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Nanoparticle clusters are usually referred to as colloidal 

molecules due to their composition, configuration and gap 

dependent properties. Here, we report a general strategy for 

high yield fabrication of homo- and hetero- nanoparticle 

clusters on substrate with controlled configuration and gap 

through a self-assembly process mediated by electrostatic 

interaction. 

Nanoparticles (NPs) are often regarded as artificial atoms due to 

their size- and shape-dependent properties.1 These artificial atoms 

can further form clusters with well-defined stoichiometry and 

configuration of constituent NPs, the so-called artificial molecules.2    

Novel collective properties usually emerge in NP clusters owing to 

the electric and magnetic couplings between adjacent NPs.3,4 A well-

known case is the plasmonic molecules,5,6 in which some interesting 

physical phenomena, such as magnetic dipole and Fano resonances, 

were observed.7,8 By controlling the number and configuration of the 

constituent NPs, as well as the inter-particle gaps, the collective 

properties of NP clusters can be highly controlled and optimized for 

various applications,9 such as surface-enhanced Raman scattering 

(SERS)10, optical sensing,11 and medical diagnosis. 12-14 

Several methods have been developed to fabricate NP clusters by 

exploiting random aggregation,15 hydrophobic interaction,16 and 

chemical linkers (e.g., DNA molecules).17,18 However, the success of 

these methods was mainly limited in fabrication of the homo- NP 

dimers. Although more complex NP clusters can be synthesized by 

using DNA as linkers, it suffers from complex procedure and 

materials specific. Compared to homo- NP clusters, hetero- NP 

clusters,19-21 which are composed of NPs with different shapes or 

even compositions, attract more and more attention due to the 

hybridization of the properties among different kinds of NPs, which 

can bring new possibilities in the chemical and physical properties. 

In this respect, an effective method is lacking. 

Here, we report a new strategy for high yield fabrication of home- 

and hetero- NP clusters on substrate through a self-assembly process 

mediated by electrostatic interaction. The strategy utilizes the unique 

characteristic of electrostatic interaction: once a charged NP attaches 

to an oppositely charged one, the attaching of another same charged 

NP to the formed NP cluster will be inhabited due to the electrostatic 

repulsion among the same charged NPs.  This characteristic, 

combining with the using of substrate, makes it feasible to precisely 

control the stoichiometry and configuration of the constituent NPs in 

the formed clusters. Furthermore, diblock copolymer is successfully 

exploited as a shell to tune the NP gap distance from a few 

nanometers to more than ten nanometers. Since a variety of NPs, 

including metal, magnetic and luminescence NPs, can be 

encapsulated in diblock copolymer shells,22,23 the strategy described 

here can serve as a general method towards home- and hetero- NP 

clusters with controllable NP gap distance. 

 
Figure 1. Schematics for fabrication of NP clusters mediated by 

electrostatic interaction. 

Figure 1 depicts the schematics of the fabrication process. First, 

citrate-stabilized Au NPs were deposited onto a substrate 

functionalized by 3-aminopropyltriethoxysilane (APTES). It is 

known that citrate-stabilized Au NPs are negatively charged, while 

APTES makes the substrate positively charged. When the substrate 

functionalized by APTES was immersed into the solution containing 

citrate-stabilized Au NPs, the Au NPs can stick to the substrate 

through electrostatic attraction. The distribution density of Au NPs 

on substrate can easily be controlled by changing the immersion time 

and the concentration of Au NPs in solution. According to our 

observations, the distribution density of Au NPs on substrate is more 

sensitive to the concentration of Au NPs in solution. Then plasma 

etching was used to remove the APTES and citrate, leaving bare Au 

NPs on substrate. The use of substrate here makes it easier to modify 

Au NP surfaces with various functional molecules in the next step, 

and it does not need to worry about the aggregation of NPs which 

usually happens when modifying NPs in solution. After modifying 

Au NPs with 4-aminothiophenol (4-ATP) molecules, we immersed 
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the substrate into the solution containing citrate-stabilized Au NPs 

again. Although the 4-ATP molecules make the Au NPs on substrate 

positively charged, it is found that the electrostatic interaction 

between these NPs and the negatively charged NPs in solution is too 

weak to bind them together. It is known that the attractive 

interactions mediating the self-assembly must be strong enough to 

overcome the entropic "penalty" associated with the loss of 

translational/rotation degrees of freedom upon NP aggregation.24 

 

Figure 2. (a) UV-vis spectra of Au NP solution after addition of 4-

MBA; (b) SEM image of dimers of 15-nm Au NPs; (c) yields of 

different NP cluster with different immersion time; (d) SEM image 

of dimers of 30-nm Au NPs. Scale bars in (b) and (d) represent 100 

nm. 

