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medium (1). A valuable property of s.c. solvents is that
Four new semiconducting quaternary antimony sulfides, their very low viscosities allow them to act as transport

KAg2SbS4 (I), K2AgSbS4 (II), RbAg2SbS4 (III), and Rb2AgSbS4 media, and also enable them to solubilize normally intrac-
(IV) were prepared in supercritical ammonia at 1608C in 4 table reagents (2). These properties are advantageous in
days from the appropriate mole ratios of K2S4 , K2CO3 , or that they often lead to high quality crystal growth. Further-
Rb2CO3 with Ag, Sb2S3 , and S8 . Both silver-rich materials, I more, the variable s.c. temperatures of amines allow the
and III, crystallize in structure types previously observed in desired reaction temperatures to be ‘‘dialed in,’’ leading
BaAg2GeS4 and SrCu2SnS4 , respectively. However, it was deter-

to a variety of kinetically stabilized materials.mined that the space group of the latter compound was inaccu-
We have found that one class of materials with a veryrately reported in the literature. Novel structure types were

rich chemistry in s.c. amines is quaternary alkali metalobtained for II and IV. The structures of I–III contain three-
silver antimony sulfides. In this paper we report the synthe-dimensional anionic frameworks, either [Ag2SbS4]2 or
sis of four new compounds in the M–Ag–Sb–S system[AgSbS4]22, built from a variety of edge- or vertex-shared anti-

mony sulfide and silver sulfide tetrahedra. The alkali metal from s.c. ammonia. They can be isolated in reasonable
cations in I and II reside in two orthogonal, intersecting chan- yield and are highly crystalline. The use of s.c. ammonia
nels, and in three isolated one-dimensional channels in III. as a reaction medium leads to the synthesis of products
Compound IV has a layered structure, with a double layer of which are substantially different from those found in other
rubidium cations separating the neighboring anionic frame- amine solvents. For example, the reaction of the same
works. It is noteworthy that I–III crystallize in noncentrosym- reagents in s.c. ethylenediamine results in the formation of
metric space groups. The structural diversity resulting from

a new alkali metal sulfosalt derivative with the formulationthe condensation of quite regular SbS4 and distorted AgS4 tetra-
M2Ag3Sb3S7 (M 5 K or Cs) (3). Most of the compoundshedra in these four compounds and their optical band gaps are
formed in s.c. ethylenediamine are considered to be sulfo-discussed. Crystal data: (I), red polyhedron, tetragonal space
salt derivatives. However, the materials produced in s.c.group, I4·2m, a 5 6.886(1) Å, c 5 8.438(2) Å, V 5 400.16(9)
ammonia do not formally fall under the strictest definitionÅ3, Z 5 2, and R(wR) 5 0.0397(0.0335); (II), yellow plate,
of sulfosalts because they do not contain a trivalent pnic-orthorhombic space group, Pnn2, a 5 10.348(2) Å, b 5 10.522(2)

Å, c 5 7.946(2) Å, V 5 865.2(3) Å3, Z 5 4, and R(wR) 5 tide with three coordinate pyramidal geometry, but rather
0.0377(0.0392); (III), yellow-orange needle, trigonal space tetrahedral SbS32

4 building blocks are formed. The com-
group, P3221, a 5 6.630(1) Å, c 5 16.700(2) Å, V 5 635.8(2) Å3, pounds reported can be generalized to two formulations,
Z 5 3, and R(wR) 5 0.0244(0.0310); (IV), yellow polyhedron, MAg2SbS4 and M2AgSbS4 (M 5 K or Rb), although they
monoclinic space group, P21/n, a 5 8.229(3) Å, b 5 10.857(2) crystallize in four different structure types. Their synthesis,
Å, c 5 10.346(2) Å, b 5 91.55(2)8, V 5 924.0(4) Å3, Z 5 4, structure, and preliminary optical properties will be dis-
and R(wR) 5 0.0377(0.0405).  1996 Academic Press, Inc.

cussed in this paper.

