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ABSTRACT: A novel three-dimensional heterobimetallic cluster {[Bu4N][WS4Cu3(CN)2]}n (1) with a heavily distorted diamondoid topology
was constructed from the T-shaped building clusters [WS4Cu3]+ and single cyanide bridges in a 4-connected mode; this cluster shows
strong third-order nonlinear optical properties.

The design and synthesis of multidimensional coordination
compounds have continued to attract considerable interest for both
the intriguing architectures and the physical properties of the
resultant materials.1 M/S/Cu (M ) Mo, W) clusters have long been
explored for their diverse coordination modes and potential ap-
plications, particularly in third-order nonlinear optical (NLO)
materials.2–4 Although a rich variety of ligands and building units
have been used to synthesize M/S/Cu clusters,2,4 crystal engineering
of multidimensional clusters with well-defined geometries still faces
great challenges to control the complexity and diversity of the
frameworks.4 It is noteworthy that multidimensional M/S/Cu cluster
frameworks are usually constructed from double-bridging ligands,
which has limited both the fabrication of such polymeric clusters
and the diversity of cluster architecture;4–9 to the best of our
knowledge, except for “planar” open clusters [MS4Cu4]2+ and the
nest-shaped cluster [WOS3Cu3]+,6–9 no three-dimensional (3-D)
M/S/Cu clusters have thus far been constructed using other building
units. In contrast to double-bridging ligands, single bridges can play
a unique role in the construction of multidimensional M/S/Cu
clusters; for example, the first two-dimensional (2-D) W/S/Cu
cluster, constructed from the linear building clusters [WS4Cu2], is
connected by single cyanide bridges.5b These aforementioned
investigations inspired us to explore a single-bridge strategy for
the generation of novel 3-D M/S/Cu clusters, employing building
clusters other than [MS4Cu4]2+ and [WOS3Cu3]+. We report herein
a novel 3-D cluster {[Bu4N][WS4Cu3(CN)2]}n (1) with a heavily
distorted diamondoid network, which is linked through single
cyanide bridges only, the first 3-D example of Mo(W)/S/Cu clusters
constructed by the 4-connected T-shaped building clusters
[WS4Cu3]+. Z-scan studies of 1 reveal strong third-order NLO
properties.

The reaction of (NH4)2WS4 and CuBr (molar ratio of 1:3) in
dimethylformamide (DMF) led to an orange-red solution. After
stirring and filtration and then layering the filtrate with a solution
of (Bu4N)CN in i-PrOH for several days, 1 was obtained as orange-
red block crystals (yield: 36% based on W).10 X-ray crystallographic
analysis revealed that 1 crystallizes in the tetragonal chiral space
group P43212,11 and each [WS4Cu3]+ in 1 is linked by another four
[WS4Cu3]+ units through single cyanide bridges to furnish a novel
3-D framework (Figure 1).

As shown in Figure 2a, the building cluster [WS4Cu3]+ with a
4-connected mode exhibits C2 symmetry. Cu2-W1-Cu2a and
Cu2-W1-Cu1 angles are 177.67(13)° and 88.83(6)°, respectively,
giving rise to a nearly T-shaped arrangement for each building
cluster [WS4Cu3]+. In each [WS4Cu3]+, three Cu atoms have two
kinds of coordination environments; one is coordinated by two µ3-S
and two cyanide bridges, forming a tetrahedral geometry, and
another two have a triangular coordination geometry formed by
one µ2-S, one µ3-S atom, and one cyanide bridge. The W atom
possesses a tetrahedral coordination geometry through bonding to
two µ2-S and two µ3-S atoms, with the S-W-S angles ranging
from 107.5(2) to 111.1(2)°. The bond lengths of Cu-µ2-S (Cu2-S1,
2.230(7) Å) are comparable to those of Cu-µ3-S (Cu2-S2, 2.235(6)
Å; Cu1-S2, 2.333(5) Å), while bond lengths of W-µ2-S (W1-S1,
2.187(5) Å) are shorter than those of W-µ3-S (W1-S2, 2.234(4)
Å), which leads to the expected shortening of the W1 · · ·Cu2
distance (2.650(2) Å) in comparison with the W1 · · ·Cu1 distance
(2.740(3) Å).

Network analysis of 1 reveals that the short vertex symbol of 1
is 66, the same as those of 3-D M/S/Cu clusters with diamondoid
topological networks that were constructed from [MS4Cu4]2+ and
[WOS3Cu3]+.6,8,9 Because of the T-shaped arrangement of each
building cluster [WS4Cu3]+, 1 shows an irregular 3-D 4-connected
network (Figure 2b). All 6-membered rings possess highly distorted
chair forms,12 which results in a heavily distorted diamondoid
topological network for 1.

The packing diagram in Figure 1 exhibits two kinds of irregular
shaped channels, while both the building clusters and channels show
an unusual ABCD stacking manner. One-dimensional (1-D) square-
like channels can be seen down the c-axis (Figure 3a), while viewed
along the a- or b-axis, the packing diagram of 1 reveals 1-D peanut-
shaped channels (Figure 3b). Interestingly, examining the [100],
[010], and [001] planes of 1 (Figure 3) shows that the channels in
every two adjacent layers adopt different stacking behavior, in
contrast to adjacent channels in the [111] plane which stack in the
same manner (Figure S2, Supporting Information).

