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C~$3n357*~/2Ss was synthesized in 50-60% yield by reacting Sn with a CS& flux a t  
temperatures from 400 to 500 "C. The new greenish yellow ternary sulfide C S ~ S ~ ~ S ~ * ~ / ~ S S  
crystallizes in the monoclinic C2/c space group (No. 15) with a = 22.350(6) A, b = 13.238(2) 
A, c = 16.301(4) A, /3 = 124.424(2)", V = 3978.2(3.5) A3, 2 = 8. Dcalc = 3.25g/cm3, number of 
data with Fo2 > 3dF,2) 3320, number of variables 182. The final RIR = 3.8j4.9. The 
structure of C S ~ S ~ & * ~ / ~ S S  consists of 511354 defect cubane units connected by @&3)g bridges 
forming large open rings in S11357~- anionic layers. These layers are stacked along the c 
direction so that the open rings are aligned forming channels. Cs+ cations are located 
between the layers and cyclooctasulfur molecules are found to statistically occupy overlapping 
conformations within the channels. Raman and vibrational spectroscopic data confirm the 
presence of the 58 molecules. Single-crystal optical spectra indicate that this semiconductor 
has a n  indirect bandgap of 2.64 eV. 

Introduction 

The possibility of open metal chalcogenide framework 
structures that combine the utility of microporous oxides 
with the useful electronic properties of metal chalco- 
genides to form a new class of microporous chalco- 
genides is intriguing. Given the enormous utility of 
microporous oxides (such as zeolites) in chemical tech- 
nology and the corresponding prominence of metal 
chalcogenides in electronic applications, it is worthwhile 
to  envision materials that would combine the useful 
properties of both classes into one new class of mi- 
croporous chalcogenides. Although such materials have 
not been reported to date, a few publications have made 
reference to this concept.lS2 Bedard and co-workers 
reported the hydrothermal synthesis of several tin 
sulfides that display microporous activity after partial 
removal of the occluded temp1ate.l Another open chal- 
cogenide framework was reported in the antimony 
sulfide system using the hydrothermal method.2 Re- 
cently, a novel molten salt approach using (Ph4P)2SeX 
fluxes at  200 "C was shown to give (Ph4P)[M(Se&] (M 
= Ga, In, Tlh3 The open polymeric framework in these 
compounds consists of tetrahedral M3+ centers and 
bridging See2- ligands that form an extended structure 
in two dimensions with Ph4Pf cations residing within 
the layers. 

During exploratory investigations on the reactivity of 
tin in molten alkali polychalcogenides, some results of 
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which have already been published in detail,4 we 
discovered an unusual compound with an open tin- 
sulfide framework which encapsulates a molecule of 
elemental sulfur. We report here the synthesis and 
characterization of CszSn3S7J/gSs. The structure of this 
new compound is nearly isomorphous to that of Cs2Sn3- 
Se75 but with inclusion of elemental s 8  into the channels 
found within the structure. The sulfur analogue, Csg- 
Sn& without the inserted SS rings, is so far unknown, 
but [enH21[Sn3S71.1/2en,6 [NMe412*Sn3S7-H20,7 and TEA- 
SnS-18 have closely related structures. A growing 
number of similar open-framework structures based on 
Sn4Sg2- anionic layers have also been r e p ~ r t e d . ~ J ~  On 
the other hand, a rubidium compound of analogous 
stoichiometry, Rb2Sn3Sr2H20, has a completely differ- 
ent structure. l1 

Cs2Sn3Sr1/2Ss is novel in both synthesis and structure. 
The synthetic conditions used to prepare this compound 
are drastically different from the hydrothermal and 
methanothermal conditions used to prepare the com- 
pounds mentioned above which contain similar s n ~ S 7 ~ - ,  

