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Zeolite analogues based on oxysulfidometalate
supertetrahedral clusters via coulombic
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Four zeolite-like crystalline salts, T3-MEP and T4-MTN/DIA/LON (where MEP, MTN, DIA and LON are the
topological codes), have been fabricated. They are self-assemblies of anionic supertetrahedral clusters of
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T3-1SN1004520187/T4-[SN4IN15ZN404531]*°~ and protonated amines by electrostatic interactions. Among
them with zeotype assignment, T3-MEP has the cubic unit-cell parameter a = 50.58 A whereas T4-MTN
features cubic system axial-lengths reaching 80.44 A. All of them present excellent proton-conductivity,
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Introduction

Microporous oxide-based zeolites are built from Si and/or Al in
tetrahedral coordination and are at the center of many impor-
tant industrial applications, including petrochemical refining
and gas separation.’™ So far, over 248 types of zeolite frame-
works have been registered by the Structure Commission of
International Zeolite Association.® However, the large optical
band-gap and the inherent single component characteristic of
zeolites restrict their application fields. Integration of organic
species and the combination of a variety of different metals
into the skeleton of zeolites offer great opportunity for expand-
ing their architectures and functionalities. Accordingly,
zeolite-like metal-organic frameworks (MOFs) which are con-
structed using inorganic units and organic struts have been
well explored.””® Substitution of the classical tetrahedral Si/Al
nodes by divalent metal cations such as Zn**, Co** and the
oxide spacers by angular imidazolates or their derivatives in an
aluminosilicate zeolite has led to one subset of MOFs, also
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e.g., T3-MEP exhibits over 107* S cm™" under 50 °C and 98% relative humidity.

well known as ZIFs.”® Substitution of two divalent cationic

centers in ZIFs by one monovalent ion and one trivalent ion,
typically, Li* and B*" respectively, generating another subset of
MOFs, viz. BIFs.'*"7 The interconnection of tetrahedral
{Cu,l,} clusters and linearly ditopic molecules of diazabicyclo
[2.2.2]octane (CeH1,N,) forms a zeotype structure denoted as
COZ-1."® Two widely studied MOFs, MIL-100 and MIL-101, are
by corner-sharing comprised of tetrahedral cages, which are
defined by four chromium trimers linked by carboxylate
anions, affording an MTN architecture if serving the tetra-
hedral cages as a 4-connected node.'?° Nevertheless, zeolite-
like MOFs are still rare, because of the limited tetrahedrally
shaped structural moieties, which are the fundamental com-
ponents for zeolitic topology.

Supertetrahedral chalcogenido metalate clusters are con-
sidered to be a promising building unit in the design of
zeotype frameworks due to their diverse composition and
specific geometric configuration.> > On account of the
smaller bond angle of metal-chalcogen-metal than metal-
oxygen-metal coupled with diversified coordination modes of
chalcogen atoms, chalcogenido metalate clusters tend to form
a pore-free architecture. Until now, most of the zeolitic nets
(viz. SOD, BCT, ABW, RWY, NAB) composed of metal-chalco-
genide clusters have been microporous, except ISC-16-MInS (M
= Zn/Fe) and T3-SnOX-MTN (X = S/Se) reported recently.>*™°
Hence, construction of metal-chalcogenide clusters through
self-assembly processes for the formation of periodic lattices
mimicking zeolites and featuring large-pores is a daunting
challenge.

In contrast to the rigid pores in extended frameworks by
direct-bonding, the cavities enclosed by discrete molecular
clusters held together via weak interactions exhibit enhanced
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flexibility and adaptability.>* Their scalable nature enhances
the accessibility of larger molecules and facilitates the under-
standing of the host-guest interactions. Introduction of
surface highly valent metal ions can assist the isolation of dis-
crete metal-chalcogenide clusters in a crystal lattice.*
However, these molecular clusters, if only tetravalent metal
cations are used, such as Sn', prefer to spontaneously
organize into a dense structure. Previously, chalcogenidometa-
late clusters orderly packed in a zeolite array via non-covalent
interactions have been rarely reported, due to the existence of
a large pore cavity adverse to structural stability.

