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Few examples are known in which chalcogenide clusters are assembled with organic ligands into
crystallographically ordered covalent superlattices even though molecular crystals of such clusters have
been known for decades. Here by using bifunctional organic ligands as the organizing force, semiconducting
tetrahedral chalcogenide clusters ;§&il,(SPh)s, have been assembled into two-dimensional layers. In
addition, a dimeric unit consisting of two corghell-like G7Se(SPh)s clusters bridged by two organic
ligands has also been synthesized. In these inorgamganic hybrid assemblies, chalcogenide clusters
and bifunctional organic ligands are joined together through métmEnd coordination bonds. A key
structural feature is the presence of two organic bridging ligands between the same two clusters (the
double-bridging mode). This work demonstrates the feasibility of creating organized nanocligsted
superstructures through synthetic design of molecular clusters or bridging ligands.

Introduction has been found to depend on the clustduster distance in
the case of noncovalent linkage, and in the case of covalent

In the area of nanostructured materials, chalcogenide“nkage, the transport properties of the spacer play an
clusters such as G&B(SPh)¢*~ and Cd,SaSePhis(PPh)4 important role’

occupy a position at the extreme lower limit of the size
spectrum of nanoparticles of which size-dependent properties

have been recognized as key to future technological ad'functional nanoporous materials because of their open

vancement:2 Unlike colloidal nanoparticles, chalcogenide . . . ) X .
nanoclusters have uniaue advantg es resultin fr%m theirarchltecture. Unlike traditional oxide microporous materials
q 9 g that are usually insulating, semiconducting nanocluster

preC|s_er defl_ned_ size and compositiof. In addition to superlattices may have useful optical or electrooptic proper-
potential applications in nanotechnology, they could serve _. . . ; : .
. . ties. Such integration between uniform porosity and semi-
as model systems and provide synthetic and structural I .
conductivity in nanocluster superlattices can lead to new

e aplcatons n arees such as Shape- of Size-selectve -
P P y tocatalysis and electrochemical solar célls.

have less well-defined structures. )
N lust latti that iodi ¢ Currently, there are two common types of chalcogenide
anocluster superiattices thal are periodic arays of ,qcjyster superlattices. In the first type, chalcogenide
nanoclusters represent a new class of materials that are . o ctors such as G8.4(SPh)s(DMF); (DMF = N,N-

dlf:‘%renTt_grom I;anf;e ' |nd|V|dut§1I na}noclusterst olr condlertwt_sed dimethylformamide) crystallize through noncovalent interac-
solids. The colleclive properties ot nanocrystal SUpenatlices ;.\ 1o form molecular crystafks!t In such molecular

are dependent on 'individ.ual clust.ers,' cross-linking ligands crystals, clusters tend to form closed packed structures, and
if present, and their spatial organization. For example, the few routes are available to allow the assembly of these

activation energy for electron transfer between nanopartlclesClusters into different spatial patterns. In the second type,

nanoclusters (e.g., 1681° ", IN1eCdiS331%, and Cd;Sy(SCH>-
pin;;ll—t?n fe‘r’]vgémucr Jorrespondence  should  be addressed.  E-mall - CH,OH),e) are joined together through corner-sharing chal-
T University of California. cogens (e.g., B, SPh, and $?) to form rigid covalent
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Table 1. Summary of Crystallographic Data for Co-Assemblies Synthesized in This Study
namé COV-5 CdS-TMDPy COV-7 CdS-BPEA COV-8 CdSeS-TMDPy

cluster type C2,1 Cds C2,1Cds C1 CdSeS
cluster compositidh Cd@zS_]A(SPh}GL4 Cdg2514(SPh);6L4 CdﬂS&(SPh)eLz
space group P2:/n P2i/c P2i/c

a(A) 22.0477(2) 22.6957(4) 32.028(6)

b (A) 61.0454(7) 21.8142(4) 27.889(6)
c(A) 22.2861(3) 57.6612(10) 42.198(9)

S (deg) 94.011(1) 93.245(1) 99.636(5)
R(F) 5.69 5.43 7.68

aTMDPy = 4,4-trimethylenedipyridine, @H14N2; BPEA = 1,2-bis(4-pyridyl)ethane, SH12N». P L = pyridyl at the tetrahedral corner. The number of
ligand molecules per formula unit is half of the number of pyridyl groups.

