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Because of their interesting and unique structures and properties,
chalcogenide tetrahedral clusters have attracted increasing atteftion.
Geometrically, chalcogenide tetrahedral clusters generally fall into
one of three series: supertetrahedral clusten$, {fentasupertetra-
hedral clusters (®), and capped tetrahedral clustersn€ In
addition to the synthesis of clusters with novel compositions and
structures, there has been a strong desire to organize these clusters
into open-framework architecture that may have use as nanoporous
semiconductor$.1® Compared to porous oxides, these chalco-
genides are characterized by the integration of open architecturefigure 1. (Left) C2 cluster [Cd,S;4(SPhjg]>” in COV-10 and COV-11.

. . . f " g Green sphere: Cd. Orange sphere: 2S. (Right) 3D framework of COV-
with semiconductivity and might find applications beyond those 10CdS-FePAL. Two interpenetrating lattices are represented in green and

of traditional insulating oxide$:'? Such applications include  pjye tetrahedra, respectively. The template, [Fe(1,10-phenanthgiine)
photocatalysis, photovoltaics, and sensing. is shown in ball-and-stick.

To further promote the potential applications of crystalline porous ¢ ,sters as tetrahedral nodes makes COV-10 and COV-11 excep-
semiconductors, it is highly desirable to develop composite materials ;ignal The large size of the [GgB1((SCHs)> cluster leads to

that allow uniform molecular-level integration of crystalline 5,46 extraframework space occupied by cationic metal complexes.
semiconducting frameworks with optically active guest species. The |, comparison, no extraframework space is present in the

synergistic effects in such composite materials would offer un- Cch 7Sy (SCHCH,OH),s framework!® The symmetry difference
precedented properties leading to novel applications. Unfortunately, yatween COV-10 and COV-11 might result from the disorder of
chalcogenide open frameworks developed thus far generally containy, o framework phenyl groups and the metal-chelate dyes.
extraframework organic cations (e.g., quaternary ammoniums,  The ynprecedented covalent superlattices built from Cd-32
proto_nated amines) or hydrated inorganic cations that do not usually o ,sters result from the unique templating strategy employed for
contribute to electronic and optical propertfed? I1-VI chalcogenides for the first time. Because of the low charge
Here we demonstrate the use of optically active metal-chelate density of G clusters, the frameworks of COV-10 and COV-11
dyes (e.g:, '[M(l,lo-phenanthrollrg]e?)* (M.= Fe, Ru2+,)‘ [Fe- have considerably lower charge density than those fronfelg.,
(2,2-bipyridine)]?*) as templates to organize chalcogenide clusters g INp2ZN13Ss4t®) or Pn (e.g., P2 1a,LisSsa18) clusterst10 The
into either molecular crystals (denoted MOL-6 and MOL-7, Table ;56 of metal-chelate dyes as templates is therefore essential for the
1) or three-dimensional (3D) covalent open frameworks (dinoted synthesis of the covalent frameworks based on large Cd-32 clusters.
COV-10 and COV-11, Table 1) from nanosized §&3,(SCGsHs)z¢] Compared to commonly used protonated amines or inorganic
clusters. o o cations, the metal-chelate dyes used here have larger size and lower
This work represgnts the first time tha_t—N/I clusters contalnlng charge density. This feature makes them ideal to template the
as many as 32 Cd sites are assembled into covalent superlattices. tormation of superlattices that are also made of low-charge density

Prior to this work, nearly all @ clusters have been prepared as ysters. In addition, the hydrophobic surface of the metal-chelate
isolated clusters. Two exceptions are & (SCHCH,OH)s and dyes also matches well with the hydrophobic surface of the
Cd7S4(SGHs)24(CH30CS),), both of which are based on Cd-17 nanoclusters.

clusters (denoted T}, the first member in the Cseriesi®™® The structural and compositional diversity of metal-chelate dyes
All materials were synthesized under solvothermal conditions g¢earg many possibilities in the controlled assembly of different
at temperatures between 85 and T8 Cf* and SPh sources |y _charged nanoclusters into open topologies that are not acces-
are usually in the form of Cd(SPh)’ Thiourea is used as th€'S  gjhje with conventional organic or inorganic templates. The work
source. Metal-chelate dyes were prepared by mixing metal cations enrted here represents an unprecedented application of the host
with corresponding ligands. The solvent is N or a mixture of 465t charge density matching (i.e., global charge matching) in the

CHsCN and HO in various ratios. ] construction of superlattices from-MI nanoclusters.
COV-10 and COV-11 reported here represent the first two |, aqgition to templating the formation of 3D covalent frame-

examples of covalent open frameworks consisting of corner-sharing works, metal-chelate dyes can also induce the crystallization of
2— i . - . .

