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Microporous and 

Photoluminescent Chalcogenide 
Zeolite Analogs 

Nanfeng Zheng,1 Xianhui Bu,2 Bing Wang,1 Pingyun Fengl* 

Crystalline semiconducting sulfide and selenide zeolite analogs were synthe- 
sized that possess four-connected, three-dimensional tetrahedral networks 
built from tetravalent (M4+ = Ge4+ or Sn4+, where M = meta) and trivalent 
(M3+ = Ga3+ or In3+) cations. Microporous materials were obtained in all four 
combinations of M4+ and M3+, and some of them were thermally stable up to 
at least 380?C. These materials exhibit framework topologies with pore size 
ranging from 12 to 24 tetrahedral atoms, high surface area, high framework 
charge density and ion exchange capacity, and tunable electronic and optical 
properties. 
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to petroleum processing (1). For -50 years, 
there has been interest in developing porous 
materials with either novel chemical compo- 
sitions or new framework topologies because 
properties and applications of porous materi- 
als are intimately related to their composi- 
tional and topological features (2, 3). In gen- 
eral, the synthesis of new porous materials 
involves the replacement of tetrahedral atoms 
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(T atoms), such as A13+ or Si4+, in zeolites 
by other T atoms, such as Ga3+, Ge4+, and 
P5+ (4). Resulting oxides are usually insula- 
tors and have very limited electro-optic 
applications. 

To expand microporous materials beyond 
their traditional applications, researchers 
have found that it is desirable to synthesize 
microporous semiconducting materials. Crys- 
talline porous semiconductors may find ap- 
plications in electrocatalysis, photocatalysis, 
and electrochemical sensor analysis, where 
size and shape of chemical and biochemical 
agents are important for selectivity. Analyti- 
cal applications have the potential for excep- 
tionally high sensitivity because of the pre- 
concentration effect of porous materials 
through adsorption or ion exchange. 

One of the most important goals in devel- 
oping crystalline porous semiconductors is to 
generate three-dimensional (3D) frameworks 
with enhanced thermal stability. Since the 
late 1980s, research involving porous chalco- 
genides has received increasing attention 
with the synthesis of a number of open- 
framework chalcogenides (5-10). When only 
tetravalent metal cations, such as Ge4+ or 
Sn4+, are used to build chalcogenide frame- 
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Table 1. A summary of crystallographic data for selected UCR-20, UCR- 
21, UCR-22, and UCR-23 structures. Crystal structures were solved from 
single-crystal data collected at 298 K on a SMART 1000 charge-coupled 
device diffractometer with Mo Ka. For UCR-211nSnS-AEP, b = 16.943 + 
0.003 A. Standard deviations for a and c are given by the numbers in 
parentheses, with the number representing the deviation in the least 
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C6H14N2O. R(F) = 2:Fobsl - IFcacl lI/IFobsl with Fobs > 4.0(r(F). 
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UCR-20GaGeS-TAEA Ga2 67Ge1.33S8 -4 -4 20.9352(15) 20.9352(15) 7.21 
UCR-20GaSnS-TMDP Gal.8Sn2.2o8 -4 4 21.5404(17) 21.5404(17) 5.54 
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UCR-21nGeS-APP In 84Ge2.l6s8 -4- 411.5313(15) 19.936(4) 6.94 
UCR-211nSnS-AEP InxSn4xS8 -4 4 13.379(2) 25.973(5) 6.48 
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UCR-22GaSnSe-TOTDA Ga1.73Sn2.27Se8 -4 - 23.841(3) 42.555(7) 6.83 
UCR-23GaGeS-AEM Ga2 67Ge133S8 4 -4 21.638(3) 11.209(2) 5.43 
UCR-23GaSnS-AEM Ga2.29Sn,171S8 -4- 4 22.169(3) 11.3168(18) 5.68 
UCR-23lnGeS-AEM In1.84Ge2.16S8 -4 -4 22.153(3) 11.3435(18) 6.79 
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works, there is a strong tendency to form 
non-3D structures. Early attempts to prepare 
3D microporous chalcogenides depended pri- 
marily on the use of mono- or divalent cat- 
ions (e.g., Mn2+) to join together chalco- 
genide clusters, such as Ge4SlO4- (11-13). 
These low-charged metal sites could decrease 
the framework stability. The destabilizing ef- 
fect of divalent cations (e.g., Co2+, Mn2+) in 

porous aluminophosphates is well known 
(14-16). Recently, indium chalcogenides 
with or without the incorporation of mono- or 
divalent cations have been reported to have 
highly open architecture (6, 9, 17, 18), but 
these materials usually collapse at tempera- 

tures that are <300?C. To enhance frame- 
work stability and to develop thermally stable 
porous semiconductors, we adapted the sta- 
bility rule for zeolite synthesis, which states 
that stability requires that a Si4+/Al3+ ratio is 
not less than 1. We found that stability in the 
metal chalcogenides also requires a M4+/ 
M3+ ratio range. The range of the M4+/M3+ 

ratio for materials synthesized in this work is 
between 0.2 and 1.2. 

