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ABSTRACT:  

The ability to assemble multiple nanobuilding blocks into organized heterostructures is critical 

for the fabrication of functional nanomaterials and devices. Here we demonstrate the co-

assembly of a binary mixture of polymer-grafted metal nanoparticles with different sizes, shapes, 

and compositions. Our method takes advantage of nanoparticles that possess different diffusion 

rates within polymer matrices to produce chains of heterogeneous nanoparticles with controlled 

morphologies that can be tuned by controlling ratios of nanoparticle loading densities, relative 

nanoparticle sizes, and polymer graft miscibility.  
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INTRODUCTION 

The controlled assembly of multiple types of nanoparticles (NPs) that possess different sizes, 

shapes, or compositions into hybrid nanocomposites remains a considerable challenge for the 

fabrication of functional nanomaterials and nanodevices.
1
 Ensembles of different functional NPs 

(e.g. plasmonic, photoluminescent, dielectric, and magnetic) that exhibit collective NP 

interactions have the potential to enable novel and unexplored physical phenomena.
2,3

  For 

example, Ag and Au NPs with unique localized surface plasmon resonances can be assembled 

into clusters that exhibit strong electromagnetic coupling between NPs and are of tremendous 

interest for applications in subwavelength optics
4,5

 and sensing.
6
 Assymmetric nanojunctions 

formed by coupling two different plasmonic NPs have been utilized in the fabrication of a 

nanojunctions that exhibit exceptionally high light confinement and or exhibit unique Fano 

resonances.
7,8

 A dimer composed of one Au NP and one Ag NP was demonstrated to exhibit 

electromagnetic coupling of the Ag NP’s surface plasmon resonances to the interband transitions 

belonging to the Au NP.
9,10

 Heterojunctions composed of one plasmonic NP and a non-

plasmonic NP are also desired. For example, coupling a metal NP to a semiconductor quantum 

dot is desired for enhanced photoluminescence or for observing energy transfer processes.
11,12

 

The generation of a heterojunction between an Ag NP and a surface-active NP (such as Pd or 

ZnO) has been reported to give increased photocatalytic activity. 
13,14

 

 

To pursue the fabrication of these heterostructures, several methodologies have been developed 

for inducing NP assembly, including DNA-based strategies, 
2,9,15

 bifunctional molecular linkers, 

16
 and electrostatic-induced assembly between nanoparticles with different charges.

17
 However, 

controlling the interparticle separation distance and the manner in which NPs coordinate can be 
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difficult. Most of these strategies tend to produce close-packed or jammed structures. In addition, 

NP shape poses additional challenges in generating heterostructures since interparticle 

orientation must also be considered.
18

 Previously, we demonstrated that polymer-grafted shaped 

NPs embedded within an immiscible polymer matrix assemble to form one-dimensional (1D) 

chain-like NP superstructures.
19,20

 Phase segregation of these superstructures is induced by 

solvent or thermal annealing. This method results in NP assemblies with well-defined nanoscale 

homojunctions where interparticle orientation is dictated by the length and miscibility of the 

polymer graft. For Ag nanocubes grafted with long hydrophilic polymers, the generation of NP 

homojunctions produces a highly intensified electromagnetic field to form plasmonic “hot 

spots.”  

 

In this work, we further extend this polymer-directed assembly strategy to constructNP 

heterojunctions composed of NPs that possess different shapes, sizes, and compositions. We 

examine the rate of NP assembly within a polymer matrix and demonstrate how co-assembly can 

carried out using a binary mixture of NPs. The self-organization of NP heterojunctions is 

dictated by the diffusion rate of each type of NP within the polymer matrix, relative NP density, 

and miscibility of the polymer graft.  