and Sn4Sg2- anionic sheets. The inclusion of 
elemental s 8  rings into channels within a structure is 
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unusual. In what appears to  us to be the only other 
example, the crystal structure of a sulfur sorption 
complex of zeolite A has been reported with SS molecules 
located inside the zeolite cavities.12 Related chemistry 
includes cocrystallization of SS rings with other molec- 
ular species, such as CHI3 and SbI3 (forming CH13-3S813 
and Sb13*3S8,14 respectively) which has been known 
since the early 1960s. Since then, other compounds 
containing similar "lattice" s8 have also been reported. 
Chains of Se and Te have been injected into matrixes 
of the zeolite mordenite and characterized using Raman 
spectroscopylj and Se chains in the channels of morden- 
ite have been structurally characterized using X-ray 
Rietveld refinement techniques.16 The interesting phase 
Ta4P4S2917 which contains polymeric sulfur within its 
channels has been reported. Recently, a Tes ring was 
found in the compound Cs3Te~2.'~ 
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tion) with the use of a Nicolet 740 FT-IR spectrometer 
equipped with a TGSPE detector and beam splitter. Semi- 
quantitative microprobe analysis were performed with a JEOL 
JSM-6400V scanning electron microscope (SEM) equipped with 
a Tracor Northern energy-dispersive spectroscope (EDS) detec- 
tor. Data acquisitions were performed using an accelerating 
voltage of 20 kV and a 30 s accumulation time. Powder X-ray 
diffraction (XRD) was performed using a calibrated Phillips 
XRD-3000 controlled by a PDP 11 computer using Ni-filtered 
Cu radiation and operating at  40 kV and 20 mA. Calculated 
X-ray powder patterns used for comparative purposes were 
obtained using Cerius'  oftw ware.'^ 

Optical diffuse reflectance measurements were made at  
room temperature with a Shimadzu UV-3101PC double-beam, 
double-monochromator spectrophotometer operating in the 
200-2500 nm region. The instrument was equipped with an 
integrating sphere and controlled by a personal computer. 
Bas04 powder was used as a reference (100% reflectance) and 
absorption data were calculated from reflectance data using 
the Kubelka-Munk function.20 Optical transmission mea- 
surements were made at  room temperature on single crystals 
using a Hitachi U-6000 microscopic FT spectrophotometer with 
an Olympus BH-2 metallurgical microscope over a range from 
380 to 900 nm. 

Differential thermal analyses (DTA) were performed using 
a computer-controlled Shimadzu DTA-50 thermal analyzer. 
Amounts of 10-20 mg of sample were sealed in quartz tubes 
under vacuum and then heated at  10 Wmin to tempera- 
tures ranging from 300 to  600 "C, isothermed from 10 to 20 
min, and finally cooled to 100 "C a t  10 Wmin. Empty sealed 
quartz tubes of approximately the same mass as the sample 
tubes were present on the reference side of the detector 
during measurements. Thermogravimetric analysis was per- 
formed using a computer-controlled Shimadzu TGA-50 ther- 
mogravimetric analyzer. Sample quantities of 10-20 mg were 
placed in small quartz buckets and heated in a flowing 
nitrogen atmosphere at  rates ranging from 5 to 0.5 "C/min. 
The DTA and TGA samples were examined by powder X-ray 
diffraction, Raman spectroscopy, and SEM-EDS analysis after 
the experiments. 

X-ray Crystallography. A single crystal with regular 
shape was mounted on a glass fiber, and an intensity data set 
was collected using a Rigaku AFC6S diffractometer with 
graphite monochromated Mo Ka  radiation operating at 50 kV 
and 30 mA at  room temperature. Three standard reflections 
were monitored every 600 reflections and indicated that no 
significant decay occurred. Unique data (h,  k ,  +1 and h ,  k ,  
-1) were collected out to 55" in 20 using 0-20 scans. The 
diffraction data were processed and the structure was refined 
using TEXSAN software." All atoms except those in the Sa 
molecules were found using direct methods (SHELXS-86)22 and 
the remaining sulfur atoms were found through the difference 
Fourier technique. The data collected at  '40" in 20 were 
essential in resolving the correct placement of the Sa molecules 
which were found to statistically occupy two overlapping 
symmetrically equivalent conformations. 