To solve this problem, a certain amount of 4-mercaptobenzoic 

acid (4-MBA) is added to the Au NP solution. The 4-MBA 

molecules can replace the citrate ions on the Au NP surfaces due to 

the strong interaction between thiol groups and Au. The replacement 

process was monitored by UV-vis extinction spectra (Figure 2a). The 

slight shoulder which gradually appeared at about 600 nm is 

characteristic of reduced inter-particle interactions and 

electromagnetic coupling between NPs.25 The replacement of citrate 

ions by 4-MBA molecules gives rise to the hydrophobic interaction 

between solution (water) and Au NPs due to the hydrophobic groups 

(phenyl) of 4-MBA molecules, which will increase the internal 

energy of the system, and in proper experimental conditions, the 

decrease of internal energy in the formation of a cluster can be large 

enough to overcome the entropic "penalty". 

Figure 2b shows a SEM image of the sample obtained through 

immersing the substrate into the Au nanoparticle solution with 

freshly added 4-MBA for 40 minutes, and about 80% of the clusters 

are dimers of 15-nm Au NPs. It is easy to monitor the self-assembly 

process due to the use of substrate, because we can suspend the self-

assembly process at any time by taking the substrate out of the 

solution. This advantage is very useful for us to optimize the yield of 

dimers, which is a function of time. We found that when the 

immersion time is 20 minutes, only about 30% of the clusters are 

dimers, and most of the products are single NPs (Figure 2c). On the 

other hand, if the immersion time is increased to 60 minutes, the 

percentage of dimers is about 35%, accompanying with ~40% 

trimers (Figure 2c). Further increasing the immersion time results in 

the increase of percentage of clusters containing more than three 

particles, and the number of NPs within a cluster becomes 

uncontrollable. It is clear that at the early stage, formation of dimers 

is the main process, which indicates electrostatic interaction 

dominates the assembly process, while at the later stage, the 

tendency of decreasing the surface energy becomes prevailing due to 

the increasing of covering of 4-MBA on Au NP surfaces. In this case, 

formation of large clusters is favorable. The key point for high-yield 

fabrication of NP dimers is to make the self-assembly process under 

the control of electrostatic interaction. 

This method can be directly used to fabricate dimers of Au NPs of 

other sizes, as long as proper amount of 4-MBA and immersion time 

are chosen, which depends on the specific solution property. For 

example, when 30-nm Au NP solution are used, more amount of 4-

MBA is needed to make these nanoparticles unstable in solution, and 

30-nm Au NP dimers also can be obtained with a high yield (Figure 

2d). 

 

Figure 3. (a) Schematic for attaching a negative NP to an individual 

positive NP or to a NP dimer on the substrate. The rates of these two 

processes are different (k1 vs. k2); (b) The relation between the ratio 

of k1 and k2 (m) and the maximal yield of the dimers (ηmax). 

The electrostatic repulsion among the same charged NPs plays a 

crucial role in the high-yield formation of NP dimers. If the 

electrostatic repulsion is negligible, thus the rates of attaching a 

negative NP in solution to the formed NP dimer and to the individual 

NP on the substrate can be taken the same (Figure 3a. For more 

discussion about this and the detailed deduction of the following 

equations, see ESI. ). In this case, the number of the dimers, denoted 

by Nd, can be found as a function of time, t, 

           
     

where k is the rate of attaching a particle to the NP dimers or to the 

individual NPs, and N0 is the initial number of individual NPs on the 

substrate. It can be easily proved that the maximal yield of dimers is  

     
  

   