EXPERIMENTAL
INTRODUCTION

Synthesis
Research efforts in this laboratory have centered upon

The potassium phases, KAg2SbS4 (I) and K2AgSbS4 (II),the preparation of novel solid state compounds using su-
can be prepared as the major product from stoichiometricpercritical (s.c.) solvents, in particular amines, as a reaction
quantities of K2S4 (prepared by a modified literature tech-

1 To whom correspondence should be addressed. nique, (4)) for I or K2CO3 (Mallinckrodt, 99.5%) for II, Ag
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(Strem, 99.9%), Sb2S3 (Strem, 98%), and S8 (Mallinckrodt, tometer. At least 23 randomly located reflections from
each compound were indexed to the reported lattice pa-99.9%). The reagents (molar ratios of 1 : 2 : 1 : 1 for I and

2 : 2 : 1 : 5 for II) were loaded into quartz tubes in an argon- rameters. Data were collected to 2u 5 508 using an g-2u
scan mode at 168/min (#3 rescans). Data were correctedfilled drybox. The tubes were subsequently evacuated

(p1023 Torr), about 0.5 ml of NH3 was distilled onto the for Lorentz and polarization effects. For I the extinction
conditions, derived from the body-centering, and an incon-reagents (p150 mg scale), and then they were frozen. After

sealing and thawing the tubes, an approximately 40% fill clusive N(Z) test allowed for seven possible space groups:
I4/mmm, I4·2m, I4mm, I422, I4/m, I4·, or I4. The solutionof NH3 was realized (tube volume ca. 1.3 ml). The quartz

tubes were loaded into a Parr 4740 high pressure autoclave in I4·2m gave the best refinement and is in agreement with
the space group chosen for BaAg2GeS4 (6a). The reflectionand counterpressured with 3300 psi of argon at room tem-

perature. The autoclave was heated at 1608C for 4 days and conditions for II, h0l: h 1 l 5 2n and 0kl: k 1 l 5 2n, and
an N(Z) test that indicated a noncentrosymmetric spacethen cooled to room temperature. Both reaction products

contained significant contamination from the other mem- group, explicitly defined one possible space group, Pnn2.
The successful solution and refinement of the structure,ber. The red polyhedra of I and yellow plates of II both

grew on the tube walls and were also interspersed with and lack of mirror symmetry in the compound, verifies this
space group choice. For III, an N(Z) test that indicated abrownish-red bulk product. Based on X-ray powder dif-

fraction, using a Scintag XDS/2000 (CuKa 5 1.540562 noncentrosymmetric space group, Laue symmetry of 3·m1,
and the reflection condition 000l: l 5 3n implied one possi-Å), the microcrystalline bulk powder was found to be an

intimate mixture of the potassium title phases. However, ble space group, P3221 (or its enantiomer). For IV, the
reflection conditions h0l: h 1 l 5 2n and 0k0: k 5 2n,one strong peak at 2u p 5.88 remained unidentified and

did not match any known phases containing any combina- uniquely conformed to P21/n. The structures were solved
by direct methods, SHELXS-86 (7), and refined on uF u withtion of the four constituent elements.

The rubidium phases, RbAg2SbS4 (III) and Rb2AgSbS4 teXsan (8) or SHELXTL-PLUS (9) by least-squares, full-
matrix techniques (10). Scattering factors for all atoms(IV), were synthesized from stoichiometric quantities of

Rb2CO3 (Strem, 99%), Ag, Sb2S3 , and S8 . The reagents were taken from the source programs utilized (8, 9). A
DIFABS (11) absorption correction was applied to isotrop-(molar ratios of 8 : 32 : 8 : 5 for III and 16 : 16 : 8 : 5 for IV)

were loaded and synthesized in the same manner as I and ically refined data for I and IV and an empirical absorption
correction (12) (psi scan) was applied to the data for IIII. Yellow-orange needles of III and yellow polyhedra of

IV were found growing off the tube walls, away from the and III. A secondary extinction correction was applied to
II–IV, due to poorly fit low order data, and resulted inbulk product in both reactions. Based on X-ray powder

diffraction, the tannish-red bulk powder was determined improved Fo vs Fc and more well-behaved thermal motion
on sulfur atoms. For the noncentrosymmetric compounds,to be a mixture of the title phases and Ag3SbS3 , pyrargyrite,

a known mineral (5), as well as three strong reflections the residuals of both structural configurations are reported.
Table 1 contains these details of data collection and re-with 238 , 2u , 258. Again, no reported phases containing

these elements could be matched to the extra diffraction finement for I–IV. Atomic coordinates and isotropic ther-
mal parameters are given in Table 2. Bond distances andpeaks.

