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{Sn[Zn,Sn,S,,]}* : A Robust Open Framework
Based on Metal-Linked Penta-Supertetrahedral
[Zn,Sn,S;;]" Clusters with Ion-Exchange
Properties™**

Manolis J. Manos, Ratnasabapathy G. lyer, Eric Quarez,
J. H. Liao, and Mercouri G. Kanatzidis*

The huge diversity in structure and pore size encountered in
open-framework aluminosilicate zeolite materials is not yet
reflected in sulfide and chalcogenide compounds. Interest in
chalcogenides with open frameworks, however, is growing,
and progress towards developing this important class of
materials has been steady in the past decade.!'® Because of
the wider chemical and bonding flexibility, in principle,
chalcogenides can be even more diverse in composition and
structure than zeolites. In addition, they can uniquely
combine properties of zeolitic micropores—exploited in
solid-acid, ion-exchange, and absorption materials—with
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properties of semiconductors that provide the basis of
electronic, optical, and photonic applications.

Some chalcogenides with open frameworks are based on
so-called supertetrahedral clusters, denoted as Tn (n is the
number of metal layers).’) Other frameworks are based on
different units that range from simple tetrahedra to so-called
penta-supertetrahedral clusters denoted as Pp.[1a222°)
Recently the family of compounds featuring A;[M;M,S,,]
(A=K, Cs; M=Zn, Cd, Fe, Co; M'=Sn, Ge) and
A’[Sn4MilSel7] (A" =[K;y(H,0),,(CH;0H),5], [Ky(H,0):-
(CH3;0H)5](SnSey)s; [KsoCl(H,0),,(CH;0H)]; [Ko(H,0)s];
M" = Co, Zn, Mn, Cd, Hg)"*! was shown to have discrete
supertetrahedral clusters that belong to the penta-superte-
trahedral series Prn.l*2%] This cluster type is an assembly of
four {MQ,} (T1) and one {QM,} (anti-T1) structural units, in
which M is the metal ion and Q is the chalcogen atom (see
Figure 1a). The [M;M/S;;]""" clusters have four terminal S
atoms, which are potential binding sites to other clusters or
metal centers, and can thus serve as building blocks for
framework materials. However, to date no pertinent reports
regarding such systems have appeared even though frame-
works consisting of the partially destroyed P1 selenido
clusters [Cd,Sn;Se;5]*” and [Hg,Sn;Se;s]” were recently
reported.’

Herein we describe As_ K, .Sn[Zn,Sn,S;;](A =K*, RbY,
Cs*; x=0,4.5), the first examples of compounds consisting of
intact [Zn,Sn,S;;]'" clusters linked with Sn** centers. They
feature a new type of open framework and have excellent
chemical stability. Furthermore, we report the surprising
finding that one-fifth of the K* ions play an important
templating role in stabilizing the framework. The A™ ions fill
relatively large voids and exhibit remarkably facile ion-
exchange properties similar to those of small-pore zeolites.

The synthesis of K¢Sn[Zn,Sn,S;]"! (1) was carried out by
using the alkali polychalcogenide flux method,™ with a K,S/S
ratio of 1:8-1:10 (that is, in a flux of relatively low basicity).
For reasons that will become apparent below, we also
succeeded in isolating the isostructural CsKsSn[Zn,Sn,S;,]
(2) and RbK,Sn[Zn,Sn,S;,] (3).”

Compound 1 crystallizes in the tetragonal acentric [4m2
space group.'"”? The noncentrosymmetric character of 1 is
apparent when one looks at the (010) projection of the unit
cell (Figure 1b). The critical building unit of 1 is the
[Zn,Sn,S;;]'*" cluster, which features a central tetrahedral
{Zn,S}** core capped with four tridentate {SnS,}*~ fragments
(see Figure 1a). To form the 3D framework, the cluster uses
all four terminal S atoms to coordinate to four linking Sn
atoms (Snl), which in turn bind to four clusters (Figure 1c).
This creates a full diamondlike framework with a zinc-blende
(ZnS) topology (Figure 1d). Fourfold inversion rotation axes
(—4) pass through the Sn1 atoms and the intracluster S1 atoms
of the structure (Figure 1c¢).

