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We report the first example of a covalently bound dimer of 

monolayer protected atomically precise silver nanocluster, 

[Ag25(DMBT)18]- (DMBT stands for 2,4-dimethylbenzenethiol). 

Covalently linked dimers could be important to design new cluster 

assembled materials with composite properties.

Atomically precise noble metal nanoclusters protected with 

ligands have emerged as a new research frontier in 

nanoscience, due to their unique optical and chemical 

properties as well as promising applications.1-4 Out of these, 

the molecular systems studied in detail include [Au102(p-

MBA)44], [Au25(SCH2CH2)18], [Au38(SCH2CH2)24], [Ag44(p-MBA)30], 

[Ag25(SPhMe2)18], [Ag29(BDT)12(PPh3)4], 

[Ag40(SPhMe2)24(PPh3)8], [Ag46(SPhMe2)24(PPh3)8] etc,5-12 which 

exist in various charge states (the abbreviation used are 

presented in supplementary information). Single crystal X-ray 

diffraction has been utilized for their structural analysis while 

mass spectrometry is an important tool to understand their 

formulae and supramolecular interactions.13, 14 Dimers of 

Au25(SR)18 (SR : phenyl ethanethiolate and butane thiolate) was 

first reported by our group using studies in the gas phase.15 

This kind of dimers was not observed for structurally similar 

[Ag25(DMBT)18]- clusters due to lack of metallophilic 

interactions.

Recently, synthesis of new superstructures by assembly of 

molecular pieces of metals has attracted great attention.16-18 

The creation of superstructures by clusters without changing 

the original structure of the building block is a challenging task. 

Ligand exchange reaction is suitable in this regard and various 

studies have been done on gold clusters to create 

superstructures.16, 18 Ligands containing two reactive rigid thiol 

groups can be efficient to create the assembly of building 

blocks. This aspect of creating superstructures has not been 

explored in the case of silver nanoclusters.

In this communication, we demonstrate the synthesis of a 

covalently linked dimer of a monolayer protected cluster 

(MPC), [Ag25(DMBT)18]-  by ligand-exchange reaction, wherein a 

complex of ruthenium /�*���'��$=$=E$'��
��� 

[Ru(bpy)2bpy(CH2SH)2]2+ replaces two dimethylbenzenethiol 

ligands and creates a dimer. The products were characterized 

by optical absorption spectroscopy, infrared spectroscopy and 

detailed high resolution electrospray ionization mass 

spectrometry (HR ESI MS).

[Ag25(DMBT)18]-  and [Ru(bpy)2bpy(CH2SH)2](PF6)2 were 

synthesized by following reported procedures6, 19 and 

characterized by optical absorption spectroscopy and HR ESI 

MS (Fig. S1 and S2). The ligand exchange reaction which leads 

to dimerization of [Ag25(DMBT)18]- was carried out by mixing 

[Ru(bpy)2bpy(CH2SH)2]2+ and [Ag25(DMBT)18]- in acteonitrile 

(see experimental section of supplementary information for 

details). The cleaned product obtained from the ligand 

exchange reaction was analysed by UV-vis spectroscopy. The 

optical absorption spectra of [Ag25(DMBT)18]-, its dimer and 

[Ru(bpy)2bpy(CH2SH)2]2+ are compared in Fig. 1. The spectrum 

of the dimer was changed slightly compared to the parent 

cluster from which we infer that the cluster core remains 

intact. There is a slight red shift of 600 nm and a change was 

observed near to 400 nm absorption which indicates optical 

coupling between [Ru(bpy)2bpy(CH2SH)2]2+ and the cluster. 

This type of minor changes in the optical absorption spectrum 

ensures that the building blocks are intact which is essential 

for creating superstructures. 