Optical band gaps for I–IV were determined from room angles for I–IV are given in Tables 3 and 4, respectively.
Structural information reported in Tables 2–4 is derivedtemperature diffuse reflectance measurements over the

200–800 nm range on a Shimadzu UV3100 spectrophotom- from the absolute configuration with a lower residual.
Supplementary tables include crystallographic and re-eter equipped with an integrating sphere attachment. Bar-

ium sulfate was used as the reflectance standard. The in- finement details, anisotropic thermal parameters, complete
bond distances and angles, and structure factors. Also in-flection point of the first derivative curve (reflectance)

versus energy was assigned as the band gap. cluded in the supplementary material are full thermal ellip-
soid plots, the optical diffuse reflectance spectra, and the
detailed space group analysis of SrCu2SnS4 .2

Structure Determination

Single crystals of I–IV were isolated by decanting the 2 See NAPS document No. 05299 for 42 pages of supplementary materi-
ammonia to one end of the reaction tube, freezing the als. Order from ASIS/NAPS, Microfiche Publications, P.O. Box 3513,

Grand Central Station, New York, NY 10163. Remit in advance $4.00solvent, and then scoring and opening the reaction vessel.
for microfiche copy or for photocopy, $7.75 up to 20 pages plus $.30The product was coated with Nujol before examination
for each additional page. All orders must be prepaid. Institutions andunder a microscope, and under these conditions, the title
Organizations may order by purchase order. However, there is a billing

phases appeared to be indefinitely stable. All crystals were and handling charge for this service of $15. Foreign orders add $4.50 for
mounted with epoxy in capillaries. The capillaries were postage and handling, for the first 20 pages, and $1.00 for additional 10

pages of material, $1.50 for postage of any microfiche orders.then mounted on a Rigaku AFC7R four-circle diffrac-
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TABLE 1
X-Ray Crystallographic Dataa

Formula KAg2SbS4 K2AgSbS4 RbAg2SbS4 Rb2AgSbS4

Formula weight 504.82 436.05 551.19 528.79
Crystal system tetragonal orthorhombic trigonal monoclinic
Space group (No.), Z I4·2m (#121), 2 Pnn2 (#34), 4 P3221 (#154), 3 P21/n (#14), 4
a (Å) 6.886(1) 10.348(2) 6.630(1) 8.229(3)
b (Å) 6.886(1) 10.522(2) 6.630(1) 10.857(2)
c (Å) 8.438(2) 7.946(2) 16.700(2) 10.346(2)
b (8) 90. 90. 90. 91.55(2)
Volume (Å3) 400.16(9) 865.2(3) 635.8(2) 924.0(4)
Calculated density (g/cm3) 4.189 3.347 4.319 3.801
Crystal dimensions (mm) 0.05 3 0.05 3 0.12 0.03 3 0.12 3 0.20 0.07 3 0.08 3 0.18 0.25 3 0.30 3 0.35
2u range (8), octants 5–50, h, k, l: h . k 5–50, h, k, l 4–50, h, 6k, 6l 4–50, h, k, 6l
Refl. collected (unique) 142 (127) 960 (924) 1698 (484) 1848 (1726)
Observed, I . Xs(I), Rint 105, 2.0, na 698, 3.0, na 376, 3.0, 6.2% 1286, 3.0, 4.4%
Variables 13 75 39 74
e, mm21 9.637 7.206 14.331 16.294
Transmission range 0.740–1.226 0.971–1.000 0.757–0.999 0.761–1.466
Secondary extinction (31027) na 3.26 6.50 6.35
Rb, R(enant)c 0.0378, 0.0397 0.0377, 0.0384 0.0244, 0.0279 0.0377, na
wRd, wR(enant)c 0.0316, 0.0335 0.0392, 0.0396 0.0310, 0.0335 0.0405, na
Se, S(enant)c 2.57, 2.73 2.93, 2.96 0.91, 1.06 2.92
Residual (e2 : Å3), max shift 1.18/21.23, 0.001 1.50/20.96, 0.01 0.66/20.64, 0.001 1.12/21.26, 0.001

a All data was collected at 228C with MoKa radiation, l 5 0.7107 Å. Decay was ,62.2%.
b R 5 o u uFou 2 uFcu u/o uFou.
c Residuals observed for the model compounds with the incorrect absolute structure.
d wR 5 [o whuFou 2 uFcuj2/o wuFou2]1/2; w 5 1/s 2huFouj.
e S 5 [o (uFoui 2 uFcui)/si]/(n 2 m); i 5 1 to n.