The connection of tetrahedral chalcogenide clusters with
metal linkers is a rational way to build open-framework
compounds, yet it is still a relatively uncommon structural
feature among the known crystalline examples. Generally in
the latter compounds, the clusters tend to link by sharing
terminal chalcogen atoms (,-S or u,-Se). An exception to this
is the (Me,N),[MGe,Q;y] M =Mn, Fe, Co, Zn, Cd) and
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Figure 1. a) The [Zn,Sn,S,;]'>" P1 cluster. b) A [010] projection showing the absence
of a center of symmetry in the structure of compound 1. Yellow, red, and blue balls

Angewandte
Chemie

types of cavities (K2 and K3) communicate

.. . .‘ : through narrow passages that are only ~2 A
Ry A wide. This feature accounts for the observed
: ®  selectivity in the ion-exchange properties

Ce —— Y e  observed for this framework (see below).
o e ' The K1 site seems to be an exact fit for this
e - ® e framework (see Figure 2c), and the role of this
I . . atom seems pivotal to the stability of the struc-

ture. This aspect was suggested by the results of
experiments aimed at preparing analogues with
larger alkali atoms such as Rb¢Sn[Zn,Sn,S;;] and

- 1 : 1 CseSn[Zn,Sn,S,;]; the experiments did not suc-
1 l ceed. This lack of success implied that a K atom
i +  might be needed to occupy a K1 site to stabilize
. ' the framework. Conversely, the large cavities of
" * K2 and K3 suggested that the K* ions are

potentially very mobile and that it might be
possible to replace them with larger Rb* or Cs*
ions. Indeed compounds 2, 3, RbsKSn[Zn,Sn,S;/]
(4), and (A5_,K,)KSn[Zn,Sn,S;] (A =RbD, Cs) are

represent S, Sn, and Zn atoms, respectively. K ions were removed for clarity. ) The all possible and can be prepared by high-temper-
{Sn[Zn,Sn,S;;]}*" framework viewed down the ¢ axis. For clarity, K3 is shown in only ~ ature solid-state synthesis as well as topotactic
one of the several subsites that are partially occupied by this ion. Selected distances ion-exchange reactions at room temperature.

[A] and angles [°]: Sn1-S3 2.397(2), Sn2-S4 2.342, Sn-S2 2.3497(16), Sn2-S3 2.428(2), A refinement of the crystal structures of 2 and

Zn-S1 2.3287(9), Zn-S2 2.3369(15), Zn-S4 2.353(2), K1-S2 3.4460(16), K2-54
3.3637(15), K2-52 3.145(2), K3-S3 3.791(3), K3-54 3.253(5), Sn(1)-5(2)-Sn(2)
104.42(9). d) Skeletal version of the structure of {Sn[Zn,Sn,S,;]}*~ depicting the

3 showed unequivocally that the K1 and K2 sites
are occupied exclusively by K atoms. The largest

. . . . + +
topological relationship to diamond. The yellow balls are [Zn,Sn,S,,]' clusters, and site of K3 is occupied exclusively by Rb™ and Cs

red balls are linking Sn atoms (Sn1).

A,[MGe,Se)mH,0 (A=Rb,Cs; M=Ag:n=3, m=
2; M=Mn: n=2, m=3) families, which feature ada-
mantane clusters linked by tetrahedral M** centers.!''
The most prominent aspect of the framework we
describe here is the nature of the open space available
in it. There are two types of large cavities: one that
accommodates the K2 atoms and one that accommo-
dates the K3 atoms. The K3 cavity is larger and both are
indicated in Figure 2 a, b. Out of the six K atoms in the
formula, one atom is accommodated in site K1, one
atom is in site K3, and four atoms are in site K2. K1 is in
a tight eight-coordinate square-prismatic environment
of S atoms. The K1-S2 bond length is 3.446(2) A.
Atoms K1, K2, and K3 occupy different environments
in the tunnel network. K3 is in the largest cavity with a
diameter of ~9.7 A and K2 is in the next largest cavity
with a diameter of ~6 A. The atoms in the K3 site were
modeled with several split subsites over the cavity.']
We can obtain a better understanding of the empty
space in the {Sn[Zn,Sn,S,,]}*" framework if we plot the
isosurface!"™” that lies between the framework atoms and
the voids (see Figure 2¢, d). From this perspective, the
relative size, shape, and interconnection of the cavities
are revealed. It is apparent from these plots that the
tunnel network in the structure is three-dimensional
with a diamondlike topology similar to the topology of
the filled space. Each cavity is not spherical but square
and “pancake” in shape with the short dimension being
parallel to the tetragonal c axis, Figure 2¢, d. The two

