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The assembly of chalcogenides with 3D open frameworks is of
considerable scientific interest because, like the zeolites, they
have large free spaces."” Yet due to their greater chemical,
compositional, and structural diversity, the chalcogenides
present a wider variety and broader scope of properties.
These materials can be relevant in molecular recognition,?!
ion conduction,® environmental remediation, and photo-
catalysis.” The chalcogen elements can impart novel photonic
or electronic properties that are not found in zeolites.”
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However, the ability of zeolites (for example, H-Y, H-ZSM-
5 to act as solid-acid catalysts is not shared by open-
framework chalcogenides, because the chalcogenides are
more vulnerable to attack by acid. The 3D open framework
of K¢Cd,Sn;Se,; contains intersecting tunnels that enable fast
ion exchange with alkali-metal cations.”’ The observation of
efficient ion exchange in K,Cd,Sn;Se;; led to our idea of
making proton-exchanged HyCd,Sn;Se;;, which would con-
tain alkali-metal-free tunnels, through the direct reaction of
K¢Cd,Sn;Se,; with acid. Our attempt to make H¢Cd,Sn;Se,;
led to the generation of the new 3D anionic framework
[Cd,sSn;,Sey ], which shows surprising resistance to acids,
as well as excellent ion-exchange properties. Although the
number of open-framework chalcogenides has been steadily
increasing, reactivity studies on these materials have not been
emphasized to date. Herein, we give one of the first reports on
the reactivity of these compounds.

After stirring K,Cd,Sn;Se,;; in a concentrated aqueous
solution of HI (pH 1.1-1.8) for 1 h, the original cube-shaped
crystals (Figure 1a) disappeared and new crystals with a
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Figure 1. a) Scanning electron microscope (SEM) image of the original
crystals of KsCd,Sn;Se;;. b) SEM image of the new crystals of
Ki4_xH,Cd15Sn;,Seyq. ¢) Electronic spectra of K,Cd,Sn;Se;; (dashed line)
and Ky,_,,Ca,Cd;5Sn,,Seyq (solid line).

tetrahedral morphology (Figure 1b) were formed. Single-
crystal X-ray diffraction analysis revealed that the new
compound has the formula K,  H,Cd,;sSn;,Se,; (x~7) and
a unit cell that is unrelated to that of KCd,Sn;Se;.!
Furthermore, the new structure is comprised of [Sn,Se;]*
ions, rather than the [SnSe,]*” ions found in K4Cd,Sn;Se;;.
Interestingly, the isostructural compounds
K4 2:M,Cd;sSn;,Se, s M =Ca, Mg; x~ 1.5, 4) were formed
under the hydrothermal conditions used to synthesize the
original compound K¢Cd,Sn;Se ;,” by simply adding Ca** or
Mg**  ions. The  hydrothermal  synthesis  of
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Ki4-2:M,Cd;sSn;,Sey, in a yield of approximately 70 %, is
complete within 18-24h, whereas the formation of
K¢Cd,Sn;Se;; usually requires 3-4 days.*'”) To obtain an
analogue with only K ions, it was necessary to carry out the
hydrothermal reaction of the starting materials K,Se, Cd, Sn,
and Se at a higher temperature.''? The greater dissociation
rate of water at higher temperatures and pressures generates
more H' ions, which may help in the formation of the
[Sn,Se;]*" ions. The compound K, ,,Ca,Cd;sSn;,Seys is a
wide-gap semiconductor with an energy gap of approximately
2.00 eV, which is narrower than that of K,Cd,Sn;Se;
(2.33 eV), Figure 1c.

Although the mechanism behind the transformation of
K¢Cd,Sn;Se 5 to K, H,Cd;sSn,,Se, is not clear, the reaction
is not topotactic, but involves a dissolution/reassembly
process. We describe the process on the basis of the building
blocks of the two anionic frameworks [Cd,Sn;Se;]° and
[Cd,sSn;,Se )™ in Equation (1). In this reaction, either a
protogenic acid or a Lewis acid such as an M*' ion, can be
used to condense two of the original [SnSe,]*” units into a
single [Sn,Se;]°~ dimeric unit, with the expulsion of Se*~ ions.
In addition, some Cd*" ions are expelled during the formation
of the final structure. Considering that selenides are generally
vulnerable to acid attack, one of the most amazing properties
of the [Cd,sSn,Se )"~ framework is its high resistance to acid
(up to pH 1.1). This feature may be due to the compact 3D
arrangement of the building fragments.

