. This explains why
RbGeBig and CsGeBighave similar band gaps. The partial
(23) Wu, P.: Ibers, J. AJ. Solid State Cheri993 107, 347—355. density of states analysis shows that the S 3p, Bi 6p, and Ge
(24) Bucher, C. K.; Hwu, S.-dnorg. Chem.1994 33, 5831-5835. 4p orbitals hybridize strongly near the Fermi level. The S

Figure 8. Unit cell of CsSmGegviewed along [100].
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5 hedron (Figure 3), BtS2 is the shortest bond and

ol A " Bi—S3' is the longest bond, and within the Gettra-
hedron (Table 2), GeS3 is the shortest bond. Note that

-5 Bi-S2° bond (2.645 A) the weighted overlap population of BS3' is very

small. Thus, the interactions between Bi and thé &3

SZ atoms (dashed lines in Figure 3) are mainly ionic in

character because these atoms are too far away from Bi

to form covalent bonds. From the COHP calculation we

find that the Ge-S bond is stronger than the BS bond;

_2 this causes Ge 4p orbitals to lie mainly in the valence
' ' band.
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