An empirical absorption correction based on q-scans was 
applied t o  the data, and equivalent data were averaged. After 
complete anisotropic refinement, the R and R, were 4.1% and 
5.1%, respectively. When an additional DIFABSZ3 absorption 
correction was applied during refinement, the final R and R, 
dropped to 3.8% and 4.9%. The esd's for the atomic positions, 

Experimental Section 

Synthesis. All manipulations were carried out under a 
nitrogen atmosphere. Reagents were used as obtained: (i) Sn 
metal, 99.8%, -325 mesh, Cerac, Milwaukee, WI; (ii) sulfur 
powder, sublimed, Mallinckrodt, Paris, Ky, (iii) cesium metal, 
99.98%, Cerac, Milwaukee, WI. CszS was prepared as de- 
scribed earlier.4 

Large (up to  -3 mm3) high-quality crystals of CszSn3S&2 
Sa can be synthesized in 50-60% yield through the reactive 
flux technique at temperatures from 400-500 "C. The crystals 
can range in color from yellow with a slight green tint to bright 
yellow-green. A typical synthesis follows: A mixture of Sn 
metal, previously prepared CszS, and elemental sulfur in the 
molar ratios 2:2:18 was loaded into a -10 mL Pyrex tube in 
an Nz glovebox. The tube was evacuated to a residual pressure 
of Torr and flame-sealed. The mixture was heated to 
400 "C over 16 h, isothermed a t  that temperature for 5 days, 
and cooled to  180 "C at -4 "Ch. The product was washed 
with DMF to  remove excess CszSX flux. A brief wash with CS2 
was used to  remove any unreacted sulfur from the product. 
Methanol, acetone, and diethyl ether were successively used 
to rinse and dry the product. The yield for this specific reaction 
was 58% based on Sn. The product is stable in water and other 
common solvents, and no decomposition was detected in 
samples left under ambient atmospheric conditions for periods 
exceeding 3 months. 

The product visually appeared to be homogeneous, and 
comparison of the calculated and experimental X-ray pow- 
der diffraction patterns confirmed the homogeneity. Semi- 
quantitative SEM-EDS analysis resulted in the average 
formulation Cs1.&hz.&ll for these green-yellow crystals, 
which is in good agreement with the stoichiometry determined 
through an X-ray single-crystal study. In our laboratory this 
analytical technique generally results in low values for the 
cesium content of known materials with similar stoichiom- 
etries. 

Physical Measurements. Raman spectra were recorded 
using a BIO-RAD FT Raman spectrometer with a Spectra- 
Physics Topaz T10-106c laser. FT-IR spectra for this com- 
pound were recorded on solids in a CsI matrix. Data were 
recorded from the far-IR region (650-100 cm-', 4 cm-l resolu- 
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lands, 1989; pp 431-438. 
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Gupta, J. P. Phys. Status Solidi 1970, 38, 363-367. 
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Structure Corp., The Woodlands, TX, 1985.- 
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Encapsulation of Cyclooctasulfur Molecules 

Table 1. Crystal Data for Cs~SnsS&zSs 
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formula 
fw 
a, A 
b, A 
c, A 
a (deg) 
B (de@ 
y (deg) 
2, v (A31 
space group 

crystal size, mm 
temp ("C) 
radiation 
p (Mo Ka), cm-l 
secondary ext coeff 
scan mode 
scan speed (deg/min) 
20 max, deg 
no. of data collected 
no. of unique data 
no. of data observed, Z > 3dZ) 
no. of variables 
absorption correction 
li, scan abs ratio (mirdmax) 

dcalc Wcm3) 

CszSn3S7.lIzS8 
974.54 
22.350(6) 
13.238(2) 
16.301(4) 
90.0 
124.424(8) 
90.0 
8, 3978(3) 
C2/c (No. 15) 
3.254 
0.23 x 0.26 x 0.28 
23 
Mo Ka 
84.30 
0.69 ( 5 )  

4 
55 
4909 
4778 
3320 
182 
I) scansDIFABS 
0.6976 

28-w 

WR, (%) 3 ~3414.90 
GOF 1.73 
residual e- density (pod +1.860 
residual e- density (neg) -1.332 

" R  = W ' o l  - I F c l ) W ' o l ,  R w  = {Z:~(lFol - l F c l ) z E ~ I ~ 0 1 2 1 1 ' 2 ~  

