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ABSTRACT: Five anionic single cyano-bridged Mo(W)/S/Cu cluster-based 

frameworks {[Pr4N][WS4Cu3(CN)2]}n (1), {[Pr4N][WS4Cu4(CN)3]}n (2), 

{[Pr4N][WOS3Cu3(CN)2]}n (3), {[Bu4N][WOS3Cu3(CN)2]}n (4) and 

{[Bu4N][MoOS3Cu3(CN)2]}n (5) were prepared by systematically varying the molar 

ratios of the starting materials, and the specific cations, cluster building blocks and 

central metal atoms in the cluster building blocks. 1 possesses an anionic 3D 

diamondoid framework constructed from 4-connected T-shaped clusters [WS4Cu3]+ 

and single CN- bridges. 2 is fabricated from 6-connected planar ‘open’ clusters 

[WS4Cu4]2+ and single CN- bridges, forming an anionic 3D architecture with an 

“ACS” topology. 3 and 4 exhibit novel anionic 2-D double-layer networks, both 

constructed from nest-shaped clusters [WOS3Cu3]+ linked by single CN- bridges, but 

containing the different cations [Pr4N]+ and [Bu4N]+, respectively. 5 is constructed 

from nest-shaped clusters [MoOS3Cu3]+ and single CN- bridges, with an anionic 3D 

diamondoid framework. Employing differing molar ratios of the reactants and varying 

the cluster building blocks resulted in differing single cyano-bridged Mo(W)/S/Cu 

cluster-based frameworks, while replacing the cation ([Pr4N]+ vs. [Bu4N]+) was found 

to have negligible impact on the nature of the framework. Unexpectedly, replacement 

of the central metal atom (W vs. Mo) in the cluster building blocks had a pronounced 
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effect on the framework. Nonlinear optical (NLO) properties of these single 

cyano-bridged Mo(W)/S/Cu cluster-based frameworks were investigated by the 

Z-scan techniques employing 4 ns pulses at 532 nm; 1, 3 and 5 exhibit effective 

saturable absorption effects when irradiated by low-energy laser pulses, while 1, 2 and 

5 show strong nonlinear scattering properties when irradiated by high-energy laser 

pulses. 

............................................................................................................................………
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Introduction 

Cluster-based frameworks have attracted tremendous attention because of their 

intriguing architectures and topological networks,1 as well as their applications as 

functional materials.2 Most clusters studied thus far have fixed shape and connectivity 

(e.g. the tetranuclear 6-connected octahedral cluster [Zn4O(COO)6]3 and the dinuclear 

4-connected tetragonal cluster [Cu2(COO)4]4), which reduces the prospects for the 

formation of diverse and complex frameworks. Heterothiometallic clusters are an 

important kind of cluster that shows a rich array of cluster skeletons5 with potential 

applications as nonlinear optical (NLO) materials and as models of the active sites of 

metalloenzymes and in catalyses.6 Accordingly, heterothiometallic Mo(W)/S/Cu 

cluster-based frameworks have attracted increasing interest in recent years for their 

fascinating architectures7 and applications in solvatochromism,8 adsorption9 and 

nonlinear optical (NLO) materials.10 Many Mo(W)/S/Cu clusters, possessing a variety 

of skeletons and exhibiting diverse connectivity, have been constructed into 

frameworks; for example, the 4-connected T-shaped cluster [WS4Cu3]+ has been 

employed to construct a 3D diamondoid network,11 the 3D “ACS” and diamondoid 

frameworks can be constructed from 6- and 4-connected nest-shaped clusters 

[MOS3Cu3]+ (M = Mo, W),12 and the planar ‘open’ clusters [WS4Cu4]2+ with 4- or 

8-connectivity can be fabricated into 3D frameworks.13  

While several effective methods (e.g. solid-state syntheses under mild 

thermolysis, solvothermal syntheses, preformed cluster syntheses, etc)14 have been 

successfully developed to construct Mo(W)/S/Cu cluster-based frameworks, a 

systematic study of the effects of modifying the various reaction factors on the 

resultant Mo(W)/S/Cu cluster-based frameworks is lacking. Varying the reaction 

factors, such as the molar ratio of the starting materials, and the specific cation, cluster 

building block etc., may result in the achievement of Mo(W)/S/Cu clusters with 

different skeletons, and correspondingly distinct Mo(W)/S/Cu cluster-based 

architectures, which may inevitably lead to the modification or even subsequently 

decisive change in their physical properties. 