  
            

which is much lower than that observed in our experiments. If the 

electrostatic repulsion can effectively decrease the rate of attaching a 

NP to the formed dimers, the function Nd (t) will be modified to  

          

           

     
  

where k1 and k2 are the rates of attaching a NP to the individual NPs 

and to the NP dimers, respectively. In this case, the maximal yield of 

NP dimers will turn out to be 

     
  

   

  
 

 

   
 

 

 
 

   

 
 

 
 

   

   

where m represents k1 / k2. The relation between η max and m is 

pictured at Figure 3b. When m tends to 1, theη max tends to 36.8% as 

expected. To increase the η max to about 80%, the value of m should 

be as large as 12 (For m = 12, η max = 79.78%). Thus in our 

experiments, the rate of attaching a NP to an individual NPs is much 

larger than that of attaching a NP to a NP dimer, which can be 
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attributed to the electrostatic repulsion between the same charged 

NPs in the dimers. The role of electrostatic repulsion will be 

demonstrated again in the following experiments about heterodimers. 

To fabricate heterodimers using 15-nm and 30-nm Au NPs as 

building blocks, there are two ways that can be chosen. We can 

deposit 15-nm Au NPs on substrate first and then stick 30-nm Au 

NPs to them, or use an opposite process. Using the former way, the 

heterodimers can be obtained with an extremely high yield (~90%), 

as shown in Figure 4a. Once a large NP sticks to a small one, the 

electrostatic repulsion among the large NPs can effectively prevent 

the attaching of another large one to the formed heterodimer. Using 

the latter way, the yield of heterodimers is sensitive to the immersion 

time. Figure 4b shows the products obtained with immersion time of 

20 minutes, and about 60% of clusters are heterodimers. In the 

products, some percentages (~15%) of heterotrimers also can be 

observed. It is noteworthy that these heterotrimers take a liner 

configuration in which two small NPs are on the opposite sides of a 

large NP. Obviously, it is a result of the repulsion between the two 

small NPs. The yield of the heterotrimers can be increased to above 

60% when the immersion time is extended to 40 minutes (Figure 4c). 

Most of these heterotrimers also take a liner configuration, and 

almost none of heterotrimers with triangular configuration can be 

found. Some heterotrimers deviate from the ideal liner configuration, 

and it is likely due to the non-spherical shape of the 30-nm Au NPs. 

These results clearly demonstrate that it is electrostatic interaction 

rather than other interaction, dominates the self-assembly process.  

 

Figure 4. SEM images of hetrodimers (a, b) and heterotrimers (c, d). 

The insets show the schematics of corresponding self-assembly 

process. (e) SEM image of the NP dimers with two NPs separated by 

a layer of PS-PAA shell; (f) SEM image of the NP dimers with about 

8 nm gap distance after removing the polymer shell by plasma 

etching. The scale bars represent 100 nm. 

It is useful to fabricate NP clusters with different configuration 

due to their structure-dependent properties. To fabricate another type 

of heterotrimers, where the two small NPs are contacted, we start 

with a substrate with dimers of 15-nm Au NPs on it and then stick 

30-nm Au NPs to the dimers. Figure 4d shows a SEM image of the 

obtained heterotrimers. These heterotrimers do not have the central 

symmetry possessed by that shown in Figure 4c. The ability of 

fabricating NP clusters with different symmetry, which may possess 

different plasmonic properties, is useful for their applications. 

Besides the configuration, another key factor which influences the 

cluster properties is the gap distance between NPs. For the clusters 

described above, the NP gap distance is intrinsically determined by 

the length of ligands, i.e. the 4-MBA and 4-ATP molecules, which is 

about 1~2 nanometers. In principle, one can tune the gap distance by 

altering the ligands used. Here, we use another type of organic 

molecules to tune the gap distance in a larger range. As 

demonstrated by several groups, diblock copolymers can form a 

shell with thickness ranging from several nanometers to tens of 

nanometers on NP surfaces, resulting in core@shell NPs. If we can 

make one of the core-shell NPs stick to an un-coated NP on substrate, 

the dimers obtained will have a highly tunable particle gap distance, 

which depends on the molecular weight of the diblock copolymer 

used. 