Table 2. Positional Parameters and Beq)s for 
C S Z S ~ ~ S T ~ I Z S ~  

atom X Y 2 B ,  
0.01651(4) 
0.26535(6) 
0.08313(3) 
0.20896(3) 
0.23405(3) 
0.0389(1) 
0.1660(1) 
0.1385(1) 
0.1283(1) 
0.1705(1) 
0.2871(1) 
0.3099(1) 
0.9561(6) 
O.OlO(1) 
0.9500(5) 
0.9982(5) 
0.9468(7) 
0.9953(7) 
0.9449(8) 
0.9998(8) 

0.18400(5) 
0.03963(8) 
0.03050(5) 
0.85667(5) 
0.12874(5) 
0.0462(2) 
0.1739(2) 
0.8669(2) 
0.0043(2) 
0.7582(2) 
0.7113(2) 
0.9786(2) 
0.3289(7) 
0.3080(6) 
0.3742(8) 
0.511(1) 
0.6208(7) 
0.6457(6) 
0.5705(8) 
0.4430(8) 

0.97703(6) 
0.57255(7) 
0.26664(5) 
0.27040(5) 
0.26927(5) 
0.3784(2) 
0.3394(2) 
0.3411(2) 
0.1510(2) 
0.1232(2) 
0.3767(2) 
0.3413(2) 
0.130(1) 
0.2786(9) 
0.3213(7) 
0.3837(7) 
0.2829(7) 
0.2134(8) 
0.0872(8) 
0.102(1) 

3.63(3) 
5.98(4) 
1.92(2) 
2.23(2) 
2.24(2) 
2.48(8) 
2.80(9) 
2.9(1) 
2.10(7) 
3.1(1) 
3.1(1) 
3.4(1) 
7.1(4) 
6.6(6) 
6.4(4) 
6.5(4) 
7.7(5) 
6.9(4) 
9.1(6) 
7.6(5) 

thermal parameters, and bond distances and angles were also 
slightly improved. After the structure was completely refined, 
it was found that an  alternate setting for C-centered mono- 
clinic unit cells facilitated description of the structure and 
production of ORTEP diagrams. The structure is reported 
here using this alternate setting. Tables 1 and 2 contain 
pertinent crystallographic data, results, and atomic param- 
eters. The thermal parameters listed in Table 2 for S(8) 
through S(15), atoms of the two statistically occupied cyclooc- 
tasulfur conformations, are significantly larger than the 
thermal parameters of the other sulfur positions. The thermal 
parameters of these sulfur atoms correlate with their freedom 
of movement (they are bonded only to each other) and to their 
disordered site occupancies. 

Results and Discussion 

Structure. Cs$3n3S&& has a 2-dimensional solid- 
state framework consisting of anionic S ~ ~ S T ~ -  layers 
parallel to the ab plane with Cs+ cations located 

Figure 1. Projection down the b axis of CszSn&'lzS~ showing 
only the anionic Sn&2- layers and the Cs+ cations. Ellipsoids 
with shaded octants represent Sn, crossed ellipsoids represent 
Cs+ cations, and open ellipsoids represent sulfur. All ellipsoids 
are drawn to 50% probability. 

Figure 2. Projection down the c axis Of CszS~Sr~lzS8 showing 
the channels and the SS molecules. Ellipsoids with shaded 
octants represent Sn, crossed ellipsoids represent Cs+ cations, 
and open ellipsoids represent sulfur. Ellipsoids are drawn to 
50% probability, and only one conformation is shown for the 
Se molecules. 