RESULTS two silver atoms, with respect to the anionic framework.
Alternatively, I can be described as sheets of vertex-shared

Structure AgS4 tetrahedra fused as eight membered rings in the ab
plane. These sheets are linked together via vertices alongKAg2SbS4 (I). Compound I is isostructural with both
the c axis by antimony atoms which bridge across the silverBaAg2GeS4 and (NH4)Ag2AsS4 (6). KAg2SbS4 has an anti-
sulfide rings. The cavities between the antimony atomsmony–silver–sulfide framework with orthogonal, inter-
accommodate the potassium cations, which are eight coor-secting channels in which the potassium cations reside.
dinate to sulfur and are arranged in a compressed cubicThese channels run parallel to the crystallographic a and
geometry, with K–S bond distances of 3.219(7) Å (34)b axes. The asymmetric unit contains one potassium and
and 3.478(6) Å (34).antimony atom, each residing on 4·2m sites, a silver atom

on a 4· site, and a sulfur atom on a mirror plane. As viewed K2 AgSbS4 (II). Compound II, K2AgSbS4 , unlike
KAg2SbS4 , is built from both edge- and vertex-shared SbS4nearly parallel to the a axis in Fig. 1, the anionic framework

is built from vertex-shared, alternating SbS4 and AgS4 tet- and AgS4 tetrahedra to form a three-dimensional network
with potassium cations occupying channels that run parallelrahedra, forming a flattened eight membered ring. The

SbS4 tetrahedra are quite regular, with all bond distances to the a and b axes. Four of the ten unique atoms (K1,
K2, Ag1, Ag2) reside on two different twofold rotationat 2.353(7) Å and bond angles of 108.7(1)8 and 111.0(3)8.

However, the AgS4 tetrahedra, even with all the Ag–S axes parallel to the c axis, while the remaining atoms are
located in general positions. The anionic framework andbond distances at 2.603(2) Å, are very distorted with bond

angles of 95.12(7)8 and 145.2(3)8. These distorted AgS4 channels, as viewed down the a or b axis are nearly identi-
cal, given their similar lattice dimensions and lattice sym-units are observed in all four compounds reported here

and have been observed previously in the two isostructural metry as derived from Pnn2. Figure 2 shows the general
channel morphology, as viewed down the b axis, in whichcompounds, where bond angles vary from ca. 948 to 1468

(6). The orthogonal rings, perpendicular to the a and b a double row of cations reside. However, Fig. 2 does not
do justice in revealing the connectivity of the anionicaxes are connected via shared Sb and S atoms to generate

a three-dimensional framework that is body-centered. All framework. That is, the ‘‘anionic groups’’ that appear to
run parallel to the a or b axis are not simple chains, norsulfur atoms are three coordinate, to an antimony and
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TABLE 2 dissected layers show rectangular pockets in which three
Atomic Coordinates and Equivalent Isotropic potassium cations (K2, K3, K39) reside, however the cation

Thermal Parameters (Å2) channels run infinitely, parallel to the a and b axes. As
shown in the polyhedral view of Fig. 3c, the shift in neigh-

Atom Wyckoff X Y Z Ueq
a

boring layers created by the n-glide operations generates
an overall herringbone arrangement of the tri-tetrahe-KAg2SbS4

K1 2a 0 0 0 0.033(4) dral units.
Ag1 4d 0 0.5 0.25 0.053(1) The SbS4 tetrahedra are quite regular in II, with an
Sb1 2b 0 0 0.5 0.014(1) average bond distance and bond angle of 2.344(6) Å and
S1 8i 0.3010(6) 20.3010 0.1580(7) 0.023(2)

109(3)8, respectively. Again, both the edge- and vertex-
K2AgSbS4 shared silver tetrahedra have very distorted bond angles,