Polystryrene-b-poly(acrylic acid) (PSPAA, Mn of PS: 154, Mn of 

PAA: 49) is used to encapsulate Au NPs, which makes these NPs 

negatively charged. When the substrate with positively charged Au 

NPs (modified with 4-ATP) on it is immersed into the solution 

containing Au@PSPAA core@shell NPs, the same as in the above 

cases, we also meet with the problem of how to overcome the 

entropy penalty. However, increasing the interaction through the 

ligand-exchange previously used does not work in this case due to 

the coverage of PSPAA on Au NP surfaces. To overcome the 

entropy penalty, an alternative way is to decrease the system entropy 

itself. The Au@PSPAA core@shell NPs are very stable in aqueous 

solution because of the electrostatic and steric repulsion arising from 

the polymer shell, which makes it possible to obtain high 

concentration of Au@PSPAA core@shell NPs in solution without 

aggregation of these NPs. It is known that higher volume fraction of 

NPs in solution means lower free volume entropy because less free 

space is available for each NP to perform translational and rotational 

movement. 

Solvent evaporation is used to achieve high concentration of 

Au@PSPAA core@shell NPs, towards which, 25 uL of 

Au@PSPAA core@shell NP solution is dropped onto the substrate 

which is pre-placed in a vial. Then the vial is covered by a glass 

slide to slow down the evaporation rate, which can effectively 

suppress the compensation flow in the droplet arising from solvent 

evaporation, and thus avoid the formation of “coffee ring” pattern on 

substrate. 26 When the solution was left about 1~2 μL, remove it with 

a pipette and rinse the substrate with water. As shown in Figure 4e, 

most of the Au@PSPAA core@shell NPs selectively stick to 4-APT 

modified Au NPs with one-to-one manner, leading to the formation 

of dimers with two NPs separated by a layer of PSPAA shell. After 

removing the PSPAA shell by plasma etching, Au NP dimers with 

gap distance equal to the thickness of PSPAA shell, which is about 8 

nm here, are obtained (Figure 4f). The nanoparticle clusters prepared 

here have simple two-dimensional geometries, and the removing of 

the polymer shell does not cause any changes of their structure. The 

gap distance can be easily tuned through changing the shell thickness. 

For example, if PS(404)PAA(62) is used, dimers with gap distance 

about 15 nm can be fabricated (Figure S1). Besides controlling the 

gap distance, using polymer shell has another advantage. The 

method does not depend on the properties of NPs encapsulated in 

polymer shells, so it can serve as a general method to fabricate 

homo- and hetero- NP dimers since a variety of NPs can be 

encapsulated in polymer shell. As a demonstration, Au-Fe2O3 
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heterodimers are fabricated through encapsulating Fe2O3 NPs in 

polymer shell and then sticking the core@shell NPs to Au NPs on 

substrate (Figure S2). 

Compared to the method based on self-assembly of colloidal NPs, 

optical and electron beam lithography can be served as a more 

controllable method for fabrication of NP clusters on substrate in any 

two-dimensional geometry with uniformity of particle sizes and 

periodicity.27,28  However, the self-assembly of colloid NPs provides 

a versatile and low-cost route to the formation of NP clusters. Many 

kinds of NPs with different shape and composition are available by 

virtue of the development of colloidal synthesis techniques, which 

can be used as building blocks to fabricate NP clusters. Especially in 

fabrication of NP clusters with compositional asymmetry, tunable 

sub-10 nm gap distance, and three-dimensional geometries, the self-

assembly method shows obvious superiority over the lithography 

method. 

Conclusions 

In conclusion, a facile and general method is developed for high 

yield fabrication of home- and hetero- NP clusters on substrate 

through a self-assembly process mediated by electrostatic interaction. 

The electrostatic repulsion among the same charged NPs sufficiently 

decreases the rate of attaching a NP in solution to the NP dimers on 

substrate, and thus increases yield of NP dimers. The electrostatic 

repulsion among the same charged NPs also leads to the formation 

of heterotrimers with linear configuration. Furthermore, diblock 

copolymer was successfully exploited as a shell to tune the NP gap 

distance from a few nanometers to more than ten nanometers. The 

fabrication method reported here will benefit the applications of NP 

clusters. 
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