between the layers (Figure 1). These layers consist of 
large interconnected rings and are stacked (offset by -9 
A along the a-axis) so that the rings are aligned forming 
large open channels along the c axial direction. The 
shortest sulfur-sulfur distance across the chan- 
nels is 10.47 A but the Cs+ cations also partially ob- 
struct the openings having a shortest Cs+-Cs+ distance 
across the channel openings of 8.47 A. Neutral SS 
molecules are located in these channels (Figure 2). The 
S ~ ~ S T ~ -  layers are built up from SnS5 trigonal bipyra- 
midal units. Every three SnS5 units are fused into 
larger Sn&o units by sharing edges with one S atom 
being the common axial S for all three SnS5 trigonal 
bipyramids. The Sn3S4 cores of these Sn3Slo units can 
be viewed as defect cubanes with one Sn center missing. 
One SQS~O unit is shown in Figure 3 with the individual 
Sn and S atoms labeled. The Sn3Sl0 units are further 
connected by sharing their terminal sulfurs. Alterna- 
tively, the layers can be viewed as being built from 
Sn& defect cubane cores, which are linked to  three 
other cores by @S)2 bridges. Table 3 contains most of 
the interatomic distances <3.7 A for this structure but 
only the sulfur-sulfur bonding distances in the S8 rings 
are included. The interatomic bond angles found in a 
defect cubane SnsSlo unit and in a cyclooctasulfur 
molecule, as well as the SS torsion angles, are listed in 
Table 4. 
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Table 4. Intermolecular Bond Angles for the Sn& 
Defect Cubane Unit, Intermolecular Bond Angles, and 

Torsion Angles for the Cyclooctasulfur 

" \  
Figure 3. A defect cubane Sn&o cluster unit with individual 
atom labels. The atoms are represented by 50% thermal 
ellipsoids. 

Table 3. Interatomic Distances 4 . 7  A for CSZSQSTV+ 
Including only Sulfur-Sulfur Bonding Distances within 

the SS Ring 
atoms distance atoms distance 

Cs(l)-S(l) 3.509(5) 
Cs(l)-S(4) 
Cs(l)-S(4) 
Cs(l)-S(5) 
Cs(l)-S(6) 
Cs(l)-S( 12) 
Cs(l)-S(14) 
Cs(2)-S(2) 
Sn(1)-Sn(1) 
Sn(l)-Sn(2) 
Sn(l)-Sn(3) 
Sn( 1 )-S( 1) 
Sn(l)-S(l) 
Sn( 1)- S(2) 
Sn(l)-S(3) 
Sn(l)-S(4) 
Sn(2)-Sn(3) 
Sn(2)-Sn(3) 
Sn(2)-S(3) 
Sn(2)-S(4) 
Sn(2)-S(5) 
Sn(2)-S(6) 
Sn(2)-S(7) 
Sn(3)-S(2) 
Sn(3)-S(4) 
Sn(3)-S(5) 
Sn(3)-S(6) 
Sn(3)-S(7) 

3.455(2) 
3.661(2) 
3.606(3) 
3.641(3) 
3.681(9) 
3.664(9) 
3.604(3) 
3.439(2) 
3.607(1) 
3.593(1) 
2.525(3) 
2.404(3) 
2.440(3) 
2.448(3) 
2.616(2) 
3.647(1) 
3.475(1) 
2.426(3) 
2.625(2) 
2.421(3) 
2.517(3) 
2.466(3) 
2.439(3) 
2.621(2) 
2.517(3) 
2.411(3) 
2.440(3) 

3.657(4) 
3.533(4) 
3.531(3) 
3.501(3) 
3.530(4) 
3.67(1) 
3.52(1) 
3.60(1) 
3.488(3) 
3.665(4) 
3.491(4) 
3.502(3) 
3.461(4) 
3.476(4) 
3.63(1) 
3.667(4) 
3.602(9) 
3.45(1) 

2.03(2) 
2.03(2) 
2.06(2) 
1.99(2) 
1.99(2) 
1.97(1) 
2.02(2) 
1.99( 1) 

The SS molecules found in the open channels are 
slightly distorted from the ideal SS geometry having 
slightly short but reasonable bond distances (1.97- 
2.06 A), and reasonable bond and torsion angles (106.6- 
110.5' and 93.4-101.2', respectively). For comparison, 
a-SsZ4 has sulfur-sulfur distances of 2.046-2.052 
A, bond angles from 107.3 to 109.0', and torsion 
angles of 98.5'. The distortion of the SS molecules 
found in the zeolite A (S-S bond lengths 1.94(8) A, 
bond angles averaging 123(6Y, and dihedral angles 72") 
is larger than that found here and is explained as 
resulting from close contacts with the surrounding Na+ 
ions.12 