K1 2b 0 0.5 0.758(1) 0.050(7)
with Ag1 and Ag2 ranging from ca. 888 to 1298 and 958 toK2 2a 0 0 0.448(1) 0.032(4)
1528, respectively. Given these large distortions, the Ag–SK3 4c 0.2468(6) 0.2349(6) 0.948(2) 0.054(4)

Ag2 2a 0 0 0.9519(8) 0.061(2) bond distances are quite regular, averaging a long 2.662(7)
Ag1 2b 0 0.5 0.2249(6) 0.049(3) Å for the edge-bridged Ag1 and 2.59(7) Å for the vertex
Sb1 4c 0.7272(1) 0.7254(1) 0.4485 0.0182(7) linked Ag2. All sulfur atoms are two coordinate to metals
S1 4c 0.5500(5) 0.7051(5) 0.2672(7) 0.024(3)

of the anionic framework. The cations reside in the orthog-S2 4c 0.7104(6) 0.5518(5) 0.6322(8) 0.024(3)
onal, intersecting channels that run parallel to the a or bS3 4c 0.9238(5) 0.7208(6) 0.3037(8) 0.027(5)

S4 4c 0.7201(6) 0.9228(5) 0.5872(7) 0.025(3)

RbAg2SbS4

Rb1 3b 0.4430(3) 0.4430 0.5 0.030(1) TABLE 3
Ag1 6c 0.0979(2) 20.2828(2) 0.5962(1) 0.044(1) Selected Bond Distances (Å)
Sb1 3a 0.7218(2) 0 0.6667 0.014(1)
S1 6c 0.5066(5) 20.0198(5) 0.5533(2) 0.022(1) KAg2SbS4
S2 6c 0.7598(5) 20.3326(6) 0.6746(2) 0.021(1) Sb1–S1 2.353(7) 34 K1–S1 3.219(7) 34

Ag1–S1 2.603(2) 34 K1–S19 3.478(6) 34Rb2AgSbS4

Rb1 4e 0.8583(2) 0.9671(1) 0.4934(1) 0.0369(7) K2AgSbS4
Rb2 4e 0.3718(2) 0.9910(1) 0.2626(1) 0.0395(8) Sb1–S1 2.342(6) K2–S1 3.37(1) 32
Ag1 4e 0.8715(1) 0.9671(1) 0.2184(1) 0.0405(7) Sb1–S2 2.345(6) K2–S2 3.37(1) 32
Sb1 4e 0.14266(9) 0.77329(7) 0.96164(7) 0.0161(4) Sb1–S3 2.338(6) K2–S3 3.251(7) 32
S1 4e 0.0162(4) 0.7721(3) 0.1613(3) 0.025(1) Sb1–S4 2.352(6) K2–S4 3.205(7) 32
S2 4e 0.2578(4) 0.5770(3) 0.9419(3) 0.027(1) Ag2–S1 2.661(6) 32 K3–S1 3.404(9)
S3 4e 0.9560(4) 0.8117(3) 0.7932(3) 0.024(1) Ag2–S2 2.662(7) 32 K3–S19 3.36(1)
S4 4e 0.3375(4) 0.9286(3) 0.9496(3) 0.023(1) Ag1–S3 2.532(6) 32 K3–S2 3.375(9)

Ag1–S4 2.654(6) 32 K3–S29 3.39(1)
a The equivalent isotropic temperature factor, Ueq , is defined as K1–S1 3.146(6) 32 K3–S3 3.599(9)

exp(28f 2Ueq sin2 u/l2) where Ueq 5 1/3hoi oj (Uij a*i a*j ai ? aj)j and the K1–S2 3.207(7) 32 K3–S39 3.37(1)
summations of i and j range from 1 to 3. K1–S4 3.56(1) 32 K3–S4 3.779(9)

K3–S49 3.33(1)

RbAg2SbS4

Sb1–S1 2.334(3) 32 Ag1–S29 2.739(4)colinear to an axis. Figures 3a and 3b show slices of the
Sb1–S2 2.346(4) 32 Rb1–S1 3.418(4) 32structure at z p 0 and z p 1/2. The evident building block
Ag1–S1 2.485(3) Rb1–S19 3.486(4) 32

in these views is formed from the condensation of three Ag1–S19 2.776(3) Rb1–S2 3.357(3) 32
edge-shared MS4 tetrahedra, [AgSb2S8]52, which run paral- Ag1–S2 2.470(3) Rb1–S29 3.464(3) 32
lel to [110] or [11·0], depending upon the layer. The Rb2AgSbS4
[AgSb2S8]52 fragment is generated from the asymmetric Sb1–S1 2.338(3) Rb1–S3 3.399(3)