We synthesized a large family of chalco- 
genide zeolite analogs by simultaneous triple 
substitutions of 02- with S2- or Se2-, Si4+ 
with Ge4+ or Sn4+, and Al3 with Ga3+ or 
In3+. All four possible M4+/M3+ combina- 

Fig. 1. A sodalite cage decorated with 
M4X1o (M = Ga/Ge, Ga/Sn, In/Ge, and 
In/Sn; X = S and Se) clusters in UCR- 
20. Colors are arbitrary and represent 
different chemical units. 

Fig. 2. (A) The 3D M4X1o decorated sodalite framework in UCR-20. (B) Six M4X1o clusters are joined 
into a six-membered ring in UCR-21 with the decorated cubic ZnS framework. (C) The 3D 
framework of UCR-22 with the cubic ZnS-type topology decorated with the coreless T4 super- 
tetrahedral cluster (M16X34). Only one lattice set in UCR-22 is shown. (D) The 3D framework of 
UCR-23 with the decorated CrB4 topology projected down the 16-ring channels. Small yellow 
spheres represent sites of sulfur atoms; metal cations (Ge4+, Ga3+, Sn4+, and In3+) are located at 
the center of every red tetrahedron. 

tions (Ga/Ge, Ga/Sn, In/Ge, and In/Sn) could 
be realized, resulting in four zeolite-type to- 
pologies. More than 12 distinct framework 
materials were synthesized by changing ei- 
ther the topological types or the framework 
composition (Table 1) (19, 20). The actual 
number of as-synthesized compounds is sub- 
stantially greater than that included in Table 1 
because of the large variations in extra- 
framework organic components (table Sl). In 
addition, new forms can be created by replac- 
ing organic components with inorganic cat- 
ions through ion exchange. The distribution 
of M4+ and M3+ in the framework of these 
materials is random. In addition to single 
crystals and polycrystalline powders, thin 
films were grown over some substrates, such 
as graphite electrodes under hydrothermal 
conditions (fig. Sl). 

On the basis of structural type, these ma- 
terials are classified into four families: UCR- 
20, UCR-21, UCR-22, and UCR-23. Each 
number refers to a series of materials with the 
same framework topology but with different 
chemical compositions in either framework 
or extra-framework components. For exam- 
ple, UCR-20 can be made in all four M4+/ 
M3+ combinations, giving rise to four sub- 
families: UCR-20GaGeS, UCR-20GaSnS, 
UCR-20InGeS, and UCR-20InSnS. The 
number of subfamilies doubles if selenides 
are included. An individual compound is 
specified when both the framework composi- 
tion and the type of extra-framework species 
are specified (e.g., UCR-20GaGeS-AEP). 

One of the most important features of the 
structures reported here is the diversity of 
their framework compositions. The large va- 
riety of chemical compositions makes it pos- 
sible to tune physical properties, such as band 
gap, luminescence, pore size, surface area, 
ion exchange, and chemical stability. Com- 
pared to other open-framework chalco- 
genides, such as germanium sulfides or in- 
dium sulfides, these chemical systems are 
particularly intriguing because of their direct 
relation to aluminosilicate zeolites in both 
composition and structure. All of these mate- 
rials have four-connected, 3D zeolite-type 
connectivity. Also like zeolites, they are all 
built from tetravalent and trivalent cations 
with a general framework composition of 
AB2, where A is a tetrahedral cation (Ga, In, 
Ge, and Sn) and B is a bicoordinated anion (S 
and Se). In some of these materials that have 
unusually low M4+/M3+ ratios of -0.20, a 

very large negative charge develops on the 
framework, which should be desirable in ap- 
plications such as gas separation and ion 
exchange, where a high concentration of 
charge-balancing cations is beneficial. 

The extra-large pore size and "3-rings" 
(three T atoms in a ring) are two other strik- 
ing features. UCR-22 and UCR-23 have an 
uncommon pore size consisting of 24 and 16 
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T atoms, respectively, whereas UCR-20 and 
UCR-21 are both large-pore (12 T atoms) 
materials. These inorganic frameworks are 
strictly four-connected 3D networks com- 
monly used for the systematic description of 
zeolite frameworks. Unlike known zeolite 
structure types, a key structural feature is the 
presence of the adamantane cage-shaped 
building unit, M4S1o (21). The M4S10 unit 
consists of four 3-rings fused together. The 
presence of 3-rings is one of the most desir- 
able features in a zeolite-type topology be- 
cause it helps to generate a low-density 
framework (22). For materials reported here, 
the framework density (defined as the num- 
ber of T atoms in 1 nm3) ranges from 4.4 to 
6.5 (table S1). 