(24) Coppens, P.;Yang, Y. W.; Blessing, R. H.; Cooper, W. F.; Larsen, 
F. K. J .  Am. Chem. SOC. 1977, 99, 760-766. 

angle angl 
atoms (deg) atoms (deg) 

122.6(1) 
88.44(8) 
94.85(9) 
95.49(9) 
87.00(7) 
86.64(7) 
88.09(7) 
89.44(9) 
89.67(9) 
96.04(9) 

106.8(9) 
106.6(6) 
109.6(6) 
110.0(7) 
109.6(7) 
110.5(8) 
108.4(7) 
110.0(8) 

The slightly distorted SS molecules found in CSZ- 
Sn&J/& have only nonbonding interactions with the 
rest of the structure as indicated from the shortest 
interatomic distances between the sulfur atoms of the 
Sg rings and the Sn, Cs, and S atoms in the rest of the 
structure which include Sn(l)-S(9) 4.07(1) A, Cs(1)- 
S(14) 3.664(9) A, and S(7)-S(14) 3.45(1) A. Two sym- 
metrically related conformations exist for the SS mol- 
ecules, each of which must be equally occupied in order 
to maintain the long-range order found in the space 
group C2/c. Each conformation can be no more than 
one-half occupied because both occupy the same region 
of space and the refinement gave no indication for less 
than one-half occupancy. One s8 molecule is shown in 
Figure 4. 

The origin of the unusual greenish coloration of these 
crystals has not been determined. The green color may 
result from the presence of SS+ radical ions which are 
reported to  be blue.25 Electron paramagnetic resonance 
spectroscopy (EPR) of this compound showed no mean- 
ingful signal. Another more likely possibility may be 
the presence of other sulfur rings such as S7 or s6 which 
absorb at slightly different wavelengths than does s8. 

Vibrational Spectroscopy. The Raman spectra for 
C S Z S ~ ~ S ~ . ~ / Z S S  and a-Ss (standard supplied by Bio-Rad) 
are shown in Figure 5A,B, respectively. The peaks seen 
in the spectra of a-Ss agree well with literature values.26 
The peaks at 360, 336, and 285 cm-l in Figure 5A are 
in the range of Sn-S vibrations. Comparison of the 
remaining peaks in Figure 5A and the peaks from a-Ss 
in Figure 5B show good agreement in both peak posi- 

(25) (a) Passmore, J.; Sutherland, G.; Taylor, P.; midden, T. K.; 
White, P. S. Inorg. Chem. 1981, 20, 3839-3845. (b) Burns, R. C.; 
Gillespie, R. J.; Sawyer, J. F. Inorg. Chem. 1980, 19, 1423-1432. 

(26) Gautier, G.; Debeau, M. Spectrochim. Acta 1976, A32, 1007- 
1010. 
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Figure 4. One of the two half-occupied symmetry related S8 
ring conformations found within the channels of CszSn3S.i. 
VzS8. The sulfur atoms are labeled and drawn as 50% thermal 
ellipsoids. 
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Figure 5. Raman spectra from the far-IR region, 600-100 
cm-' (A) CszSnsS&S8, 2 cm-l resolution; (B) cyclooctasulfur, 
Sg, 4 cm-l resolution. 

tions and relative intensities, strongly corroborating our 
crystallographic results. 

The far-IR spectra of Cs2Sn3Sr1/& also indicated the 
presence of a sulfur-sulfur bonded species consistent 
with rhombic a-Se. Weak absorptions around 450-470 
cm-l in the range of S-S stretching were detected. 