superlatticed? *® One limitation with this approach comes
from the inflexible M—X—M angle (M= metal ions and X

Experimental Section

= chalcogens) that places a significant constraint on the Synthesis All materials q!scus.sed in this work were synthesized
under solvothermal conditions in the temperature range between

number of topological types that can be achieved. 85 and 150°C. The solvents were mainly acetonitrile, water, or

In this research, to overcome above limitations and to their mixtures. Cd(SPh)land [N(CH)4]2[Cds(SPh)], the sources
expand compositional and topological diversity of nanoclus- for C?* and SPh, were synthesized by the literature meti#be?
ter superlattices, we employ bifunctional organic ligands as COV-5 CdS-TMDPy. A total of 0.168 g of (NMg);[Cd.-
the organizing force to stabilize and assemble semiconducting(SPh)ol, 85 mg of 4,4-trimethylenedipyridine, 0.464 g of a 10%
nanoclusters into crystallographically ordered superlattices. N&S:0s'5H;0 aqueous solution, and 10.119 g of water were mixed
The structural diversity of organic ligands, together with the in a 23_-mL Teflon lined stainless steel autoclave and stirred for
size, composition, and topological tunability of chalcogenide ~20 Min. The vessel was sealed and heated arCSlr 3 days.

. . . After cooling to room temperature, the filtered solid product was
nanoglusters, opens up arich opportunity for the (.:reatlon of washed with water and ethanol to give pure COV-5 CdS-TMDPy
a variety of unprecedented nanocluster superlattices.

crystals.
Prior to our work, few examples of the covalent co-  cov-7 CdS-BPEA. A total of 1.690 g of tetraphenylphospo-
assembly between chalcogenide nanoclusters and organigium bromide (PPBr), 1.940 g of thiourea, and 7.652 g of Cd-
ligands exist. However, very recently, a series of one- (SPh)were mixed together with 100.093 g of acetonitrile and 9.141
dimensional covalent superlattices were created from dif- g of water. After stirring for~30 min, the mixture became a clear
ferent cadmium chalcogenide clusters and organic ligils. ~ solution. To a 25-mL thick-walled glass vial were added 2.990 g
In this work, among various bifunctional molecular ligands, of this clear solution, 0.094 g of 1,2-bis(4-pyridyl)ethane, and 0.245

bipyridines have been selected to organize chalcogenided °f Water. The vial was sealed and heated af@Jor 3 days.

nanoclusters into unique dimeric or two-dimensional super- After cooling to room temperature, COV-7 CAS-BPEA was
. . . . . obtained in the form of pale yellow crystals.

structures. In these inorganrtorganic hybrid assemblies,

lust d bifuncti | ic li d ‘oined COV-8 CdSeS-TMDPy.To a 23-mL Teflon lined stainless steel
nanociusters an llunctional organic ligands are JoINed , ;;,cjave were added 0.214 g of'4tdmethylenedipyridine, 0.017

together through metaligand coordmaﬂ_on bonds. _It IS g of Se, 0.168 g of (NM@,[Cd«(SPh)d, 2.690 g of acetonitrile,
further demonstrated here that organic ligands of different ang 0.420 g of water. After the mixture was stirred 620 min,
length and rigidity can be used for co-assembly between the vessel was sealed and heated at°Clfor 5 days. After cooling
tetrahedral clusters and organic ligands, making it possibleto room temperature, a mixture of COV-8 CdSeS-TMDPy and
to create organized nanoclustéigand superstructures through  COV-9 CdSeS [CdSs(SPh)¢ was obtained?