In this study, we report the syntheses and single-crystal X-ray diffraction studies 
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of five anionic Mo(W)/S/Cu cluster-based frameworks supported by single CN- 

bridges, namely {[Pr4N][WS4Cu3(CN)2]}n (1), {[Pr4N][WS4Cu4(CN)3]}n (2), 

{[Pr4N][WOS3Cu3(CN)2]}n (3), {[Bu4N][WOS3Cu3(CN)2]}n (4) and 

{[Bu4N][MoOS3Cu3(CN)2]}n (5). Several reaction factors (the molar ratio of the 

starting materials, and the specific cation, cluster building block and central metal 

atom) are shown to influence the resultant Mo(W)/S/Cu cluster-based frameworks. 

The NLO properties of these single cyano-bridged Mo(W)/S/Cu cluster-based 

frameworks have been determined by Z-scan experiments employing linearly 

polarized 4 ns laser pulses and varying energies at 532 nm. 

Experimental section 

The reactions and manipulations were conducted using standard Schlenk 

techniques under an atmosphere of argon. The starting materials [NH4]2[WS4] and 

[NH4]2[MOS3] (M = Mo, W) were obtained according to the literature procedures.15 

The solvents were carefully dried and distilled prior to use and other chemicals were 

commercially available and used as received. Elemental analyses for carbon, 

hydrogen and nitrogen were performed on a Perkin-Elmer 240C elemental analyzer. 

Infrared spectra were recorded with a Nicolet FT-170SX Fourier transform 

spectrometer (KBr pellets). Electronic spectra were measured on a Shimadzu 

UV-3100 spectrophotometer. 

Preparation of {[Pr4N][WS4Cu3(CN)2]}n 1. Pr4NI (0.63 g, 2.0 mmol), CuCN (0.27 g, 

3.0 mmol), and NH4SCN (0.46 g, 6.0 mmol) were added to 10 mL DMF and the 

resultant mixture was stirred for 5 min. [NH4]2[WS4] (0.35 g, 1 mmol) was then added 

to the above solution, and the reacting system was stirred for an additional 15 min. 

The resulting solution was then filtered and the orange filtrate was carefully layered 

with 1 mL DMF and 20 mL CH3CN sequentially. Several days later, 1 was obtained 

as orange block crystals (yield: 0.26 g, 35% based on W). Anal. Calcd. for 

C14H28Cu3N3S4W: C, 22.69; H, 3.81; N, 5.67%. Found: C, 22.77; H, 3.76; N, 5.61%. 

IR (KBr pellets, cm-1): 2969(vs), 2142(vs), 2087(vs), 1472(vs), 1384(s), 462(vs), 

439(vs). 
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Preparation of {[Pr4N][WS4Cu4(CN)3]}n 2. Pr4NI (0.63 g, 2.0 mmol), CuCN (0.36 g, 

4.0 mmol), and NH4SCN (0.61 g, 8.0 mmol) were added to 12 mL DMF and the 

resultant mixture was stirred for 6 min. [NH4]2[WS4] (0.35 g, 1 mmol) was then added 

to the above solution, and the reacting system was stirred for an additional 15 min. 

The resulting solution was then filtered and the orange filtrate was carefully layered 

with 1 mL DMF and 20 mL CH3CN sequentially. Several days later, 2 was obtained 

as orange block crystals (yield: 0.31 g, 37% based on W). Anal. Calcd. for 

C15H28Cu4N4S4W: C, 21.69; H, 3.40; N, 6.74%. Found: C, 21.76; H, 3.35; N, 6.68%. 

IR (KBr pellets, cm-1): 2970(vs), 2150(vs), 1471(vs), 1385(s), 442(vs). 

Preparation of {[Pr4N][WOS3Cu3(CN)2]}n 3. Pr4NI (0.63 g, 2.0 mmol), CuCN (0.27 

g, 3.0 mmol), and NH4SCN (0.46 g, 6.0 mmol) were added to 10 mL DMF and the 

resultant mixture was stirred for 5 min. [NH4]2[WOS3] (0.33 g, 1 mmol) was then 

added to the above solution, and the reacting system was stirred for an additional 15 

min. The resulting solution was then filtered and the orange filtrate was carefully 

layered with 1 mL DMF and 20 mL CH3CN sequentially. Several days later, 3 was 

obtained as yellow block crystals (yield: 0.23 g, 32% based on W). Anal. Calcd. for 

C14H28Cu3N3OS3W: C, 23.19; H, 3.89; N, 5.80%. Found: C, 23.25; H, 3.85; N, 5.73%. 