Sb1–S2 2.343(3) Rb1–S39 3.564(3)unit by operation of a twofold axis parallel to the c axis,
Sb1–S3 2.330(3) Rb1–S4 3.361(3)about the silver atom. This tri-tetrahedral building block
Sb1–S4 2.332(3) Rb1–S49 3.764(3)is linked to other translationally generated [AgSb2S8]52

Ag1–S1 2.507(3) Rb2–S1 3.278(3)
units through Ag2, via vertex-shared sulfur atoms, to create Ag1–S2 2.563(3) Rb2–S19 3.892(4)
a layer. Applying the n-glide symmetry operator to this Ag1–S3 2.794(3) Rb2–S2 3.396(3)

Ag1–S4 2.664(3) Rb2–S29 3.709(4)layer generates corresponding layers above and below the
Rb1–S1 3.467(4) Rb2–S3 3.371(3)original layer, but oriented orthogonal to each other. The
Rb1–S19 3.692(4) Rb2–S39 3.480(4)linking Ag2 atoms not only stitch the building blocks into
Rb1–S2 3.446(3) Rb2–S4 3.313(3)

layers, but also serve to connect the neighboring layers, Rb1–S29 3.604(4) Rb2–S49 3.405(3)
above and below, via sulfides of the SbS4 tetrahedra. The
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TABLE 4
Selected Bond Angles (8)

KAg2SbS4

S1–Sb1–S1 108.7(1) 34 S1–Ag1–S19 145.2(3) 32
S1–Sb1–S19 111.0(3) 32 Sb1–S1–Ag1 109.0(1) 32
S1–Ag1–S1 95.12(7) 34 Ag1–S1–Ag1 138.5(3) 32

K2AgSbS4

S1–Sb1–S2 104.7(2) S3–Ag1–S49 95.1(2) 32
S1–Sb1–S3 112.1(2) S1–Ag2–S19 113.0(3)
S1–Sb1–S4 110.1(2) S2–Ag2–S29 114.9(4)
S2–Sb1–S3 110.8(2) S1–Ag2–S2 128.4(2) 32
S2–Sb1–S4 113.2(2) S1–Ag2–S29 88.4(2) 32
S3–Sb1–S4 106.0(2) Sb1–S1–Ag2 83.5(2)
S3–Ag1–S39 151.4(3) Sb1–S2–Ag2 83.4(2)
S4–Ag1–S49 131.3(3) Sb1–S3–Ag1 114.3(2)
S3–Ag1–S4 96.6(2) 32 Sb1–S4–Ag1 119.4(2)

RbAg2SbS4

S1–Sb1–S19 108.7(2) S19–Ag1–S2 90.3(1)
FIG. 1. View of the unit cell found in KAg2SbS4 (I), nearly parallelS2–Sb1–S29 109.4(2) S19–Ag1–S29 147.6(1)

to the a axis. Antimony atoms are 70% probability thermal ellipsoids,S1–Sb1–S2 109.3(1) 32 Sb1–S1–Ag1 103.1(1)
silver atoms are solid spheres, potassium cations are highlighted spheres,S1–Sb1–S29 110.0(1) 32 Sb1–S1–Ag19 120.4(1)
and sulfur atoms are 70% probability boundary ellipsoids. Antimony–S1–Ag1–S19 91.6(1) Ag1–S1–Ag19 132.6(1)
sulfur bonds are filled and silver–sulfur bonds are open.S2–Ag1–S29 94.9(1) Sb1–S2–Ag1 111.3(1)

S1–Ag1–S2 105.4(1) Sb1–S2–Ag19 114.6(1)
S1–Ag1–S29 113.7(1) Ag1–S2–Ag19 132.4(1)