4[Cd,(SnSey);(Se)]° 2% [Cd,5(Sn,Se ) (Se )]~ + Cd>* + 6Se? (1)

The new compounds crystallize in the noncentrosymmet-
ric space group /43d. Figure 2 a shows a [100] projection of the
[Cd;sSny,Sey]'™  framework in the  structure  of
Ki4-2.Ca,Cd;sSn;,Se . Surprisingly, the unique framework is
based on dimeric [Sn,Se,]° units linked by Cd** ions. The
formula of the framework can be more expressly written as
[Cdys(Sn,Se;)e(pa-Se )]

The high structural complexity makes it difficult to define
a suitable building block in this extended framework. One
possibility is the complex fragment with the formula [Cd,s-
(Sn,Se-)s(ps-Se),]™*™ shown in Figure 2b. At its center there is
a u3-Se atom (Se5) with a triangular planar geometry. To
simplify the description, one third of the building block
([Cds(Sn,Se;),(us-Se)ys]"*?7) is singled out and shown in
Figure 2c. The inset of Figure 2 ¢ shows the spatial disposition
of the metal atoms in this fragment—two vertex-sharing
trigonal bipyramids whose trigonal axes are perpendicular to
each other. The five Cd atoms (one Cdl atom and four Cd2
atoms) in this fragment define the center and four vertices of
a tetrahedron, which can be used to represent the whole
[Cds(Sn,Se;),(1s-Se)y5]'* ™ unit. As shown in Figure 2d, one
way of viewing the [Cd;5(Sn,Se;)s(15-Se),]™* ™ building block is
simply as three such tetrahedra linked through a p;-Se5 atom.

Two of these large [Cd;s(Sn,Se;)s(us-Se),]*~ building
blocks connect to form a distorted trigonal prism, shown in
polyhedral representations viewed perpendicular and parallel
to the trigonal axis of the cage in Figures3a and 3b,
respectively. The height of the cage is approximately 6.3 A
(excluding the van der Waals radii of the Se atoms), and in
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Figure 2. a) A [100] projection of the extended [Cd,sSn,,Se,q'*™ frame-
work, in the structure of Ky, ,,Ca,Cd;sSn;,Seqq. b) The [Cdy5(Sn,Se;)q(Ms-
Se),]" building block, which is composed of three of the cluster units
shown in (c) linked through a p;-Se5 atom. c) A [Cds(Sn,Se;),(us-Se),
3]"P~ cluster unit. The inset shows the spatial disposition of the metal
atoms. d) A polyhedral representation of the [Cd;s(Sn,Se,)s(13-Se)s]™™
building block. The red tetrahedra are defined by the five Cd atoms in
the cluster unit shown in (c). Cd red, Sn green, Se yellow. Selected
bond lengths [A]: Sn1-Se1 2.530(3), Sn1-Se2 2.547(3), Sn1-Se3
2.500(3), Sn1-Se4 2.492(3), Cd1-Sel 2.632(2), Cd2-Sel 2.688(3),
Cd2-Se3 2.625(3), Cd2-Se4 2.652(3), Cd2-Se5 2.6150(17).

K,,Cd;sSn,Se, disordered K* ions occupy approximately
half of its space.

In K, »,M,Cd,sSn,,Se,;, M** ions replace the K* ions in
the site near the center of the cage (Figure 3a).™ A view
down the [111] direction of the [Cd;sSn,Se )" framework,
in which only the cages whose axial directions are parallel to
[111] are visible, is shown in Figure 3c. The same pattern is
obtained in views down the [111], [111], and [111] directions.
Therefore, there are cages of four different orientations in the
framework, and they are connected by sharing the [Cds-
(Sn,Se;),(15-Se )] units. Since the cages are capped by the
tetrahedral building blocks, no open channels are readily seen
in the unit cell.