IR (KBr pellets, cm-1): 2971(vs), 2149(vs), 2095(vs), 1471(s), 1402(s), 922(vs), 

439(vs). 

Preparation of {[Bu4N][WOS3Cu3(CN)2]}n 4. Bu4NBr (0.66 g, 2.0 mmol), CuCN 

(0.27 g, 3.0 mmol), and NH4SCN (0.46 g, 6.0 mmol) were added to 10 mL DMF and 

the resultant mixture was stirred for 5 min. [NH4]2[WOS3] (0.33 g, 1 mmol) was then 

added to the above solution, and the reacting system was stirred for an additional 15 

min. The resulting solution was then filtered and the orange filtrate was carefully 

layered with 1 mL DMF and 20 mL i-PrOH sequentially. Several days later, 4 was 

obtained as yellow block crystals (yield: 0.24 g, 31% based on W). Anal. Calcd. for 

C18H36Cu3N3OS3W: C, 27.67; H, 4.64; N, 5.38%. Found: C, 27.72; H, 4.60; N, 5.34%. 

IR (KBr pellets, cm-1): 2960(vs), 2142(vs), 1466(s), 1381(s), 923(vs), 441(vs). 

Preparation of {[Bu4N][MoOS3Cu3(CN)2]}n 5. Bu4NBr (0.66 g, 2.0 mmol), CuCN 

 5 



(0.27 g, 3.0 mmol), and NH4SCN (0.46 g, 6.0 mmol) were added to 10 mL DMF and 

the resultant mixture was stirred for 5 min. [NH4]2[MoOS3] (0.24 g, 1 mmol) was then 

added to the above solution, and the reacting system was stirred for an additional 15 

min. The resulting solution was then filtered and the red filtrate was carefully layered 

with 1 mL DMF and 20 mL i-PrOH sequentially. Several days later, 5 was obtained as 

red block crystals (yield: 0.18 g, 26% based on Mo). Anal. Calcd. for 

C18H36Cu3MoN3OS3: C, 31.18; H, 5.23; N, 6.06%. Found: C, 31.25; H, 5.19; N, 

6.03%. IR (KBr pellets, cm-1): 2961(vs), 2160(vs), 1470(s), 1400(s), 903(vs), 460(vs). 

X-ray Structure Determination. Crystals of 1-5 suitable for single crystal X-ray 

analyses were obtained directly from the above preparations. All measurements were 

made on a Saturn 724+ CCD X-ray diffractometer by using Mo Kα (λ = 0.71070 Å). 

Single crystals of 1-5 were mounted with grease at the top of a glass fiber. Cell 

parameters were refined on all observed reflections by using the program Crystalclear 

(Rigaku Inc., 2007). The collected data were reduced by the program Crystalclear and 

an absorption correction (multiscan) was applied. The reflection data for 1-5 were also 

corrected for Lorentz and polarization effects. The crystal structures of 1-5 were 

solved by direct methods and refined on F2 by full-matrix least-squares methods using 

the SHELXTL software package.16 All non-hydrogen atoms except the disordered 

atoms were refined anisotropically. A summary of the key crystallographic 

information and their selected bond lengths and bond angles for 1-5 are listed in 

Tables 1 and S1-S5, respectively. CCDC 979147-979151. 

Nonlinear Optical Measurements. The NLO properties of 1-5 were determined by 

performing Z-scan measurements.17 Aniline solutions of 1 (2.15 × 10-4 mol dm-3), 2 

(4.14 × 10-4 mol dm-3), 3 (4.92 × 10-4 mol dm-3), 4 (5.12 × 10-4 mol dm-3) and 5 (4.81 

× 10-4 mol dm-3) were placed in a 2 mm quartz cuvette for the NLO measurements, 

which were performed with linearly polarized 4 ns pulses with different energies at 

532 nm generated from a Q-switched frequency-doubled Nd:YAG laser. 1-5 are 

stable toward air and laser light under the experimental conditions. The spatial 

profiles of the optical pulses were of nearly Gaussian transverse mode. The pulsed 
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laser was focused onto the sample cell with a 40 cm focal length mirror. The spot 

radius of the laser beam was measured to be 25 μm (half-width at 1/e2 maximum). 

