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A 12-Connected Dodecanuclear Copper Cluster with Yellow Luminescence
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The 3-D 12-connected metal-organic framework [Cu12Br2(CN)6/2-
(SCH3)6][Cu(SCH3)2], containing dodecanuclear copper clusters,
has been solvothermally synthesized and exhibits efficient yellow
luminescence. The emission mechanism was studied in detail to
elucidate the relationship of the luminescent properties and crystal
structures, which is helpful for the design and synthesis of more
efficient luminescent materials.

The analysis of metal-organic framework structures with
a topological method is of great current interest in the crystal
engineering field recently because of applications not only as
important tools for simplifying complicated coordination
polymers but also in the rational design of some functional
materials with special properties.1 The classifications of
structures by Wells and O’Keeffe et al. lay the foundation
for the general understanding of inorganic solids as well as
metal-organic frameworks.2 Among these structure types,

many coordination polymers with 3-8-connected topo-
logical networks in which d- and f-block ions act as nodes
are known,1,3 while a connectivity larger than eight remains
unknown in the metal-organic frameworks, probably be-
cause of the limited coordination numbers of metal centers
and steric hindrance of the organic ligands.3c,f Compared
with d- or f-block ions, metal clusters commonly have larger
sizes andmore coordination sites but smaller steric hindrance
when coordinated by organic ligands and have been used
as nodes for high-connected metal-organic frameworks
recently.4,5

Besides the curiosity in the construction of frame-
works with metal clusters as design elements, an interest
in the special luminescent properties of filled-shell d10

metal cyanide complexes drives us to synthesize d10 metal
cluster-cyanide complexes. According to others’6,7 and
our8,9 recent studies, the d10 metal complexes formed
with cyanide groups as bridging ligands and halide ions as
ancillary ligands have been shown to be highly luminescent
materials with abundant optical transitions. In the present
communication, we report the synthesis and luminescent
properties of a 12-connected dodecanuclear copper cluster
with a pseudo-primitive cubic (pseudo-pcu) topology,
[Cu12Br2(CN)6/2(SCH3)6][Cu(SCH3)2] (1).
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The solvothermal reaction10 of copper(I) thiocyanate
(CuSCN) and tetrabutylammonium bromide in acetonitrile
and methanol produced complex 1, which was characterized
by X-ray single-crystal structural analysis,11 elemental ana-
lysis, andFourier transform infrared (FT-IR) spectroscopy.12

The structure of 1 exhibits a 3-D 12-connected framework
with pseudo-pcu topology based on spherical dodecanuclear
copper(I) clusters [Cu12(μ4-SCH3)6]

6þ connected by cyanide
groups, bromide anions, and [Cu(SCH3)2]

- subunits. The
structure has no isolated guest molecules and no residual
solvent-accessible void (calculation byPLATON), showing a
closest-packed structure. As shown in Figure 1, there are
seven unique CuI ions in the asymmetric unit. The three-
coordinate Cu1, Cu2, Cu4, Cu5, and Cu6 ions are all in a
distorted trigonal-planar coordination environment with
CuS2C1, CuS2C(N)1, CuS2Br1, CuS3, and CuS3 coordina-
tion geometry, respectively; The four-coordinate Cu3 atom is
approximately tetrahedrally coordinated by one μ-Br atom,
one cyanide (μ-CN-) N atom, and two S atoms from two
methyl mercaptide groups (μ4-SCH3), while the two-coordi-
nate Cu7 is linearly connected by two S atoms from two

methyl mercaptide groups (μ3-SCH3) to form a subunit of
μ4-[Cu(μ3-SCH3)2]

- with a S-Cu-S bond angle of 180�.
Interestingly, two-, three-, and four-coordinate CuI atoms
coexist in 1, which is the second example8a according to the
survey of theCambridgeCrystallographicDatabase. S atoms
in methyl mercaptide groups adopt two different kinds of
bridgingmodes: S1, S2, and S3 in μ4-S and S4 in μ3-S. To our
knowledge, the μ4-S bridging mode is rare andmainly occurs
in silver complexes13 but scarcely in copper(I) complexes.5b,14

Two adjacent centrosymmetric sets of S1, S2, and S3 atoms
bridge two adjacent centrosymmetric sets of Cu1, Cu2, Cu3,
Cu4, Cu5, and Cu6 atoms to form a spherical dodecanuclear
copper(I) cluster [Cu12(μ4-SCH3)6]

6þ, in which the 12 CuI

atoms display a Cu12 cuboctahedron-like configuration and
all S atoms reside in the approximate square-pyramidal
CSCu4 environment with one C atom at the apex and four
CuI atoms in the equatorial plane. The Cu 3 3 3Cu separation
in the cluster varies from 2.7961(8) to 3.001(1) Å, suggesting
weak Cu-Cu interactions, while the Cu-S bond distances
range between 2.243(1) and 2.381(1) Å. Accordingly, the
[Cu12(μ4-SCH3)6]

6þ cluster in 1 is different from that in the
reported [Cu12(CN)6(μ4-SCH3)6] 3 2H2O,5b in which the cor-
responding bond angles and lengths are equivalent.
Each spherical [Cu12(μ4-SCH3)6]

6þ cluster connects eight
adjacent clusters through four μ4-[Cu(SCH3)2]

- subunits and
four μ-Br atoms to form a 2-D layer along the a and b
directions and further links four similar clusters by four
μ-CN- groups along the c direction and two symmetry-
related disordered μ-CN- groups along the [-1 0 1] direction
to generate a 3-D closest-packed framework (Figure 2 and
Figure S1 in the Supporting Information). Thus, each sphe-
rical [Cu12(μ4-SCH3)6]

6þ cluster connects 12 adjacent clusters
through four μ4-[Cu(SCH3)2]

- subunits, four μ-Br atoms,
four μ-CN- groups, and two symmetry-related disordered

Figure 1. Coordination environments of Cu atoms in 1. Methyl groups
of methyl mercaptide groups are omitted for clarity. Symmetry codes:
A,-x, 1- y, 2- z; B, 1-x, 1- y, 2- z;C, 1þx,y,-1þ z;D, 1-x, 1- y,
1 - z; E, 2 - x, 1- y, 2- z; F, 2 - x, -y, 1 - z; G, x, 1 þ y, z.