Rb2AgSbS4 from the asymmetric unit by applying twofold rotationS1–Sb1–S2 105.7(1) S1–Ag1–S4 120.5(1)
symmetry operators. The sulfur atoms of the Sb and AgS1–Sb1–S3 111.9(1) S2–Ag1–S3 113.4(1)

S1–Sb1–S4 112.0(1) S2–Ag1–S4 118.1(1) tetrahedra are vertex-shared in such a way that the anionic
S2–Sb1–S3 110.9(1) S3–Ag1–S4 104.0(1) framework becomes a network of fused columns. As shown
S2–Sb1–S4 111.2(1) Sb1–S1–Ag1 84.8(1) in Fig. 4, the channels parallel to the a axis are clearly
S3–Sb1–S4 105.2(1) Sb1–S2–Ag1 82.0(1)

evident. Consecutive application of the 32 screw axis paral-S1–Ag1–S2 85.79(9) Sb1–S3–Ag1 114.0(1)
lel to the c axis will bring into focus the channels parallelS1–Ag1–S3 115.0(1) Sb1–S4–Ag1 115.4(1)
to the a–b bisector and then the b axis. Thus, each unit
cell contains three nonintersecting channels at different z
values which are shifted by 1208 in the ab plane with respect
to the channels above and below it. The SbS4 tetrahedraaxis, the latter shown in Fig. 2. The K1 cation is located

between adjacent SbS4 tetrahedra, as viewed down the b
axis. It is six coordinate to sulfur, arranged in a distorted
bicapped tetrahedron, with an average bond distance of
3.3(2) Å. Cation K2 is located in a bicapped trigonal pris-
matic environment of sulfur atoms with an average bond
distance of 3.30(8) Å. K3 is found in a distorted pentagonal
bipyramid of sulfur atoms with an average K–S bond dis-
tance of 3.40(9) Å and one longer contact at 3.779(9) Å.

RbAg2SbS4 (III). Compound III, RbAg2SbS4 (P3221),
has many structural similarities with SrCu2SnS4 (14) (P31),
and a detailed study revealed that SrCu2SnS4 is isostruc-
tural to III (vide infra). The asymmetric unit contains five
unique atoms, three on general positions and Rb1 and Sb1
residing on two different twofold rotation axes. The anionic
network in III is formed from the condensation of SbS4

and AgS4 tetrahedra, creating infinite channels in which
FIG. 2. View of the unit cell found in K2AgSbS4 (II) down the b

the rubidium cations reside. An eight membered ring, con- axis. Cationic channels with similar morphology run parallel to the a axis
sisting of alternating vertex-shared antimony- and silver- and orthogonally intersect with those shown here. Atom types are the

same as Fig. 1.sulfide tetrahedra, forms the channel. This ring is generated
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FIG. 3. A slice of the anionic framework at (a) z p 0 and (b) z p 1/2 in K2AgSbS4 (II). Note the [AgSb2S8]52 tri-tetrahedra linked via vertex-
shared Ag(I) cations, which further serve to connect neighboring layers above and below. Potassium cations are located approximately above and
below all silver and antimony atoms. Atom types are the same as Fig. 1. (c) A polyhedral view, down the c axis highlighting the herringbone
arrangement of tri-tetrahedra, antimony tetrahedra are hatched and silver tetrahedra are open.

again are quite regular (d(Sb–S) 5 2.339(6) Å and ](S–
Sb–S) 5 109.5(5)8) while the AgS4 tetrahedra are very
distorted (d(Ag–S) 5 2.6(2) Å and ](S–Ag–S) range
from 90.3(1)8 to 147.7(1)8). Both unique sulfur atoms are
three coordinate to the anionic framework, to one anti-
mony and two silver atoms. The one unique Rb is located
in the tunnel. It has eight contacts to sulfur that range
from 3.357(3) to 3.486(4) Å, arranged in a flattened square
antiprismatic coordination geometry.