The relative size, shape, and interconnection of the open
channels in the [Cd;sSn;,Se, ] framework is revealed by
plotting the isosurface lying between the framework atoms
and the voids," as depicted in Figure 3d along the [111]
direction. There are two types of cavities: a)the small
spherical voids, which correspond to the small spaces inside
the Cd;Sn, trigonal bipyramids shown in Figure 2c and have a
diameter of only approximately 2.5 A, and b) the larger
trigonal cavities, which lie inside the distorted trigonal prisms
shown in Figure 3a and have a diameter of approximately
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Figure 3. a) Polyhedral representation of a single cage, and the K* and
M?* jons (M =Ca, Mg) contained within it, in the structure of
Ki4-2M,Cd;5Sn;,Se46. b) The same cage viewed down its threefold axis.
c) Polyhedral representation of the [Cd,sSn;,Se )™ framework viewed
down the [111] direction. The red polyhedra are defined by the five

Cd atoms in Figure 2¢, and the yellow balls are p;-Se5 atoms.

d) Depiction of the void space in [Cd;sShy,Se )™ along the [111]
direction. See text for details.

6 A. These two types of cavities are connected by narrow
channels whose width is approximately 2 A to form a 3D
labyrinthine network of cages.

The presence of interconnected cages in the structure
enables large ion mobilities and fast ion exchange. Ion-
exchange reactions with the ions Cs*, Rb*, Na*, Li*, and H*
were performed on K;,Cd;sSn;,Se,s at room temperature
(Table 1).[1) The mobility of the K* ions is surprisingly high,
despite the relatively small diameter of the tunnels. As also
observed for K¢Cd,Sn,Se;;,”’ Rb* ions can replace almost all
the K* ions in K;,Cd;sSn;,Se to form Rb,,Cd,sSn,,Se . The
strongly hydrated Li* ion is a larger entity and gives a lower
exchange yield than the Cs*, Rb*, and Na' ions. In the case of

Table 1: Energy dispersive spectroscopy (EDS) analysis of the ion-
exchange products.

Exchanged cation ~ EDS analysis Exchange yield® [%)]

Cs* Ki.44C55.64Cd15.125N125€43 05 86
Rb* Ko.84Rb13.52Cd14 765M125€42.36 94
Na* Ky 56N a1 40Cd14.0sSM2S€450 88
Li* Kz 53Cd13.325N125€46.05 37
H* Ks.68Cd12.485M25€43.08 67

[a] In the cases of Li* and H* ion exchange, the yield is calculated based
on the theoretical formula K;,Cd;sSn;,Se,q; all other yields are calculated
based on the amount of cations detected.
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H* ion exchange, approximately 2/3 of the K* ions were
exchanged when a concentrated acid solution (pH 1.7) was
used. When the pH was 2.3, almost no exchange of K* ions
was observed.

In a remarkable acid-induced 3D-to-3D transformation at
room temperature, K Cd,Sn;Se;; was converted into
K,4_H,Cd;sSn;,Se s, which adopts a new structure type. The
[Cd,sSn;,Se )" framework, which contains a tunnel network
of accessible cages of labyrinthine complexity, is highly robust
and acid resistant. The new structure type may serve as a
suitable model for understanding the structures of amorphous
mesostructured chalcogenides,'”'®! for example, the meso-
structured “Pt-SnSe,,” which also shows marked resistance to
acids and excellent ion-exchange properties.'”)
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the availability of the much better refined structures of the
isostructural compounds K, , M,Cd;5sSn;,Se.

Synthesis of K, , M ,Cd;sSn;,Se,s (M =Ca, Mg; x~ 1.5, 4): K,Se
(0.093 g, 0.6 mmol), Cd (0.143g, 1.3 mmol), Sn (0.120¢g,
1.0 mmol), and Se (0.260 g, 3.3 mmol) were combined in an
evacuated and flame-sealed fused-silica tube, and melted at
900°C. The product was loaded into a 9-mm pyrex tube along
with CaCl, (0.066g, 0.6mmol) or MgClL,-6H,0 (0.145¢g,
0,7 mmol), and deionized water (0.2 mL). The tube was then
evacuated to 3 x 10~ Torr and flame sealed. The tube was kept at
115°C for 18-24 h. The products, dark orange tetrahedral or
polyhedral crystals, were collected by filtration, and washed with
water, ethanol, and diethyl ether. Yield: 70%. The main
impurity is K,CdSnSe, (ca. 30%). The crystals are stable in air
for months. The powder X-ray diffraction patterns of
K4 2:M,Cd;sSn,Seyq are identical to that of
K4 H,Cd;sSn;,Se s, demonstrating that the compounds are
isostructural.