cations. However, refinement of the structure of
the ion-exchanged material 4 showed that only K1
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Figure 2. a) A [010] projection of the structure of 1 with the K2 sites represented by
oversized spheres to show the available space around them. The diameter of the cavity
hosting K2 is ~6.0 A. b) The same projection with the K3 sites now shown as oversized
spheres. The diameter of the cavity hosting the K3 atoms is ~9 A. c) Depiction of the
void space in {Sn[Zn,Sn,S,,]}*" viewed down the [100] direction of the isosurface repre-
senting the atom-free space in {KSn[Zn,Sn,S;;]}°~ (2 A from the van der Waals radius).
d) The isosurface viewed down the [001] direction. The cavities containing the K3 atoms
are square shaped “pancakes”, whereas the cavities hosting the K2 atoms serve as con-
necting channels between the pancake-shaped cavities.
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remains intact after ion-exchange (see below). Furthermore,
analogues of 1 with larger metal ions, such as Hg*" and Cd**,
or with selenium analogues could not be isolated, possibly
because they create larger K1 cavities thereby destabilizing
the structure.'’™ Because of these results, we are tempted to
view the K1 site as a major reason for the stability of this
structure type and likely to play the role of template. In this
context and because it does not seem to be exchangeable, K1
must be considered as part of the framework whereas K2 and
K3 are extraframework ions.

Since the extraframework K* ions are loosely bound, they
are readily exchanged for other types of ions in solution.
Complete ion exchange was achieved in a single-step reaction
by stirring compound 1 in water for a few hours at room
temperature with excess RbI and CsI."® The powder X-ray
diffraction (XRD) patterns of compound 1 and those of the
ion-exchanged material 4 are almost identical with the
exception of a small shift of the diffraction peaks to lower
260 angles (as expected) in the pattern of compound 4 (see
Figure 3 a, b). Energy-dispersive spectroscopy (EDS) analysis
of the exchanged material was consistent with the formula of
RbsKSnsZn,S,.
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Figure 3. XRD (Cuy, radiation) diagrams (with indexing of selected
reflections) of: a) pristine K¢Sn[Zn,Sn,S,;] and b) ion-exchanged
RbsKSn[Zn,Sn,S,;]. ¢) SEM images of a single crystal of pristine
KeSn[Zn,Sn,S,;]. d) A single crystal of ion-exchanged
RbsKSn[Zn,Sn,S,].

Even whole single crystals of compound 1 can be ion-
exchanged to give compound 4,7 which could be charac-
terized by single-crystal X-ray diffraction. Figure 3 c,d depicts
typical well-formed crystals of pristine and ion-exchanged
material. Crystallographic analysis on such a single crystal
confirmed the replacement of only five of the K atoms (K2
and K3 from the large cavities),'® whereas the K1 site
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remained totally unaffected. Again this result is consistent
with the view that K1 may be necessary to form the
{Sn[Zn,Sn,S,,]}* framework.

The pale-yellow compound 1 and the analogues 2 and 3
show an optical energy gap of ~2.87 eV, which indicates that
they are semiconductors with wide band gaps. They also have
high optical transparency to electromagnetic radiation, which
begins from 2.87 eV and extends down to 0.30 eV as deter-
mined from combined IR-near-IR-UV/Vis spectroscopy. The
high transparency and the noncentrosymmetric lattice of 1
prompted us to check for possible nonlinear optical (NLO)
behavior. We note that the crystal structures of compounds 1-
4 have the same topology and belong to the same point group
—42m as that of AgGaS,. The latter has attained special
interest for middle- and deep-IR applications due to its large
NLO coefficients and high transmission in the IR region.'”!
By using a pulsed Nd-YAG laser on polycrystalline samples of
1, we observed the presence of a second harmonic generation
(SHG) signal. More quantitative experiments are needed,
however, to fully assess the NLO behavior of 1-4 materials.

In conclusion, {Sn[Zn,Sn,S;;]}*" is the first extended
framework based on supertetrahedral [M,MS;;]'"~ clusters
(P1) linked through metal ions. The compound is an ion-
exchange material with properties reminiscent of those of
small-pore zeolites. We are currently investigating the ion-
exchange properties in more detail and the possibility of
synthesizing mesostructured open frameworks by using dis-
crete soluble P1 chalcogenide clusters and various metal
linkers.*”!
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