The energy of the input and output pulses were measured simultaneously by precision 

laser detectors (Rjp-735 energy probes), which were linked to a computer by an IEEE 

interface,18 while the incident pulse energy was varied by a Newport Com. Attenuator. 

The interval between the laser pulses was chosen to be 10 Hz to avoid the influence of 

thermal and long-term effects. The samples were mounted on a translation stage that 

was controlled by computer to move along the axis of the incident laser beam 

(Z-direction) with respect to the focal point. To determine both the sign and 

magnitude of the nonlinear refraction, a 2 mm diameter aperture was placed in front 

of the transmission detector and the transmittance recorded as a function of the sample 

position on the Z-axis (closed-aperture Z-scan). To measure the nonlinear absorption, 

the Z-dependent sample transmittance was taken without the aperture (open-aperture 

Z-scan). 

Results and Discussion 

Synthetic Procedure. A systematic examination of the effects of varying the starting 

material stoichiometry, and the types of cations, cluster building blocks and central 

metal atoms in cluster building blocks afforded architecturally diverse anionic single 

cyano-bridged Mo(W)/S/Cu cluster-based frameworks (Scheme 1). When the molar 

ratios of the starting materials and the cluster building blocks are varied, the resultant 

Mo(W)/S/Cu clusters usually exhibit different skeletons, and correspondingly distinct 

architectures. For example, two different 3-D single cyano-bridged W/S/Cu 

cluster-based frameworks 1 and 2, fabricated from the 4-connected T-shaped clusters 

[WS4Cu3]+ and 6-connected planar ‘open’ clusters [WS4Cu4]2+, respectively, are 

obtained when the molar ratios of [WS4]2- and CuCN are 1:3 and 1:4, respectively 

(Scheme 1). When the cluster building block [WOS3]2- was used in the synthesis, a 

distinct 2-D double-layer architecture 3 that is based on nest-shaped [WOS3Cu3]+ 

clusters was obtained (Scheme 1). Our previous work reveals that different 

solvent-coordinated cations direct the formation of W/S/Ag clusters possessing 
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isomeric skeletons.19 While, the outcome is not cation-dependent, [Pr4N]+ and 

[Bu4N]+ forming the similar 2-D double-layer architectures 3 and 4, respectively. The 

effect of replacing the cation [Pr4N]+ with [Bu4N]+ on the resultant single 

cyano-bridged Mo(W)/S/Cu cluster-based framework therefore appears negligible. 

W/S/Cu(Ag) cluster polymers and their Mo-containing counterparts usually have the 

same architectures. For instance [Sr(DMAC)6]2[W4S16Ag4] and 

[Sr(DMAC)6]2[Mo4S16Ag4] oligomers exhibit the same octanuclear planar“open” 

square-like arrangement;6e {[Et4N]2[WS4Cu4(CN)4]}n and {[Et4N]2[MoS4Cu4(CN)4]}n 

are fabricated by planar ‘open’ clusters [MS4Cu4]2+ ( M = Mo, W) and double CN- 

bridges to form the same 3-D diamondoid networks.13a Unexpectedly, 5 exhibits a 3-D 

rather than a 2-D nest-shaped cluster-based framework (Scheme 1), although it was 

achieved through the same synthetic procedure as 4 except using [NH4]2[MoOS3] 

instead of [NH4]2[WOS3], consistent with replacement of the central metal atom (W 

vs. Mo) in the cluster building block strongly influencing the resultant single 

cyano-bridged Mo(W)/S/Cu cluster-based framework. 

Crystal Structure of {[Pr4N][WS4Cu3(CN)2]}n (1). X-ray crystallographic analysis 

revealed that 1 crystallizes in the orthorhombic chiral space group P212121, and 

exhibits an anionic non-interpenetrating 3-D architecture, constructed from T-shaped 

clusters [WS4Cu3]+ and single CN- bridges (Scheme 1, Figure 1). The asymmetric unit 

of 1 contains one [WS4Cu3(CN)2]- moiety and one [Pr4N]+ cation. In each [WS4Cu3]+ 

cluster, the W atom adopts a tetrahedral coordination geometry through bonding to 

two µ2-S and two µ3-S atoms (Figure 1a). The Cu atoms exhibit two kinds of 

coordination environment: Cu1 and Cu3 have triangular coordination geometries 

formed by one µ2-S atom, one µ3-S atom and one cyanide bridge, while Cu2 is 

coordinated by two µ3-S atoms and two cyanide bridges, and possesses a tetrahedral 