K, ,.Ca,Cd;sSny,Se,s (x~1.5) crystal data: A polyhedron-
shaped crystal with dimensions 0.085 x 0.102x 0.093 mm® was
chosen for the single-crystal X-ray diffraction experiment. An
empirical absorption correction was applied to the data using
SADABS. The structure was solved with direct methods and
refined using SHELX-97. K¢4Ca(3Cd;sSn;,Seys, M,=7031.99,
cubic, 143d (No. 220), a=23.2807(4) A, V=12617.9(4) A%, Z=
4, Pcarca = 3.807 mgm >, £ =18.500 mm'; index range —27 <h <
27, —27<k<27, —-27<I1<15; total reflections 30752, inde-
pendent reflections 1855, parameters 66, R1=0.0516, wR2 =
0.1337, GOF=1.140. The K* and Ca’" ions are disordered
over several sites in the cavity. EDS analysis of the single crystal:
K,4Ca,3Cd 40Sn,Se,3 ;. Further details of the crystal structure
investigation may be obtained from the Fachinformationszen-
trum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany
(fax: (4+49)7247-808-666; e-mail: crysdata@fiz-karlsruhe.de)
on quoting the deposition number CSD-415497.

Synthesis of K;,Cd;sSn;,Seys: K,Se (0.186 g, 1.2 mmol), Cd
(0.286 g, 2.6 mmol), Sn (0.240 g, 2.0 mmol), and Se (0.520 g,
6.6 mmol) were combined in an evacuated and flame-sealed
fused-silica tube, and melted at 900°C. The product was loaded
into a 13-mm pyrex tube along with deionized water (0.3 mL).
The tube was then evacuated to 3 x 10~ Torr and flame sealed.
The tube was kept at 180°C for 6 days. Dark orange polyhedral
crystals were isolated in 61% yield. The impurities are
K,CdSnSe, (ca. 29 %), CdSe (ca. 10%), and a small amount of
Se.

K4Cd;5Sn;,Se 4 crystal data: A polyhedron-shaped crystal with
dimensions 0.115 x 0.096 x 0.098 mm® was chosen for the single-
crystal X-ray diffraction experiment. An empirical absorption
correction was applied to the data using SADABS. The structure
was solved with direct methods and refined using SHELX-97.
K.,Cd;sSn;,Seys, M,=7989.84, cubic, 143d (No. 220), a=
23.090(3) A, V=12311(3) A%, Z=4, pouea=3.933 mgm >, u=
19.001 mm™; index range —27<h<27, -27<k<27, -27<
1<27; total reflections 73484, independent reflections 1815,
parameters 67, R1 =0.0768, wR2 = 0.1874, GOF = 1.210. The K*
ions are disordered over several sites in the cavity. EDS analysis
of the single crystal: K;,,Cd,,sSn;,Sey, . Further details of the
crystal structure investigation may be obtained from the
Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leo-
poldshafen, Germany (fax: (4 49)7247-808-666; e-mail: crys-
data@fiz-karlsruhe.de) on quoting the deposition number CSD-
415498.

See Supporting Information for further discussion of the cationic
site occupancy.

T. F. Nagy, S. D. Mahanti, J. L. Dye, Zeolites 1997, 19, 57. See
Supporting Information for further explanation of the calcula-
tion of the free space.
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A typical ion-exchange reaction with H* ions: K,Cd;sSn;,Se,q
(20 mg) was mixed with an aqueous solution of HI (pH 1.7,
15 mL). The mixture was left at room temperature for 5.5 h
without stirring. The product was collected by filtration, and
washed with water, ethanol, and diethyl ether. The crystallinity
of the sample was confirmed by X-ray powder diffraction before
and after the ion exchange. The extent of the ion exchange was
assessed with EDS analysis.

A typical ion-exchange reaction with A* ions (A =Li, Na, Rb,
Cs): K4,Cd;sSn;,Seys (40 mg) was mixed with and aqueous
solution of A* ions (LiI, Nal, RbCl, or CsCH;COO; ca.
20 equiv, 10 mL) at room temperature and stirred for 5h. The
products were collected by filtration, and washed with water,
ethanol, and diethyl ether. The crystallinity of the samples was
confirmed by X-ray powder diffraction before and after the ion
exchange. The extent of the ion exchange was assessed with EDS
analysis.
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