Figure 2. Spherical [Cu12(SCH3)6]
6þ cluster (represented as a turquoise

polyhedron) connecting 12 adjacent clusters through four [Cu(SCH3)2]
-

subunits (orange), four μ-Br atoms (green), four μ-cyanide groups (gray),
and two symmetry-related disordered μ-cyanide groups (black).

(10) A mixture of CuSCN (243 mg, 2 mmol) and Bu4NBr (161 mg,
0.5 mmol) in 5 mL of acetonitrile and 5 mL of methanol was sealed in a 25 mL
poly(tetrafluoroethylene)-lined stainless steel container under autogenous pres-
sure and heated at 160 �C for 3 days, followed by cooling at 2 �C/h to room
temperature. The resulting orange crystals [Cu10(SCH3)6][Cu(CN)(SCH3)2]2
(crystal data at 293 K: triclinic, P1, a = 8.5492(5) Å, b = 9.1668(2) Å, c =
11.813(1) Å, R = 74.16(2)�, β = 74.16(2)�, γ = 65.31(2)�, V = 806.43(1) Å3,
reported by Li and Wu14b) and red crystals 1 (ca. 10% yield, based on copper)
were collected and separated manually.

(11) Crystal data of 1: triclinic, P1, a = 9.2047(5) Å, b = 9.570(1) Å, c =
9.8376(5) Å, R = 83.39(1)�, β = 71.06(1)�, γ = 85.89(2)�, V = 813.6(1) Å3,
Z= 1,Mr = 1440.65, F= 2.940 g cm-3, F(000) = 686, μ(Mo KR) = 11.282
mm-1, θmax= 25.03�, 5162measured reflections, 2830 independent reflections.
R1 (wR1) = 0.0604 (0.1417) for 2315 reflections [I > 2σ(I)] and 170
parameters. GOF = 1.002. Crystal dimensions: 0.17 � 0.15 � 0.10 mm3.

(12) Anal. Calcd for 1, C11H24Br2Cu13N3S8: C, 9.17; H, 1.68; N, 2.92.
Found: C, 9.15; H, 1.62; N, 2.99. FT-IR (KBr, cm-1): 3377 (br, s), 3039 (w),
2948 (m), 2873 (m), 2826 (w), 2378 (w), 2344 (m), 2271 (w), 2128 (m), 1654 (w),
1497 (w), 1478 (w), 1352 (m), 1106 (s), 952 (w), 679 (w), 614 (m), 481 (m),
417 (w). ν(CN): 2128 (m).
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μ-CN- groups to generate a 3-D 12-connected framework.
The topology of the 3-D framework can be rationalized in
terms of a pseudo-pcu net by defining the dodecanuclear
[Cu12(μ4-SCH3)6]

6þ clusters as 12-connected nodes and μ-Br,
μ-CN-, and μ4-[Cu(SCH3)2]

- subunits as linkers (Figure 3
and Scheme S1 in the Supporting Information).
Another feature of 1 is in situ generation of CN- and

SCH3
- groups through the solvothermal reaction of CuSCN

with acetonitrile and methanol, whose reaction mechanism
has been reported by Li.14b The C-N bond lengths in the
CN- groups are found to be 1.142(6) or 1.161(7) Å, which
was verified through an FT-IR spectrum because there is a
medium peak at 2128 cm-1, corresponding to the CtN
stretching vibration of the cyanide groups.8a

Compound 1 displays a strong broad yellow-luminescent
emission band in the solid state at 575 nm upon photoexcita-
tion at 386 nm (Figure 4), and its lifetime was measured as
4.9 ns (see the Supporting Information), suggesting it to be a
good candidate for luminescent material. The emission peak
is similar to that of the byproduct [Cu10(SCH3)6][Cu(CN)-
(SCH3)2]2.

14b Density functional theory calculation of the
electronic band structure of 1 alongwith density of states was
carried out with the CASTEP code.15 The results indicate
that the origin of the emission band may be mainly ascribed
to the coupling of metal-to-ligand charge transfer, where the

electrons are transferred from the copper (Cu 3d states, VBs)
to unoccupied π* orbitals of cyanide groups (Ccyanide 2p and
Ncyanide 2p states, CBs) and metal-centered transitions (CuI,
ds/dp) of the type 3d10 f 3d94s and 3d10 f 3d94p on the
copper(I) center (Figure S2 and its explanation in the
Supporting Information).
In conclusion, we have synthesized a 3-D 12-connected

pseudo-pcu topological metal-organic framework contain-
ing dodecanuclear copper clusters and exhibiting efficient
yellow luminescence. The results are significant not only for
validating the feasibility of using a cluster as a building block
to construct high-connectivity networks but also for elucidat-
ing the relationship of the luminescent properties and crystal
structures in d10 metal cyanide complexes, which may be
helpful for the design and synthesis of more efficient lumine-
scent materials.
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Figure 3. View of the simple cubiclike packing pattern of the spherical
[Cu12(SCH3)6]

6þ clusters. Figure 4. Solid-state electronic excitation (λex = 386 nm) and emission
(λem = 575 nm) of 1 at room temperature.
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