synthetic design of either nanoclusters and bridging ligands, Single-Crystal Structure Analysis. Each crystal was glued to

in addition to various patterns of joining them together. a thin glass fiber with epoxy resin and mounted on a Bruker APEX
II diffractometer equipped with a fine focus, 2.0 kW sealed tube
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T = 150 K, Pmax = 50°, R(F) = 12.13% for 661 parameters and
15539 reflections withl > 2¢(1). The high R(F) is due to the
disordered phenyl groups in the structure. COV-9 has a covalent open-
framework structure consisting of two interpenetrating diamond-type
lattices in each of which [GdSe(SGsHs)2¢] (C1) clusters occupy the
tetrahedral node and are connected through corner-sharigh
groups.
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Table 2. Chemical Comzriositicins and Charges of € Clusters in the The first member (denoted C1) in thenGeries contains
Cd*"—S"—SPh- System 17 metal sites (e.g., [GeB4(SPh)g?") while the second
umber | Umper. - number number member (denoted C2) contains 32 metal sites (e.gSed
orf1 tetra- t(rji; e Seg%e comer (SPh}s-4DMF).2° Note that the anionic sites at four corners
edral coorainate . .
Cn  idealized formula S~ site$ S~ sites sited sites can sometimes be partially (for Cd-8 or Cd-17 clusters) or
CO  CaS(SPhZ 1 0 12 4 completely occupied with neutral ligands (e.g., 35k
Cl  CdsSu(SPhys~ 4 0 24 4 (SPhys4DMF).? which serves to reduce the negative charge
C2 C@zSM(SPh)o‘F 10 4 36 4 er Cluster
C3  CdhuSeSPh)s- 20 12 48 4 P :
gg ggatfégg((SSP;E;l;_ gg ig gg j While the core of a @is a regular fragment of the cubic
06 ClhnSidSPhy? 84 60 84 4 zinc blende type phase, its four corners are barrelanoid cages
g; gdzazszodgﬁuioo;: igg ﬁ; 1%% i possessing the characteristics of the hexagonal wurtzite type
c9 cizgz.((sphﬁi”* 220 142 120 4 phase. For @ clusters, each b_arrelanoid cage [3Ph)S]
C10  CdiggSsee(SPh)as?> 286 180 132 4 at one of four corners can be independently rotated (around

aA Cn cluster consists of a regulamTeluster at the core covered on  the threefold axis of the tetrahedron) by*6@nhich results

each face with a single sheet of atoms called the-T (L) sheet. In addition, in four additional series of tetrahedral clusters denoted as
each corner of the Mcluster is covered with a MX group. The T 1)

sheet is defined as the bottom and the largest atomic sheet of 4 T Cnm clusters _(fom = 1, however, only one corner can be
cluster. For a @ cluster with the formula MXp, a = n(n -+ 1)(n -+ 2)/6 + rotated). The integem refers to the number of corners that
4(n + 1)(n + 2)/2+ 4 andb = (n + 1)(n + 2)(n + 3)/6 + 4(n + 2)(n + have been rotated from their original position in parent C

3)/2 + 4. Note that the number of metal sites is equal to the total number lust While @ clust -k | f
of anionic sites in the preceding member. Here, M is usually a divalent clusters. e clusters are well-known, examples o

metal cation and X is a combination of divalert §S&) and SR (or Cn,m clusters were rare prior to our work.
SeR’). P The number of tetrahedrafSsites is the same as the number of . . .
metal sites in the T(+ 1) cluster, i.e., if + 1)(n + 2)(n + 3)/6.¢ The Two-dimensional structures reported here consist of Cd-

tricoordinated & sites are located on four @(+ 1) sheets. The 32 clusters with one barrelanoid cage rotated, and such

tricoordinated % sites in a T + 1) sheet is equal to the number of metal ; i
sites in a T — 1) sheet. The latter is equal torT¢ 1) — T(n — 2) = n(n clusters are thus denoted as C2,1 (Figure 1A). In addition,

— 1)/2. The total per cluster i — 1). 9 The edge-SPh sites are located ~ COre—shell-like Cd-17 clusters (C1, Figure 1B) have also

on four T + 1) sheets and are equal to A(3 3). been synthesized as building blocks in a dimeric assembly.
SHELXTL, and final full-matrix refinements were agairi$t The Factors Affecting Co-Assembly between Chalcogenide
crystallographic results are summarized in Table 1. Clusters and Bifunctional Ligands. A key factor that
controls the connectivity and assembly of chalcogenide
Results and Discussion clusters is the charge on each precursor cluster and the charge