geometry. The Cu1-W1-Cu3, Cu1-W1-Cu2 and Cu3-W1-Cu2 angles are 174.75(3), 

89.24(3) and 85.63(3), respectively, giving rise to a nearly T-shaped arrangement for 

each [WS4Cu3]+ cluster (Figure 1a). Each T-shaped building cluster in 1 is linked by 

another four [WS4Cu3]+ units through single cyanide bridges (Figure 1a). From a 
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topological viewpoint, each T-shaped cluster can be regarded as a 4-connected node, 

the Schläfli symbol for which is 66; 1 therefore possesses a diamondoid topological 

network (Figure 1c). 1-D pseudo-square channels can be seen down the c axis (Figure 

1b), while viewed along the a or b axes, the packing diagram of 1 reveals 1-D 

peanut-shaped channels (Scheme 1, Figure S1). The packing diagram in the [110] 

plane exhibits two kinds of irregular shaped channels, while both the building clusters 

and channels show an unusual ABCD stacking motif (Figure S2). 

Crystal Structure of {[Pr4N][WS4Cu4(CN)3]}n (2). 2 crystallizes in the 

orthorhombic space group Pnma, and possesses a novel anionic non-interpenetrating 

3-D honeycomb framework (Scheme 1, Figure 2). The structure of 2 can be viewed as 

C2 symmetric planar ‘open’ clusters [WS4Cu4]2+ linked through single CN- bridges in 

the [011] plane to create 2-D (4,4) nets, and then these 2-D nets stacking along the 

a-axis to afford a 3-D architecture sustained by CN- pillars (Scheme S1). In each 

planar ‘open’ cluster [WS4Cu4]2+, the W atom still adopts a tetrahedral coordination 

geometry, but this is formed through bonding to four µ3-S atoms (Figure 2a). The four 

Cu atoms have triangular or tetrahedral coordination environments (Figure 2a). Each 

planar ‘open’ cluster [WS4Cu4]2+ is linked to a further six [WS4Cu4]2+ building 

clusters by single CN- bridges (Figure 2a), the first occurrence of 6-connected 

[WS4Cu4]2+ building clusters in Mo(W)/S/Cu(Ag) cluster-based coordination 

polymers.8,13 Examination of the topology of 2 reveals an unusual 6-connected 4966 

network, termed an “ACS” net (Figure 2d); this is the third example of an “ACS” net 

in the field of M/S/Cu(Ag) cluster-based coordination polymers.10a,12a The packing 

diagrams of 2 along the b- or c-axes show two kinds of irregular shaped channels with 

an ABAB stacking motif (Scheme 1, Figure 2c) while, viewed along the a-axis, the 

packing diagram of 2 reveals square-like channels (Figure 2b). 

Crystal Structure of {[Pr4N][WOS3Cu3(CN)2]}n (3). 3 exhibits a novel anionic 2-D 

double-layer architecture (Scheme 1, Figure 3). In the nest-shaped cluster 

[WOS3Cu3]+, the tetrahedrally-coordinated W atom is linked to one terminal O and 

three µ3-S atoms (Figure 3a), while the three Cu atoms have two distinct coordination 
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environments: Cu1 has a tetrahedral coordination environment, being bonded to two 

µ3-S atoms and two cyanide bridges, and Cu2 and Cu3 have triangular coordination 

geometries, formed by two µ3-S atoms and one cyanide bridge (Figure 3a). Each 

nest-shaped cluster [WOS3Cu3]+ is connected to another four nest-shaped building 

clusters by single CN- bridges, resulting in a 2-D (4,4) network (Figure 3a). 

Interestingly, this 2-D (4,4) network exhibits a double-layer arrangement (Figures 3b, 

3c), the first time that such an arrangement has been seen in Mo(W)/S/Cu(Ag) 

cluster-based coordination polymers.5a,7-14 

Crystal Structure of {[Bu4N][WOS3Cu3(CN)2]}n (4). Structural analysis revealed 

that 4 crystallizes in the monoclinic space group P21/c, and the asymmetric unit 

contains two crystallographically independent [WOS3Cu3(CN)2]- moieties and two 

[Bu4N]+ cations. Each crystallographically-independent nest-shaped cluster 

[WOS3Cu3]+ links another four [WOS3Cu3]+ units through single CN- bridges to form 

a 2-D double-layer (4,4) network similar to that in 3 (Figure 4). 