Optical Spectroscopy. The transparent greenish- 
yellow crystals of CszSn3S7J/&, when ground, result 
in an orange powder which gives optical diffuse reflec- 
tance spectra with severe tailing and without a steep 
absorption edge (-2.6 eV). The spectrum resulting from 
small unground crystals (<  100 pm diameter) had less 
tailing and a steeper absorption edge at slightly higher 
energy, 2.62 eV. A n  optical transmission spectrum 
collected from a single crystal and converted to absorp- 
tion data is shown in Figure 6. The absorption edge is 
much steeper than that found from the reflectance data 
and at  a similar energy. The single crystal spectrum 
represents the bulk optical properties of CszSn3S&S8, 
and it was used to  evaluate the nature of the bandgap. 
The absorption1'2 vs energy plot (Figure 7A) is very 

" 1  

2.2 2.4 2.6 2.8 3 3 .2  
Energy (eV) 

Figure 6. Single-crystal optical transmission data converted 
to absorption data for cs~Sn3S,J/& and plotted as absorption 
vs energy. 

nearly linear (goodness of fit 0.997) while the plot of 
absorption2 vs energy (Figure 7B), significantly deviates 
from linearity (goodness of fit 0.957). A linear relation- 
ship between absorptionlJ2 and energy is found in 
materials with indirect band gap^,^^ and thus we con- 
clude that C~zSn3S7*~/2Ss has an indirect bandgap. 
Independent experimental and theoretical evidence is 
needed to corroborate this conclusion. The transition 
responsible for this 2.64 eV bandgap is probably charge 
transfer in character from the primarily S-based valence 
band to the primarily Sn-based conduction band of the 
[Sn3S7I2- framework. It is unclear whether the guest 
molecule of sulfur is playing a role. The presence of an 
optical gap and the electron-precise nature of the 
compound confirms that we are dealing with a semi- 
conductor. 

Thermal Analysis. Differential thermal analysis, 
DTA, and thermogravimetric analysis, TGA, were used 
to characterize Cs2Sn3S7J/2&. The transparent green- 
yellow crystals were ground to a fine orange powder 
before use in these thermal analysis techniques. 

When a sample was heated at f 1 0  "C/min to 300 "C 
and cooled at -10 "C/min to 100 "C in the DTA, no 
endothermic or exothermic peaks could be detected 
above the background, but volatilized sulfur could 
visually be detected in the sample container away from 
the sample. Using the same heating and cooling rates 
to a maximum of 500 "C resulted in a melting endot- 
herm at  436 "C and a broad cooling exotherm centered 
at 291 "C on the first cycle. The second and third cycles 
showed two endotherms at 414 and 432 "C upon 
heating, indicating that this compound does not melt 
congruently, and the same broad exotherm at 291 "C 
upon cooling. The X-ray powder diffraction pattern of 
the DTA residue was indexed as consisting primarily 
of Cs2Sn2Ss4 and C~zSn4Sg~~ phases, but the volatilized 
sulfur contained in the closed sample container com- 
plicated characterization of this residue by Raman 
spectroscopy. SEM-EDS analysis confirmed the pres- 
ence of two phases in the DTA residue having the 
approximate compositions Cs1.2SnzS7.0 and Csl.&hsSg.o, 
which are close t o  the compositions of the phases 
identified through powder XRD. 

(27) (a) Pankove, J. I. Optical Processes in Semiconductors; Dover 

(28) Marking, G. A,; Kanatzidis, M. G., manuscript in preparation. 
Publications, Inc.: New York, 1971, pp 34-42. 
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molecules andor the Cs+ cations must be removable or 
exchangeable. As seen above, the cyclooctasulfur mol- 
ecules cannot be thermally removed from the channels 
of Cs2Sn3Sy1/2S8 without changing the phase identity 
of the material. A variety of "soft" chemical methods 
of sulfur removal, based on the solubility and redox 
properties of sulfur, were attempted. Powder XRD, 
Raman spectroscopy, and SEM-EDS were used to  
characterize the resulting samples. 

Small crystals of CszSn3S74zS8 and ground powder 
were leached in carbon disulfide for 3 days, ethylene- 
diamine for 10 min, liquid ammonia for 3 h, pyridine 
for 5 h, triethylphosphine/acetonitrile for 5 h, sodium 
borohydrideDMF for 24 h, and stirred with n-butyl- 
lithium in dry hexane for 12 h under nitrogen. These 
samples were washed and dried with methanol, acetone, 
and diethyl ether. In all cases, the recovered material 
consisted primarily of the initial material, CszSnsS7. 
l/zSg. A light-brown residue was recovered from the 3 
h liquid ammonia leach which was analyzed through 
SEM-EDS to be Cs1.1Sn2.9S7. Accounting for low cesium 
content, this analyzed formula is very close to that of 
the phase of interest, CszSn3S7. Powder XRD showed 
that this material was amorphous and the Raman 
spectra showed no distinguishable peaks. When a 
sample of Cs2Sn3Sr1/2S8 was leached in ethylenediamine 
for 3 days, the resultant product was a white powder. 
SEM-EDS indicated that some particles of the white 
powder were CszS and that the overall bulk material 
was close to  CszSnsS7. The white powder was largely 
amorphous although a few sharp, but unidentified 
diffraction peaks were present and the Raman spectrum 
was also unidentified. 