T-shaped building clusters [MS4Cu3]+ (M ) Mo, W) have been
used previously to construct polymeric M/S/Cu clusters (for
example, {[Et4N]2[WS4Cu3(SCN)3]}n a13 and {[PPh4][WS4Cu3-
(CN)2] ·MeCN}n b5b). However, each [WS4Cu3]+ in a is linked
through double bridges that form an infinite 1-D chain, while the
building clusters in b are connected by both single and double
bridges, resulting in an infinite 2-D network. In the present study,
the same building clusters as those in a and b are assembled to
construct the new 3-D framework of 1 via single bridges only. In
particular, b possesses the same anionic composition as 1, but has
a 2-D rather than a 3-D structure because of the presence of some
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double bridges. The single-bridging ligands clearly play a crucial
role in the generation of the 3-D framework of 1. Clusters with
larger connectivity numbers afford more complex and diverse
frameworks; for example, M/S/Cu clusters with a 3-connected mode
tend to form 2-D network structures,5b while clusters in a
4-connected mode usually form 3-D frameworks.6–9 From a
topological perspective, building units of multidimensional M/S/
Cu clusters will have larger connectivity numbers when linked in

a single-bridge manner than the same building units linked in a
double-bridge manner. Thus, 1 possesses a 3-D framework because

Figure 1. Packing diagram of 1 (ball-and-stick representation), showing each T-shaped building cluster in a 4-connected topology and channels in
an ABCD stacking manner (cations of 1 are omitted for clarity; S yellow, C grey, N blue, Cu red, W green).

Figure 2. (a) Partial view of the 3-D anionic ball-and-stick plot for 1,
showing the 4-connected mode of the T-shaped building cluster
[WS4Cu3]+ (S yellow, C grey, N blue, Cu red, W green); (b) a fragment
of the heavily distorted diamondoid network emphasizing two six-
membered rings; the pink balls and white sticks represent the T-shaped
building clusters [WS4Cu3]+ and single cyanide bridges, respectively.

Figure 3. Packing diagram of 1 (ball-and-stick representation), viewed
along (a) the c-axis and (b) the a- or b-axis, showing the interlaced
square-like and peanut-shaped channels, respectively (cations of 1 are
omitted for clarity; S yellow, C grey, N blue, Cu red, W green).
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of its T-shaped building clusters in a 4-connected mode, which
benefits from the single-cyanide-bridge connection; this differs from
a and b, which have 1-D and 2-D frameworks for their 2- and
3-connected modes, respectively. This may imply that a single-
bridge strategy using building clusters other than [MS4Cu4]2+ and
[WOS3Cu3]+ should be effective for the construction of new 3-D
M/S/Cu clusters with a variety of intriguing geometries.

The third-order NLO absorptive and refractive properties of 1
were measured by the Z-scan method14 with linearly polarized 4.5-
ns pulses at 532 nm generated from a Q-switched frequency-doubled
Nd:YAG laser, showing that 1 has strong effective third-order NLO
absorptive and refractive properties, as illustrated in Figure 4. The
nonlinear absorption component was evaluated under an open-
aperture configuration, and the nonlinear refractive property was
assessed by dividing the normalized Z-scan data obtained under
the closed-aperture configuration by the normalized Z-scan data
obtained under the open-aperture configuration. The valley/peak
pattern of the corrected transmittance curve shows that 1 exhibits
self-focusing behavior. The NLO absorptive coefficient R2 of 1 was
calculated to be (7.5 ( 0.6) × 10-11 m W-1. With the measured
value of the difference in the normalized transmittance values at
the valley and peak positions, the NLO refractive index n2 was
calculated to be (1.2 ( 0.1) × 10-11 esu. In accordance with the
observed R2 and n2 values, the modulus of the effective third-order
susceptibility �(3) was calculated to be (3.6 ( 0.3) × 10-12 esu;
the corresponding modulus of the hyperpolarizability γ of (3.4 (
0.3) × 10-30 esu was obtained from �(3) ) γNF4, where N is the
number density (concentration) of cluster in the sample solution
and F4 ) 3.3 is the local field correction factor. The hyperpolar-

izability γ of 1 is larger than those of many other heterobimetallic
chalcogenide clusters with different cluster skeletons (for repre-
sentative examples, see Table S1, Supporting Information15), which
indicates that 1 will be a promising candidate for NLO materials.

In conclusion, by exploiting single-cyanide bridges and T-shaped
building clusters, we have successfully constructed a novel 3-D
W/S/Cu cluster with a heavily distorted diamondoid topology. In
contrast to double bridges, single bridges can link the same building
clusters to form more complex and diverse frameworks. Further
studies of the formation of new multidimensional heterobimetallic
clusters constructed by various single bridges and building clusters
are currently in progress.
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