Rb2 AgSbS4 (IV). Rb2AgSbS4 is the only centrosym-
metric member in this series and contains a layered anionic
framework separated by a double layer of Rb cations. All
atoms reside on general positions. The Sb and Ag sulfide
tetrahedra are linked together in a different fashion than
I–III; however, they possess the common motif of edge-

FIG. 4. Unit cell view of RbAg2SbS4 (III) down the a axis. Tunnels
and vertex-shared tetrahedra. Each anionic layer is a con-running parallel to the b axis and the a–b bisector are indicated by the
densation of SbS4 tetrahedra via silver atoms, as shown inarrows and are parallel to the viewing direction when the 32 screw axis

symmetry operator is applied. Atom types are the same as Fig. 1. Fig. 5a. The SbS4 tetrahedra are coordinated through the
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FIG. 5. (a) The anionic layer found in Rb2AgSbS4 (IV), showing the edge- and vertex-bridging tetrahedra of antimony and silver sulfide. Atoms
types are the same as Fig. 1. (b) Arrangement of the layers in the unit cell of IV as viewed down the b axis.

sulfur atoms by three silver atoms, one edge-bridging and vide the kinetic stabilization necessary for the formation
of such closely related products: II with I and IV with III.two vertex-sharing. This arrangement allows silver atoms

to also be in a tetrahedral environment, although again, All the anionic frameworks reported here are built from
nearly ideal SbS4 and distorted AgS4 tetrahedra with vary-quite distorted. The edge-bridged silver–sulfur bonds

(Ag1–S3 and Ag1–S4) are quite long and the vertex-shared ing degrees of condensation, either through edge- or ver-
tex-bridging. Two different three-dimensional Ag–Sb–Ssulfur atoms (S1 and S2) have contacts to silver atoms that

are more typical. Once again the SbS4 tetrahedra are quite anionic frameworks have been formed with the incorpora-
tion of the relatively small potassium cation. The isostruc-regular, with an average bond distance and bond angle

of 2.336(6) Å and 109(3)8, respectively, while the AgS4 tural arsenic analog of I has also been prepared, structur-
ally characterized, and its optical band gap measured (16).tetrahedra are distorted (d(Ag–S) 5 2.6(1) Å and ](S–

Ag–S) 5 109(13)8). All unique sulfur atoms are two coordi- In this work, the larger rubidium cation is found in one
three-dimensional (III) and one two-dimensional (IV)nate to a silver and antimony atom in the anionic frame-

work. The layers traverse the [101] plane, and are separated framework of Ag–Sb–S. The role of cation size has been
discussed in the literature (17), and a general inverse corre-by a double layer of rubidium cations, as shown in the unit

cell view of Fig. 5b. The shortest interlayer sulfur–sulfur lation between cation size and dimensionality has been
observed. We have found, however, that we can preparecontacts are about 3.24 Å. Both unique rubidium cations
Rb, K and Rb, Cs analogs of IV and they are essentiallyare eight coordinate to sulfur and arranged in a very dis-
isostructural with Rb2AgSbS4 (18). However, if both cationtorted cubic geometry with d(Rb1–S) 5 3.5(1) Å and
sites are substituted with Cs(I) to form Cs2AgSbS4 , noveld(Rb2–S) 5 3.5(2) Å.
one-dimensional anionic chains are formed (19). This is
not unexpected, given the increase in ionic radius of 0.19DISCUSSION
Å when going from Rb(I) to Cs(I) (20). It should be noted,

The utilization of supercritical NH3 has afforded the however, that a reduction in dimensionality is not observed
synthesis of four new alkali metal silver antimony sulfides. in supercritical ethylenediamine chemistry, where the an-
Unlike BaAg2GeS4 and SrCu2SnS4 (or SrCu2GeS4 , BaCu2 ionic frameworks of Cs2Ag3Sb3S7 and CsAgSb4S7 are com-

plex two-dimensional layers (3).GeS4 , BaCu2SnS4 (15)) which were prepared above 5508C,
their analogs, I and III, can be made at much lower temper- Optical diffuse reflectance measurements on I–IV indi-

cated that all four phases are semiconducting materials.atures (ca. 1608C). This low temperature regime may pro-
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TABLE 5 appropriate space group choice for SrCu2SnS4 (and
Bond Valence Sums for MAg2SbS4 and M2AgSbS4 Phases the later reported isostructural members SrCu2GeS4 ,

BaCu2GeS4 , BaCu2SnS4 (15)) is actually P3221 or its en-
I II III IV

antiomer P3121. A more detailed description of the trans-
formation is included in the supplementary material.M 1.17(2) 1.04(2) 1.02(1) 1.03(1)

1.29(3) 1.27(1)
0.90(2)
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