Preliminary ion-exchange reactions using KI and NaI 
solids and WCH3CN and NaUCH3CN solutions showed 
some promise. SEM-EDS indicated that approximately 
10% of the Cs+ cations were exchanged for K+ when 
small yellow-green crystals of Cs2Sn3S742S8 was sub- 
merged in WCH3CN solution at room temperature for 
three days. Ion exchange was also observed using NaI 
solid, but the phase identity was changed. 
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Figure 7. Single-crystal optical transmission data converted 
to  absorption data for CszSn3S,J/zS8. The region close to the 
absorption edge is plotted for (A) absorption1'2 vs energy and 
(B) absorption2 vs energy. 

TGA experiments were also performed on finely 
ground samples under flowing nitrogen. When a sample 
was heated to 360 "C at a heating rate of +5 "C/min 
and held at  that temperature for 1 h, a weight loss was 
observed beginning around 200 "C which increased to 
a 3% weight loss as 360 "C was reached and ended with 
an 11.06% total weight loss, corresponding to 84% loss 
of the Sa molecules, after 1 h at 360 "C. Less than a 
0.02% weight loss was observed over the last 20 min. 
Another sample was heated at a rate of +5 "C/min to  
300 OC, then at a rate of +1 "C/min to 360 "C, and finally 
at a rate of +0.5 "C/min to 385 "C resulting in an 11.85% 
total weight loss, corresponding to 90% loss of the Sa, 
with almost no weight loss observed after 365 "C had 
been reached. Neither sample melted in these TGA 
experiments. X-ray powder diffraction patterns of both 
yellow powder TGA residues were indexed as resulting 
from mixtures of the Cs2Sn2Ss4 and CszSn4Sg phases. 
Raman spectra of both TGA residues were also identi- 
fied as resulting from mixtures of the CszSnzSs and Csz- 
Sn& phases. The experimental weight losses (11.06 
and 11.85% total weight loss) agree well with the 
calculated weight loss if it is assumed that seven sulfurs 
out of each Sa are volatilized (11.52% total weight loss). 
A balanced chemical reaction can be used to describe 
the TGA experiments: 

~cs,s~,s,.~/,s, - CS,S~,S, + CS,S~,S, + 7s 
Chemical Desulfurization and Ion Exchange. 

For this material to exhibit microporosity, the sulfur 

Conclusion 

The Cs2Sn3S74zSg was formed using the molten 
polychalcogenide flux synthetic technique and has a 
framework which is identical to that of compounds 
previously reported which have only been synthesized 
through methanothermal and hydrothermal techniques 
at temperatures below about 160 "C, in some cases 
requiring the presence of organic templates to form. In 
analogy, one might say that Cs2Sn3S7J/2Ss forms at 
temperatures up to  500 "C under "polysulfothermal 
conditions" using s8 molecules as a template. This 
material was investigated as a possible microporous tin 
chalcogenide because it appeared likely that a neutral 
s8 species should be easily abstracted. Although this 
possibility has not been completely ruled out, it now 
appears unlikely. 

The results presented here suggest that the utility of 
the molten polychalcogenide flux method for synthesis 
of novel materials is not yet fully exploited and high- 
lights the unique reactivity characteristics of polychal- 
cogenide fluxes. The trapping of in a metal-sulfide 
network during framework assembly may not be unique 
to Cs2Sn$3&S8. Encapsulation of other ring sizes, 
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including polymeric sulfur, may be achievable in various 
structural frameworks, if the right polysulfide flux 
conditions are identified. 
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