Crystal Structure of {[Bu4N][MoOS3Cu3(CN)2]}n (5). X-ray crystallographic 

analysis revealed that 5 crystallizes in the orthorhombic chiral space group P212121 

with a 3-D anionic non-interpenetrating framework; this is fabricated by linking 

nest-shaped clusters [MoOS3Cu3]+ through single CN- bridges to afford 2D (6,3) nets 

in the [101] plane, and then these 2D (6,3) nets stack along the b-axis to give a 3-D 

architecture supported by CN- pillars (Scheme S2). The asymmetric unit of 5 contains 

one [MoOS3Cu3(CN)2]- moiety and one [Bu4N]+ cation. Each nest-shaped cluster 

[MoOS3Cu3]+ in 5 exhibits the same 4-connected motif as the nest-shaped clusters 

[WOS3Cu3]+ in 3 and 4 (Figure 5a), but with a distinct 3-D architecture rather than the 

2-D double-layer networks seen in 3 and 4 (Scheme 1, Figures 5b, 5c). Topological 

analysis reveals that 5 possesses a diamondoid network with the Schläfli symbol 66 

(Figure 5d). Packing diagrams of 5 viewed along the a-, b- or c-axes reveal irregular 

shaped channels (Scheme 1, Figures 5b, 5c). 

Nonlinear Optical Properties. The UV-vis absorption spectra of 1-5 show relatively 

low linear absorption in the visible and near-IR region (Figures S4-S8), suggesting 
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that these clusters may potentially exhibit NLO properties. To assess this possibility, 

Z-scan experiments employing linearly polarized 4 ns duration 532 nm laser pulses 

with varying energies were performed on 1-5 in aniline solutions.17 When irradiated 

by low-energy laser pulses (1.5 µJ for 1 and 5, 1.6 µJ for 3), 1, 3 and 5 exhibit 

saturable absorption effects (Figures S9-S11). Reasonable fits between the 

experimental data and theoretical curves were achieved, from which the nonlinear 

absorptive coefficients a2 were calculated to be -3.64 × 10-11 m W-1 for 1, -3.20 × 10-11 

m W-1 for 3 and -4.35 × 10-11 m W-1 for 5, suggesting that they are possible candidates 

for NLO materials. When irradiated by high-energy laser pulses (15 µJ for 1 and 5, 16 

µJ for 2), 1, 2 and 5 show strong nonlinear scattering properties (Figures S12-S14). 

Again, reasonable fits between the experimental data and the theoretical curves were 

achieved, from which the nonlinear absorptive coefficients a2 were calculated to be 

8.2 × 10-11 m W-1 for 1, 3.3 × 10-10 m W-1 for 2 and 8.1 × 10-10 m W-1 for 5, and 

consistent with the solution species exhibiting potential in optical limiting. 

Conclusions  

The findings reported herein demonstrate that the syntheses of anionic single 

cyano-bridged Mo(W)/S/Cu cluster-based frameworks are affected by diverse 

reaction factors. Different molar ratios of the starting materials and varying the nature 

of the cluster building blocks result in distinct Mo(W)/S/Cu cluster skeletons, and 

thereby influences the resultant Mo(W)/S/Cu cluster-based frameworks, while the 

effect of varying the cation ([Pr4N]+ vs [Bu4N]+) on the single cyano-bridged 

Mo(W)/S/Cu cluster-based frameworks was found to be negligible. Replacement of 

the central metal atoms (W cf. Mo) in the cluster building blocks was shown to have a 

pronounced effect on the single cyano-bridged Mo(W)/S/Cu cluster-based framework. 

Finally, preliminary studies of NLO behavior revealed that 1, 3 and 5 exhibit saturable 

absorption effects when irradiated by low-energy laser pulses, whereas 1, 2 and 5 