Although these chalcogenides are strictly 
zeolite-type tetrahedral frameworks, it is pos- 
sible to view them as decoration of even 
simpler tetrahedral frameworks. "Decora- 
tion" refers to the replacement of a single 
atom by a multiatom cluster having the same 
connectivity pattern (21). Here, each M4S,o 
unit can be treated as a large artificial tetra- 
hedral atom. With this description, UCR-20 
has the decorated sodalite-type structure, in 
which a tetrahedral site in a regular sodalite 
net is replaced with a M4Slo unit (Figs. 1 and 
2A). UCR-21 has the decorated cubic ZnS- 
type structure (Fig. 2B). Open-framework 
materials with the cubic ZnS-type lattice usu- 
ally form two or more interpenetrating sub- 
lattices; however, UCR-21 is non-interpene- 
trating and non-centrosymmetric. UCR-23 
has the decorated CrB4-type network, in 
which tetrahedral boron sites are replaced 
with M4S,o units (Fig. 2D). The M4S, clus- 
ter is a special decoration unit because all of 
its sulfur sites are bicoordinated. As a result, 
a four-connected, 3D tetrahedral net decorat- 
ed with M4S,o units remains a zeolite-type 
four-connected, 3D net. 

REPORTS 

An interesting cluster, M16X34 (X = S or 

Se), occurs in UCR-22. This cluster is con- 
structed from four M4810 cage units sharing 
corer S2- sites (Fig. 3). It resembles a reg- 
ular supertetrahedral T4 cluster (general for- 
mula M20X35), except that the central sulfur 
site and its four adjacent metal sites are not 
occupied (23, 24). A complete T4 cluster 
contains a single sulfur core atom. When this 
core sulfur atom is missing, all of its neigh- 
boring metal sites must also be left unoccu- 
pied because three-coordinated metal cations 
(Ga3+, In3+, Ge4+, and In4+) in these mate- 
rials are not stable. Such a coreless feature 
ensures that all cations have tetrahedral coor- 
dination and all anions have bicoordination, 
an essential characteristic in a four-connect- 
ed, 3D zeolite-type structure. If each coreless 
T4 cluster is treated as a large pseudo-tetra- 
hedral atom, the inorganic framework con- 
sists of two interpenetrating, cubic ZnS-type 
lattices (Fig. 2C). 

The M4+/M3+ sulfides reported have 

substantially improved thermal and me- 
chanical stability over those of many pre- 
viously reported, crystalline open-frame- 
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work sulfides, such as indium sulfides. Se- 
lected samples (e.g., UCR-20GaGeS-AEP, 
UCR-20GaGeS-TAEA, UCR-20InGeS-TMDP, 
UCR-20InSnS-TMDP, UCR-21GaGeS-AEM, 
UCR-22InGeS-AEP, UCR-22GaSnS-AEP, and 
UCR-23GaGeS-AEM) maintained their structural 
and mechanical integrity when heated in air at 
300?C for 1 hour. In all cases, despite a 
significant weight loss of up to -20%, the 
single-crystal quality was retained, as dem- 
onstrated by single-crystal x-ray diffraction. 
Powder x-ray diffraction shows that some of 
these compounds (e.g., UCR-20GaGeS- 
TAEA) are stable at 380?C in argon. A higher 
thermal stability (at least to 420?C) is ob- 
served for the Cs+-exchanged UCR- 
20GaGeS-TAEA under vacuum. 

Direct calcination of as-synthesized samples 
can remove a sizable fraction of extra-frame- 
work organic components. In one experiment, 
-77% of nitrogen and -81% of hydrogen 
were removed from UCR-20GaGeS-TAEA by 
direct calcination at 350?C in nitrogen (20). 
However, the coke formation makes the remov- 
al of carbon more difficult than the removal of 
nitrogen and hydrogen. About 39% of carbon 

Fig. 4. Nitrogen adsorption and 
V * desorption isotherms measured 

at 77 K on a Micromeritics ASAP 
2010 Micropore Analyzer for the 
Cs+-exchanged UCR-20GaGeS- 
TAEA. The ion exchange was per- 
formed at 373 K for 60 hours 
and then dried at 353 K for 2 
hours. Before the measurement, 
the sample was degassed at 373 
K for 6 hours and then at room 
temperature for 16 hours. STP, 

orption standard temperature and 
pressure. 