Herein, we have developed four tin-based oxychalcogenides,
of which one is based on T3-[Sn;y0,S,0]°~ with the MEP of a
zeolite network (T3-MEP), another three consist of T4-
[SnyIn;,Zn,0,4S3,]"°" of a larger size (T4-MTN, T4-DIA and T4-
LON). They are constructed from discrete supertetrahedral
clusters by electrostatic forces between them and the proto-
nated guest amines, which are used as templates and charge-
balancing agents. Among them, the arrangement for T4-MTN
generates a cubic unit-cell parameter of a = 80.44 A, which pre-
sents the largest unit-cell parameters reported to date in crys-
talline chalcogenidometalate compounds. Both T3-MEP and
T4-MTN possess a hierarchy system of extra-large pores. For
the former, two pores labelled as 5'* and 6°5'* with internal
diameters of 1.9 and 2.1 nm, respectively, are crosslinked by
sharing their pentagonal windows. For the latter, there are
also two pores interconnected via sharing their pentagonal
windows (termed 5'* and 6*5'? with internal diameters of 1.6
and 2.4 nm, respectively). In addition, the abundant hydrogen-
bonded network also gives tin-oxychalcogenides a good proton
conductivity performance. In particular, the value of the repre-
sentative T3-MEP exceeds 10~ S cm™" at 50 °C and 98% rela-
tive humidity (RH).

Results and discussion

Colourless octadecahedral crystals of T3-MEP were prepared by
mixing n-butyltin trichloride ("BuSnCl;), thiourea ((NH,),CS),
N-methyl-2-pyrrolidone ~ (NMP), SnCl,-2H,O and La
(NO3);3-6H,0. The mixture was sealed in a Teflon-lined stain-
less-steel Parr autoclave, and heated at 120 °C for 8 days. The
crystals of pure phase were obtained after 3 days in room temp-
erature. For T4 series, the solvothermal reaction of "BuSnCls,
(In(OAc);-6H,0), Zn(OAc),-2H,0, and (NH,),CS, in the pres-
ence of different amines, heated at 120 °C for 7 days, afforded
pale yellow octahedrally shaped crystals (for T4-MTN/DIA) and
hexagonal prism crystals (for T4-LON). Details of the syntheses
are provided in the ESI.j All members of the tin-based oxychal-
cogenides have been characterized by a variety of techniques
(available in the ESIY).

Single-crystal X-ray diffraction (XRD) studies revealed that
T3-MEP crystallizes in a cubic space group, Pm3n, with lattice
parameters a = 50.584 A, V = 129431 A%, As shown in Fig. 1a,
there are two types of Sn atoms. Each of the four apex Sn
atoms bonds with four S atoms and one O atom adopts a trigo-
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Fig. 1 Crystal structure of T3-MEP. (a and b) Discrete T3-like superte-
trahedral cluster, [Sn1004S201%~, in ball-stick and polyhedral representa-
tion. (c and d) Hexagonal and pentagonal windows encircled by T3-clus-
ters. (e and f) 6252 cage A and 52 cage B created by connecting the
centers of the supertetrahedral units. (g and h) MEP-type arrangement
of the cluster anions and its MEP net topology. Sn, teal; S, gold; O, red.