show strong nonlinear scattering properties when irradiated by high-energy laser 

pulses. 
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Scheme 1. Syntheses of 1-5 (gray sticks represent the CN- bridges, and orange, red, pink, and green balls represent S, W or Mo, O, and Cu atoms, 
respectively). 
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Figure 1. (a) Partial view of the ball-and-stick plot of the 3-D anionic network of 1, 
showing the 4-connected T-shaped building cluster [WS4Cu3]+; (b) Packing diagram 
of 1 (ball-and-stick representation) viewed along the c-axis (gray sticks represent the 
CN- bridges, and orange, red, and green balls represent the S, W, and Cu atoms, 
respectively); (c) The diamondoid topology of 1.
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Figure 2. (a) Partial view of the ball-and-stick plot of the 3-D anionic network of 2, 
showing the 6-connected planar ‘open’ cluster [WS4Cu4]2+; (b) and (c) Packing 
diagrams of 2 (ball-and-stick representations) viewed along the a- and b-axes, 
respectively (gray sticks represent the CN- bridges, and orange, red, and green balls 
represent the S, W, and Cu atoms, respectively); (d) The “ACS” topology of 2.
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Figure 3. (a) Partial view of the ball-and-stick plot of the 2-D anionic network of 3, 
showing the 4-connected nest-shaped cluster [WOS3Cu3]+; (b) and (c) Packing 
diagrams of 3 (ball-and-stick representations) viewed along the a- and b-axes, 
respectively, showing the 2-D double-layer architecture (gray sticks represent the CN- 
bridges, and orange, red, green, and pink balls represent the S, W, Cu, and O atoms, 
respectively).
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Figure 4. (a) and (b) Partial views of the ball-and-stick plots of the 2-D anionic 
network of 4, showing the 4-connected nest-shaped clusters [WOS3Cu3]+; (c) the 2D 
anionic network of 4 (ball-and-stick representation) viewed along the a-axis; (d) and 
(e) Packing diagrams of 4 (ball-and-stick representations) viewed along the b- and 
c-axes, respectively, showing the 2D double-layer architecture (gray sticks represent 
the CN- bridges, and orange, red, green, and pink balls represent the S, W, Cu, and O 
atoms, respectively).
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Figure 5. (a) Partial view of the ball-and-stick plot of the 3-D anionic network of 5, 
showing the 4-connected nest-shaped cluster [MoOS3Cu3]+; (b) and (c) Packing 
diagrams of 5 (ball-and-stick representations) viewed along the b- and a-axes, 
respectively (gray sticks represent the CN- bridges, and orange, red, green, and pink 
balls represent the S, Mo, Cu, and O atoms, respectively); (d) The diamondoid 
topology of 5. 
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Table 1. Crystallographic parameters and structure refinement data for 1-5. 

 1 2 3 4 5 
Molecular formula C14H28Cu3N3S4W C15H28Cu4N4S4W C14H28Cu3N3OS3W C18H36Cu3N3OS3W C18H36Cu3MoN3OS3 

Formula weight 741.16 830.73 725.09 781.20 693.30 
Temperature (K) 150(2) 150(2) 150(2) 150(2) 150(2) 
Wavelength (Å) 0.71073 0.71073 0.71073 0.71073 0.71073 
Crystal system orthorhombic orthorhombic orthorhombic monoclinic orthorhombic 
Space group P212121 Pnma Pbca P21/c P212121 

a (Å) 10.161(2) 20.342(4) 11.869(2) 29.179(6) 11.482(2) 
b (Å) 11.539(2) 13.566(3) 15.672(3) 11.726(2) 15.535(3) 
c (Å) 21.719(4) 9.877(2) 26.173(5) 16.300(3) 15.861(3) 
α (°) 90 90 90 90 90 
β (°) 90 90 90 100.21(3) 90 
γ (°) 90 90 90 90 90 

V (Å3) 2546.5(8) 2725.7(10) 4868.5(16) 5488.8(18) 2829.2(9) 
Z 4 4 8 8 4 

ρcalc (g cm-3) 1.933 2.024 1.979 1.891 1.628 
µ (mm-1) 7.305 7.590 7.560 6.713 2.892 
F (000) 1432 1599 2799 3055 1400 

Reflections collected 12488 11956 18238 25233 10490 
Unique reflections 5096 2589 4650 10097 5399 

Rint 0.0345 0.0398 0.0452 0.0448 0.0452 
No. parameters 206 120 226 523 263 

GOF 0.983 1.071 1.174 1.132 1.080 
R1 [I > 2σ(I)] 0.0355 0.0585 0.0552 0.0596 0.0471 

wR2 [I > 2σ(I)] 0.0596 0.1491 0.1084 0.0862 0.1054 
Δρmax / Δρmin (e Å-3) 0.885 / -1.036 2.605 / -1.304 1.030 / -0.919 0.940 / -1.211 0.531 / -0.881 
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