0.8 1.0 

Fig. 5. Photoluminescent emis- 
sion spectra of selected com- 
pounds. 

uI 
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3 
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Fig. 3. The coreless pseudo-T4 supertetrahedral 
cluster (M16X34) in UCR-22. The decoration 
unit in UCR-22 is M16X34, which is different 
from that (M4X10) in UCR-20, UCR-21, and 
UCR-23. Yellow spheres represent sulfur or se- 
lenium sites; red spheres represent metal sites. Wavelength (nm) 
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was removed from UCR-20GaGeS-TAEA in 
the same experiment. 

Ion exchange with NHI4 followed by cal- 
cination makes it possible to remove extra- 
framework species at temperatures as low as 
100?C. For NH4+-exchanged UCR-20GaGeS- 
TAEA, a thermogravimetric analysis showed 
that the weight loss of 17.2% occurred between 
80? and 150?C, which is much less than the 
temperature range needed for the direct calci- 
nation of the as-synthesized amine-containing 
sample (300? to 360?C). An x-ray powder dif- 
fraction shows that the sample remains highly 
crystalline after the calcination of the NH14+- 

exchanged sample at 180?C under argon atmo- 
sphere (fig. S2). 

In addition to NH4+, these materials under- 
go ion exchange with many mono- and divalent 
metal cations. For example, upon exchange 
with Cs+ ions, the percentages of C, H, and N 
in UCR-20GaGeS-TAEA were dramatically re- 
duced (20). Yet, like the original sample, the 
exchanged sample remains highly crystalline. 
The Cs+-exchanged UCR-20GaGeS-TAEA 
exhibits the type I isotherm characteristic of a 
microporous solid (Fig. 4). This sample has a 
high Langmuir surface area of 807 m2/g and a 
micropore volume of 0.23 cm3/g, despite the 
presence of much heavier elements (Cs, Ga, Ge, 
and S), as compared to the elements present in 
aluminosilicate zeolites. The median pore di- 
ameter calculated with the Horvath-Kawazoe 
method is 9.5 A, 14% larger than that for Mo- 
lecular Sieve Type 13X (8.2 A) determined un- 
der the same experimental conditions. 

These sulfides are also strongly photolu- 
minescent and can be excited with wave- 
lengths from 360 to 420 nm. The emission 
maximum occurs in the range from 460 to 
508 nm (Fig. 5). For example, UCR- 
20GaGeS-TAEA strongly luminesces at 
480 nm when excited at 370 nm. The gen- 
eral trend is that materials with heavier 
elements are excited and luminesce at a 
longer wavelength. 
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Populations of sulfide inclusions in diamonds from the Orapa kimberlite pipe 
in the Kaapvaal-Zimbabwe craton, Botswana, preserve mass-independent sulfur 

isotope fractionations. The data indicate that material was transferred from the 

atmosphere to the mantle in the Archean. The data also imply that sulfur is not 
well mixed in the diamond source regions, allowing for reconstruction of the 
Archean sulfur cycle and possibly offering insight into the nature of mantle 
convection through time. 
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An understanding of the nature of the source 
materials for diamonds would provide impor- 
tant insights into large-scale geophysical pro- 
cesses. For example, elemental and isotopic 
data have been used to argue that diamonds 
and their inclusions are relics of subducted 
crustal materials (1-9), but alternate explana- 
tions such as mantle fractionation processes 
or relict primordial heterogeneity are plausi- 
ble (10-15). Here we report mass-indepen- 
dently fractionated {anomalous A33S = 33S 

- 1000 X [(1 + 834S /1000)0O515 - 1]} (16) 
sulfur isotope compositions for syngenetic 
sulfide inclusions in diamond from the Orapa 
kimberlite pipe, Kaapvaal-Zimbabwe craton, 
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Botswana. We also discuss the implications 
of A33S as an almost perfect tracer of the 
exchange between Earth's geochemical res- 
ervoirs because of its exclusive origin 
through atmospheric photochemistry and its 
preservation through subsequent mass-depen- 
dent fractionation processes. 

The Orapa kimberlite pipe is located with- 
in the Magondi belt, a region of thick (150 to 
225 km) crust along the western margin of 
the Kaapvaal-Zimbabwe craton, which is 
considered to be the surface manifestation of 
the Proterozoic reactivation of the Kaapvaal- 
Zimbabwe craton (17-19). Diamonds from 
Orapa are predominantly eclogite types and 
have a wide range of 813C values [(-26 to -3 
per mil (%o)], 815N values (-10 to +6%o), 
nitrogen contents [(8 to 3450 parts per mil- 
lion (ppm)], and nitrogen aggregation states 
(a 0 to 95% degree of association) (1, 12, 20). 
Silicate and sulfide inclusions from these di- 
amonds have at least two distinct ages (1, 19): 
an Archean population of 2.9 Ga and a Pro- 
terozoic population of 1.0 billion years ago 
(Ga) (1, 19). The sulfide inclusions also have 
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