[Cds2S14(SGeHs)adl*~ (C2) clusters (Figure 1). Both adopt the 2-fold  ifferent tetrahedral clusters and stabilize their molecular lattice.
interpenetrating diamond-type lattice with Cd-32 clusters at the Thege molecular crystals can be synthesized at a temperature lower
tetrahedral node. Even though the double-diamond-type topology than, that for covalent framework structures. For example, MOL-
i H 2— .
is commort: the adoption by large HVI [Cd3:S4SCsHs)zg 6CdS-FePAL was successfully synthesized at°l1@om the same

t University of California, Riverside. reaction mlxture for COV-10CdS-FePAL tha}t was obtained qt 130

* California State University. °C.17In this work, Cd-32 clusters are present in both MOL-6 (Figure
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Table 1. Summary of Crystallographic Data in This Study?

name® cluster cluster composition space group a(h) b (R) c(h) S (deg) R1
COV-10CdS-FePAL c2cds GEB14(SPhye calc 48.250(2) 48.650(2) 35.652(2) 131.386(2)  6.28
COV-10CdS-RuPAL c2cds GEB14(SPh)g? c2lc 48.448(6) 48.899(7) 35.851(5) 131.502(3)  6.13
COV-11CdS-FeBPy c2 cds @514(SPh}e? Fddd 46.374(2) 51.581(2) 53.407(2) 90 7.61
MOL-6CdS-FePAL C2,1CdS  GeBi(SPh)e* P2,/c 20.9325(4)  46.3439(9)  34.2172(7) 92.061(1)  9.67
MOL-7CdS-FeTMPAL ~ C2,1CdS  GgSi(SPhje* P1 21.588(4) 22.323(4) 43.844(9) 78.61(3) 6.83

a Diffraction data were collected on a Bruker APEX diffractometer with Ma K-ray source at 98150 K. The final full-matrix refinements were
againstF2. R(F) = S||Fo| — |F¢/|/Y |Fol with Fo > 4.00(F). For MOL-7CdS FePAL,o. = 76.220(30); y = 84.380(30). P FePAL = [Fe(1,10-
phenanthroling)?*; RUPAL = [Ru(1,10-phenanthrolingf"; FeTMPAL = [Fe(3,4,7,8-tetramethyl-1,10-phenanthroli); FeBPy= [Fe(2,2-bipyridine)]2".
Due to disorder of surface capping phenyl groups, it is not possible to obtain accurate bond lengths involving carbon atoms.

relatively low-charged chalcogenide nanoclusters into nanocluster
open frameworks that are not accessible by other templating
methods. The resulting chalcogenide open frameworks exhibit
interesting optical properties that reflect the combined effects of
both metal-chelate dyes and semiconducting open frameworks.

Acknowledgment. We thank for the support of this work by
the NSF (P.F.), Beckman Foundation (P.F.), and the donors of the
Petroleum Research Fund (administered by the ACS) (X.B.). P.F.
is a Camille Dreyfus Teacher-Scholar.

Figure 2. (Left) Individual C2,1 cluster [Cd,S;14(SPh)g]*~ in MOL-6 and ; ; ; . ; ; _
MOL-7. Green sphere: Cd. Orange sphere: 2S. The rotated barrelanoid Supporting Information Available: - Crystallographic data includ

cage is highlighted by purple-colored bonds. (Right) Structure of MOL-6. ing positional parametgrs, thermal .param.eters, and bond distanpes and
C21 clusters are shown in green tetrahedra. The template, [Fe(1,10- angles (CIF, PDF). This material is available free of charge via the
phenanthroling]?*, is shown in ball-and-stick. Internet at http://pubs.acs.org.
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Figure 3. UV —vis absorption spectra for selected compounds.
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properties could be tuned by changing either the type of metal
centers or organic ligands. This interesting property might make

them useful candidates as visible light photocatalysts or photocurrent

generators.

In conclusion, metal-chelate dyes have been demonstrated as

effective structure-directing agents to control the organization of

as an example. A solution containing 67 mg of Fe@B3 mg of 1,10-
phenanthroline, and 25.122 g of @EN was prepared. A quantity of 2.557

g of this solution, 85 mg of Cd(SPH)Y41 mg of thiourea, and 0.508 g of
water were then mixed in a 23-mL Teflon-lined stainless steel autoclave
and stirred for~20 min. The vessel was then sealed and heated at 130
°C for 5 days. After cooling to room temperature, crystals of COV-10CdS-
FePAL were obtained as red crystals.
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