nal-bipyramidal geometry, and the remaining Sn atoms on the
edges are octahedrally coordinated by four S and two O atoms.
Its unit-cell contains 46 supertetrahedral oxygen-stuffed stan-
nate cluster anions of {Sn;y04S}*”, which are charge
balanced by H'NMP cations. The counterions and other
organic species in the cluster-based chalcogenidometalate
structures are hard to be identified by XRD, but the co-crystal-
lization of H'NMP in T3-MEP could be detected by mass spec-
trometry (MS) (Fig. S11). To accommodate the charge balance,
there are eight H'NMP cations per cluster. Some of the
H'NMP cations may be located between two clusters with their
rings oriented parallel to the faces of the cluster, which can be
seen in the electron density difference map (Fig. S6). The con-
tribution of the highly disordered H'NMP and other solvate
molecules was removed from the reflection data using the
SQUEEZE procedure. Every two adjacent clusters are almost
face-to-face parallel with an interplanar distances of ca. 5.5 A
(Fig. S71). The H'NMP cations provide T3-MEP with a strong
electrostatic effect, which induces {Sn;(0,S,,}°" anions to be
scattered in 3D space to form a MEP net where each cluster is
simplified as a node. Notably, the MEP topology is uncom-
mon, and only one case of MPF-1 in MOFs has been reported
so far.*® Accordingly, T3-MEP can be divided into two cat-
egories of windows of five- and six-membered rings with aper-
ture sizes of ca. 1.1 and 1.6 nm, and two categories of cages:
cage-A composed of 24 and cage-B composed of 20 cluster
units (Fig. 1e and f, marked as 6°5'> and 5'%), with diameters
of about 2.1 and 1.9 nm, respectively, following consideration
of the van der Waals radius of the edge atoms. Each cage-A is
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surrounded by 10 cages-A through face-sharing of two hexag-
onal rings and eight pentagonal rings, and connects to 4
cages-B through face-sharing of the pentagonal rings
(Fig. S91). To the best of our knowledge, such giant cages are
still rare in cluster-based metallic chalcogenides, and even in
MOFs.>” "' As calculated by PLATON, the solvent available
volume is ~73% of the entire crystal volume.

T4-MTN is of sulfido-oxido stannate zeotype network based
on {Sn4In122n4O4831}1°_ cluster anions of larger version than
ones in T3-MEP. Accordingly, compared with T3-MEP, T4-MTN
has larger cubic unit cell parameters of a = 80.44 A, which sur-
passes the series of T3-MTN recently reported by us, and also
represents the largest lattice parameters for all of the chalco-
genidometalate crystals. In the structure of T4-MTN, the two
opposite triangular faces from two different adjacent clusters
are nearly parallel (dihedral angles, 0° and 8°) in an eclipsed
configuration with the interplanar spacing of ca. 6.3 A
(Fig. $77). In addition to the same 5'* cages as in T3-MEP, T4-
MTN contains larger hexadecahedral cages, termed 65"
(Fig. S117). The diameters of the spherical cavities within 5
and 6*5"? cages are ca. 1.6 nm and 2.4 nm, respectively (taking
into account the van der Waals radius of the protruding
atoms). Its extra-cluster volume ratio is 64.8% as estimated by
PLATON.

By using different protonated amines as counterions and
templates, three other zeolite-like four-connection networks,
ie., T4-DIA, T4-LON and T4-SOD** (T4-SOD was reported by
Wu et al.), based on the similar discrete T4 cluster as that of
T4-MTN can be obtained (Fig. 2). T4-DIA crystallizes in a pretty
common diamond-topology net, which is the underlying struc-
ture for the assembly of tetrahedral nodes. All the opposite
faces of adjacent clusters in T4-DIA are arranged in a parallel

Fig. 2 (a) Different topological nets constructed by treating discrete
T4-type supertetrahedral clusters as a node.
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and staggered fashion with an interplanar distance of ca. 7 A.
Within T4-DIA, a 6* cage with a diameter of ~8.4 A was formed
(Fig. S127}). The lonsdaleite-topology in T4-LON is quite similar
to the diamond network but relatively rare. For T4-LON, the
clusters are packed to form both boat-like and chair-like six-
membered rings, which together generate an ultrasmall 6°
cage of 6.6 A in diameter (Fig. S137). Different from the stack-
ing patterns above, in T4-SOD, the two opposite trigonal faces
of neighbouring clusters adopt a non-parallel fashion, result-
ing in a distorted truncated octahedral cage with a twist of a
square ring and a hexagonal ring, eventually forming a soda-
lite net (Fig. S147).

