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Low-temperature hydrothermal synthesis has been used
routinely for the production of microporous inorganic
frameworks.l* These crystalline networks may consist
of interconnected and regularly spaced pores and channels
with dimensions which can be negotiated by small organic
molecules. These structural features impart desirable
selective sorbtive, catalytic, ion-exchange,?® and mechani-
cal properties.® The most common primary building unit
for these frameworks is TO4 (T = Si, Al, and other group
I11, IV, and VA elements); these tetrahedra polymerize to
form a variety of 4-connected networks.” Aluminosilicate
molecular sieves have been synthesized for some time using
simple oxide starting materials and added organic mol-
ecules, which are believed to act as structure-directing
agents or templates, during the assembly of these complex
arrays. Considerable effort has been devoted to enumer-
ating theoretical frameworks®? understanding the role of
template molecules#1%-13 and attempting to design syn-
theses which will produce a specific framework type.

The variety of oxide framework compositions has
increased as other main-group and transition elements
have been used instead of tetrahedrally coordinated
aluminum and silicon. Another departure was instigated
by the replacement of oxide with sulfide.!4-18 New classes
of materials have been synthesized which have structural
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Figure 1. ORTEP?? representation (top) of the [Sn;S04]1%
building unit which links to form the full structure shown in
Figure 2. For simplicity of depiction in Figure 2, this unit is
reduced to the representation shown at bottom, where each node
represents a Sn atom and S and O are omitted for clarity.

Figure 2. Connection of the [Sn;pS2004]% building units shown
at bottom of Figure 1 to form tetrahedral arrangements and two
interwoven networks. For the sake of clarity the molecules of
[HN(CHj3)3l*, which occupy channels between the two frame-
works, are not shown. The S(2) atoms bridging the super
tetrahedra are located at the elbow of the connections shown.
The two nonintersecting networks are emphasized by shading
one and leaving the other blank; these networks are related to
each other by the symmetry of the unit cell.

building principles distinct from the oxide frameworks.16-20
This is a consequence of the contrasting behavior of the
T-S-T and T-O-T linkages; while the latter is flexible,
displaying a range over 35° in silicates, for example, the
angle of the T-S-T linkage varies by some 5°.21:22 This
is believed to lead to the low-density frameworks observed
in the sulfide materials.
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Figure 3. Stereo representation of the 4-connected net formed by linking clusters shown in Figure 1 by sulfur bridges which alternate
about the six-rings shown. The two interwoven nets have the topology of the cristobalite structure-type, which is itself related to the
diamond structure.?” The nodes in each net represent alternating clusters (Figure 1) and S bridges (Figure 2).

Our goal is to develop thio oxides having building
principles which are hybrids of those found in the oxide
and sulfide frameworks. Isolated thio oxoanions of tin
are known to be stable under hydrothermal conditions
and indeed have been cited as candidates for building
“silicate-like” structures.?324 Wereport here thesynthesis
of an oxy-sulfide related to the silica polymorph cristobalite
(Si0y). The crystal structure of the new material consists
of clusters (Figure 1) of composition [Sn;pSz004]%, rec-
ognized in the previously reported sulfur chemistry of main
group elements.232¢ However they are not isolated but
instead are 4-connected to each other via sulfur bridges
(Figure 2). The linkages are such that two independent
nonintersecting frameworks are formed (Figure 3) with
the (HNMej)* molecules contained within the channels
between the two frameworks. The clusters can be thought
of as supertetrahedra which are linked at all four corners
(Figure 1) in a fashion reminiscent of the 4-connected nets
common in the zeolites and polymorphs of silica.?

The synthesis was effected by heating slurries of SnS;
in thick-walled Pyrex tubes. Freshly prepared SnS; and
TETN, in the molar ratio 3:2, were stirred to form a slurry
and heated at 150 °C for 3 weeks. The matenal produced
was colorless, containing single crystals up t0 0.07 mm on
edge. Qualitative microprobe analysis detected the pres-
ence of Sn, S, N, and O only. A comparison of the X-ray
powder diffraction pattern with that of known phases
suggested the material was novel. This was confirmed by
subsequent studies of the single crystals, which also showed
that the TETN molecule had decomposed?® during
synthesls toform [HNMe;]* cations. Although notlocated
in the structure analysis,” the hydrogen required for charge
balance are presumed to be attached to the organic
molecule rather than the framework on the basis of
previous structure determinations of this type.!#-20 How-
ever, the possibility of hydrogen attached to the framework
cannot be ruled out. The phase was designated TETN-
SnS-SB2 following the nomenclature established for the
sulfide frameworks by workers at Union Carbide.1¢
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All Sn atoms in the main building unit of the structure
are four coordinated to S in approximately tetrahedral
arrangements. Neglecting oxygen, this structural unit
represents a single ABC stacking sequence of the ZnS (zinc
blende) structure type.2” The coordination geometry of
the individual units of SnS, shows the effect of oxygen
inserted into the cluster (Figure 1). Oxygen occupies four
of the tetrahedral coordination sites formed by close-
packed Sn in the cluster (Figure 1). To ‘accommodate
this, the SnS, moieties are distorted away from ideal
tetrahedral geometry with the greatest deviation in the
S(4)- Sn(2)—S(4) and S(4)-Sn(1)-S(4) angles (Figure 1).
The value of 148° reflects attempts to minimize repulsion
between oxygen included in the cluster and the sulfur
closest to them. Tin is coordinated to S by four bonds,
between 2.40 and 2.66 A.

To simplify depiction of the full structure, the
[Sn10S2004)8cluster can be re‘presented asthe cubic close-
packed array of metal atoms shown in Figure 1. Each
cluster is connected at the corner by Sn(3)-S(2)-Sn(3)
bridges, all with angles of 113.1(6)°, to four other symmetry
related clusters (Figures 1 and 2) in a tetrahedral ar-
rangement. These are at the nodes of two diamond-like
structures, identical in topology but displaced by
(Y2,1/2,1/2) with respect to one another and connected to
form the chair-shaped 6-rings characteristic of this
structure type (Figures 2 and 3). Inclusion of the sulfur
bridges relates each net to the structure of cnstobahte
(Figure 3). The structure then consists of two interpen-
etrating, nonintersecting 4-connected nets related to the
topology of cristobalite.®?” This is the first example of
two interwoven 4-connected nets in the oxy sulfides;
examples of interpenetrating diamond nets in Zn(CN),
have recently been described2® and been known for
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sometime in systems such as Cuy0, Ag.0, and H;0.2 Given
the unusual nonlinear optical and mechanical character-
istics of the cristobalite family,$:30 it will be interesting to
measure these properties in TETN-SnS-SB2 and its ion-
exchanged variants. A preliminary measurement of the
second harmonic signal to confirm the absence of a center
of symmetry gave a value of 21 times that of quartz. The
method of Kurtz and Perry3! was used for this measure-
ment.
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It should be possible to connect the unit shown in Figure
1in a variety of ways. Because of therigidity of the T-S-T
connection the topologies available may be less various
than those of oxide frameworks based upon 4-connected
tetrahedra.®® However, the structure of TETN-SnS-SB2
suggests a broader search for new materials based upon
the philosophy outlined in this report is warranted and
that new families of structures can be anticipated.
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