Tetrahedral Chalcogenide Clusters as the Inorganic ~ On €ach ligand. In this work, the charge per cluster is
Building Blocks. Chalcogenide nanoclusters that serve as determined by the size of the cluster, and the charge of the
structural building units here belong to a series of tetrahedron-ligands is chosen to be neutral. In a simple composition in
shaped clusters termed capped tetrahedral clusters denote@hich the cluster is only terminated with negativeSPh
as 1.5 The (n series is one of three series of tetrahedral groups (€.9., CASs(SPh)¢*~, Cck2S14(SPh)¢""), the charges
clusters commonly observed in open-framework chalco- on Cd-17 and Cd-32 clusters ar€2 and—4, respectively
genides. Two other series are known as supertetrahedra(Table 2). In principle, up to four terminatSPh groups can
clusters () and penta-supertetrahedral clusters)(MBe- be replaced with neutral bridging ligands; however, the
cause of geometric relationships among these clusters, theconsideration of charge poses a limitation on the number of
general stoichiometry ofrlPand G clusters can be derived terminal—SPh groups that can be substituted. Because under
from the stoichiometry of m clusters (Table 2516 solvothermal conditions the formation of positive clusters

Figure 1. Two different tetrahedral clusters synthesized in this study. (A) The C2,1 cluster in COV-5, and COV-7 has one corner barrelanoid cage rotated.
(B) The C1 cluster in COV-8. Green sphere 2Ccbrange sphere, S/Se; blue sphere, nitrogen in the pyridyl group. Carbei®Pin and bridging bipyridines
are omitted for clarification.
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Figure 2. Two-dimensional organization of Cd-32 clusters. (A) In COV-5, C2,1 CdS clusters are connectet-ioyngthylenedipyridine. (B) In COV-7,
C2,1 CdS clusters are joined by 1,2-bis(4-pyridyl)ethane molecules. Figures in the second row show the stacking of layers.

has never been observed and is unlikely to form, only two
corners of Cd-17 clusters are available for cross-linking
whereas Cd-32 clusters can use up to four corners for cross-
linking when neutral ligands are employed.

In addition to charges of clusters and ligands, the number
of donor atoms on each ligand is also expected to control
the assembly and dimensionality of the resulting structures.
This work focuses on the use of bidentate ligands (bipyridines
in particular).

Co-Assembly between Chalcogenide Clusters and Bi-
functional Ligands. Through temperature control, in com-
ination of th imization of other syntheti rameter
bination of the opt ation of other synthetic parameters Figure 3. Bridging the gap between discrete clusters and extended covalent

such as solvent and m0|eCU|ar. precursors, large Cd-325ssemblies. In COV-8, corahell-type CazSex(SPhys clusters are bridged
clusters (C2,1) have been stabilized under solvothermalthrough two TMDPy molecules into a dimer.

conditions and co-assembled into two unique two-dimen-

sional superstructures (Figure 2). The common structural Different bridging ligands can be used for the co-assembly
pattern in these two-dimensional co-assemblies is the pres-Process. In COV-5, TMDPy molecules are used as ligands
ence of a dimeric unit formed by connecting two Cd-32 10 bridge C2,1 CdS clusters, whereas in COV-7, C2,1 CdS
clusters through two ligands. The formation of such dimeric clusters are jointed through shorter '4pfpyridylethane.

units leaves four “free” corners (for each dimer) for cross-  One unique situation is the formation of an isolated dimeric
linking with other dimers. Each dimer behaves like a pseudo- structure. In COV-8, two Cd-17 coreshell-type CdSeS
tetrahedral unit and is joined to four adjacent dimers through clusters are connected by two TMDPy molecules into an
four cross-linking ligands to form two-dimensional arrays. isolated dimer (Figure 3), which subsequently crystallizes
Thus, these two-dimensional patterns result from the com-into a molecular crystal. Such a dimeric structure illustrates
bined use of single and double organic bridges betweenthe range of structure types that are accessible through the
inorganic nanoclusters. synthetic method reported here.
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Conclusion noncovalent assemblies. The remaining challenges include
The use of bifunctional organic ligands as linkers has been the use of negatively charged, multidentate, or electronically

demonstrated as an efficient approach to create zero- anaand o_pti_cally agtive ligands to create_ three-dimensional
two-dimensional assemblies of chalcogenide tetrahedral ©r9anic-tnorganic hanocluster superlattices.

nanoclusters. Materials reported here represent just a few
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