The electronic structures of these cluster-based zeotype net-
works were investigated by diffuse reflectance UV-vis spec-
troscopy. The results indicate that the packing pattern has less
impact on its absorption edge, while the size of the cluster sig-
nificantly affects its bandgap. As shown in Fig. S21, T3-MEP
has a bandgap of ca. 3.16 eV, much greater than that of the
chalcogenidometalate compounds based on T4 clusters,
ranging from 2.68 eV to 2.45 eV estimated by the Kubelka—
Munk function.**** This could be mainly attributed to the size
dependent effect relative to its energy band structure.
Thermogravimetric analysis reveals that the packing arrange-
ment is a critical factor affecting its stability. Among them, T4-
DIA was observed to have the highest thermal decomposition

(@) 160004 o 75%RH 3
. o . 98% RH
® 85%RH ) .
®  95%RH g
120004 © 98%RH &1 g
% ‘:
g o3 }js 6 7 8 9
Ry 8000 s © ° Z'(KQ)
8 % o
00 ) )
40004 8°
& °
i\, L
0¥ r r T T
0 5000 10000 15000 20000
Z'(KQ)
(b)
0.0 4
-0.54
s E,=0.47 eV
5 .10-
2
=
S
[
=154
-2.04
3.1 32 33 34
1000/T(K™)

Fig. 3 (a) Nyquist plots of the pelleted sample of T3-MEP at different
RH at 25 °C. (b) Arrhenius plots of proton conductivity vs. the tempera-
ture for T3-MEP under 98% RH.
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temperature (up to 180 °C), due to the compact stacking of
clusters and the strong electrostatic forces between clusters
and protonated amines.

The existence of the abundant H'-carriers suggests the
possibility of using these zeotype-lined chalcogenides based
on clusters as hydrated proton conductors. As a representative,
the Nyquist plots of T3-MEP were obtained by subjecting the
compacted pellets to alternating-current impedance spec-
troscopy to evaluate its proton-conductivity under varying rela-
tive humidities (RH, 75-98%) at 25 °C (Fig. 3a). The proton-
conductivity is positively associated with RH. As the RH
increases from 75% to 98%, the conductivity gradually
increases from 1.32 x 1077 to 5.56 x 10~* S cm™". To further
understand the conducting mechanism, the dependence of
conductivity on temperature was investigated at 98% RH
(Fig. 3b), and the proton conductivity of T3-MEP reached 2.29
x 107> § em™ at 50 °C. As determined from the Arrhenius
plot, its activation energy (E,) is 0.47 eV. The high activation
energy indicates that the proton carrier transfer follows the
vehicle mechanism.

Conclusions

In conclusion, four zeolite analogues of sulfido-oxido stannate
crystal salts have been prepared, viz. T3-MEP and T4-MTN/DIA/
LON based on tetrahedrally shaped clusters, T3-{Sn;004S,0}°~
or T4-{Sn,In;,Zn,0,S;:}"°", respectively. These clusters are
charge-complemented by protonated organic amines. Under
the assistance of coulombic interactions, such oxide-filled
clusters are distributed in 3D space to develop four 4-con-
nected topological networks (MEP, MTN, DIA, and LON).
Among them, T4-MTN exhibits a cubic unit-cell of 520 446 A®,
which is the largest in the family of the crystalline cluster-
based metal-chalcogenides. Similar to the T4-MTN made of
cages 5'% and 6*5'* with diameters of 1.6 and 2.4 nm, T3-MEP
has hierarchically colossal cavities, viz. cages 5'* and 65> of
diameters of 1.9 and 2.1 nm. Due to the presence of abundant
proton carriers, T3-MEP has a proton conductivity of 2.29 x
107 S em™ at 50 °C and 98% RH. This work expands zeolite-
like materials composed of discrete supertetrahedral chalco-
genido metalate clusters.
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