HR ESI MS was used to show the formation of the dimer of 

[Ag25(DMBT)]-. Sample preparation and instrumental details 

are given in supplementary information. Under optimized 

conditions for collecting the data, full range HR ESI MS shows 

two peaks, at m/z 5167 and m/z 5504. Expansion of the peak 

at m/z 5167 exhibits characteristic peak to peak separation of 

1 which confirms its unit charge. This species is [Ag25(DMBT)]-, 

confirmed by its perfect match of experimental and theoretical 

mass spectra. Similarly, the expanded peak at m/z 5504 shows 

the characteristic peak to peak separation of 0.5 which 

confirms it�s doubly charges state. This peak is assigned as the 

dimer of [Ag25(DMBT)18]- linked by the [Ru(bpy)2bpy(CH2SH)2]2+ 

linker. The assignment of the peak was supported by the well 

matching of simulated and experimental isotopic distributions 

(Fig. 1). The presence of [Ag25(DMBT)]- in the full spectrum is 
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The most stable structure of the dimer, A was formed by the 

interaction of the linker between the sites (D5-5) and (D3�-1�) 

of the [Ag25(DMBT)18]- monomers (Fig. 3A and 3C). On the 

other hand, the dimer in isomer C links between the sites (D5-

5) and (D2�-5�) of the [Ag25(DMBT)18]- clusters and exhibits 

least stability. Overall stability decreases in the order, A < D < 

B< E < C, where the locants of the linker binding are, A={(D5-

5),(D3�-1�)}, B={(D5-5),(D3�-1�)}, C={(D5-5),(D2�-5�)}, D={(D5-

5),(D6�-1�)}, E={(D5-5, D6�-1�)}. The lowest energy isomer, A has 

fewer DMBT ligands close to the exchanged site on both 

clusters, which minimizes steric hindrance and thereby 

increases the conformational freedom of the linker. This leads 

to a closer inter-cluster distance, as measured between their 

central Ag atoms, and therefore, lowers total energy due to 

the decrease in steric hindrance and shorter atomic contacts 

between the linker atoms and the cluster ligand atoms. 

Besides the covalent linkage, there is a contribution of non-

covalent interactions comprising the intercluster ligand-ligand 

van der Waals interactions. A R$R interaction was observed 

between the pyridyl groups and the phenyl groups of the 

DMBT ligand in the second lowest energy isomer, D. This 

implies that the orientation of clusters, the environment of the 

two exchange sites, and their associated degrees of steric 

hindrances play very important roles during the formation of 

such covalently-linked dimer structures. The total energy and 

aspicule locants (site position labels) of the sites of attachment 

of different isomers are presented in Fig. S9. Based on the 

structure computed, the aspicule name of the dimer is µ-(D5-

5, D3'-1�)�(5,5�)-di(mercaptomethyl) ruthenium 

tris(bipyridine), di((DMBT)17-argento-25 aspicule), where the 

binding sites on the clusters have been indicated in the prefix, 

and µ notation introduced here indicates the linker bridges the 

two clusters between the D5-5, sulphur site on cluster 1 and 

D3�-1� sulphur site on cluster 2, as shown in Fig. 3C. The 

binding sites of methyl groups of DMBT are omitted from this 

name for simplicity. The electronic and optical absorption 

properties were also studied using linear-response time 

dependent density functional theory (LR-TDDFT).23 Electronic 

structures of monomer and dimer revealed that the transition 

taking place between the frontier orbitals in monomer is 

altered to deeper lying orbitals, especially the unoccupied 

levels. This implies that the linker plays a vital role in the 

electronic structure of the dimer. Bader charge analysis of the 

dimer and the monomer showed that the structural changes of 

the dimer are minor after the incorporation of the linker. 

Hence, it is clear that the alteration in the electronic structure 

of the dimer resulted changes in the UV/vis spectrum of the 

dimer (see supplementary information). Predicted spectrum of 

the most stable structure (Fig. 3B) showed a reasonable 

agreement with the experimental spectrum, which supports 

our calculated structure.

In conclusion, a covalently linked dimer of silver nanocluster 

was synthesised by a ligand exchange methodology. The 

formation of the dimer was confirmed by optical absorption 

spectroscopy, HR ESI MS and DFT. Theoretical prediction of the 

most stable binding site was made and identified using the 

aspicule positional notation and diagrams. It is worth noting 

that the combined properties of the nanoclusters and 

chromophoric linker would be useful in the amplification of 

properties of individual constituents.

We thank the Department of Science and Technology for 
supporting our research project. M.B. thanks U. G. C. for his 
doctoral fellowship. A.N. and R.B. thank IITM for their 
fellowships. G.P. thanks IITM for an Institute Postdoctoral 
Fellowship.
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