 

EXPERIMENTAL METHODS 

Nanoparticle synthesis and surface modifcation 

1. Synthesis of PVP- and PEG-grafted spherical Au NPs.  Spherical Au NPs were synthesized 

according to the well-known Turkevich method.
21

 The as-synthesized spherical Au NPs were 

then coated with poly(vinyl pyrrolidone) (PVP, Mw = 55k, Sigma-Aldrich) chains in aqueous 
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solution under stirring as previously described.
20,22

 Thiol terminated polyethylene glycol (PEG-

SH, Mw = 20k, Laysan Bio) chains were grafted onto the citrate-capped Au NPs in aqueous 

solution using previously reported methods.
23

 To remove excess polymer, the Au NPs were 

precipitated by centrifugation (Eppendorf Centrifuge 5804) and redispersed in ethanol. This 

process was repeated two times. The ligand exchange process was confirmed by UV-visible 

absorption spectroscopy, infrared spectroscopy, and dynamic light scattering. 

 2. Surface modification for polystyrene (PS)-grafted Au NPs. Surface modification of Au NPs 

was adapted from previously reported methods.
24

 Specifically, 4 mL of as-synthesized citrate-

capped NPs were centrifuged to precipitate the NPs, followed by redispersion of the NPs in 250 

µL of DI H2O. For functionalization with thiol-terminated polystyrene (PS-SH, Mw = 20k, 

Polymer Source), the aqueous Au NP dispersion was pipetted into 8 mL of a 2 mM PS-

SH/tetrahydrofuran (THF) solution and stirred for 24 h. The resulting mixture was centrifuged 

and the precipitated Au NPs were redispersed in 10 mL of toluene. This step was repeated two 

additional times to remove unbound PS-SH molecules. 

3. Ag nanocube synthesis. Ag nanocubes were synthesized using a previously reported polyol 

reaction.
25

 Briefly, an AgNO3 solution was prepared by sonicating 0.20 g AgNO3 and 40 µL of 

0.043 M CuCl2 solution in 5 mL of 1,5‐pentanediol until all the salt crystals were dissolved. A 

separate solution of polyvinyl pyrrolidone (PVP, Mw~55K) was prepared by dissolving 0.10 g 

PVP in 5 mL of 1,5-pentanediol. The growth solution was prepared by heating 20 mL of 1,5-

pentanediol at 193°C. The AgNO3 and PVP precursor solutions were alternately injected into the 

hot pentanediol at a rate of 500 µL/min and 320 µL/30 s, respectively. The injections were 

continued until the solution turned an opaque yellow color (after approximately 6 minutes), 

signaling the formation of nanocubes. The as-made nanocube was further purified by filtration 
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and concentrated to the desired concentration in ethanol.
19,25

 

NP-polymer composite film fabrication and annealing. NP-polymer composite films were 

fabricated using previously reported methods for embedding NPs into supported polystyrene (PS, 

Mw=11k) films.
19,20

 The PS films were spin-coated onto clean Si substrates and possess film 

thickness ~180-200 nm as measured by atomic force microscopy (Veeco, Multimode Nanoscope 

IV). NP monolayers were formed at an air-water interface, then transferred onto the supported 

PS thin-films by dip-coating. For deposition of mixed NPs, each NP type was deposited 

individually from separately prepared NP monolayers. The nanoparticle-PS composite was then 

exposed to CHCl3 vapor in a closed vessel at room temperature according to previous 

methods.
19,20,26,27

 For monitoring the time-dependent evolution of assembly structures, the 

nanocomposite films were enclosed in individual vessels during the vapor exposure step and 

removed from the vessel after the desired time interval.  

Sample characterization. Nanoparticle assemblies were characterized by scanning electron 

microscopy (SEM) using a FEI UHR Field Emission SEM equipped with a field emission 

cathode with a lateral resolution of approximately 2 nm. The acceleration voltage was between 

10-20 kV.  

 

RESULTS AND DISCUSSION  

Figure 1 shows a schematic of the assembly process and SEM images of the assembly structures 

obtained from individual NP building blocks. Spherical Au NPs (d=21± 2 nm) and Ag 

nanocubes (e=80± 4 nm) were embedded into a hydrophobic PS thin-film, and phase segregation 

was carried out by solvent vapour exposure. Both the Au NPs and Ag nanocubes are grafted with 

hydrophilic PVP ligands and assemble into anisotropic chain-like structures, consistent with our 
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previous observations.
19,20

 Solvent annealing enables NP migration, rotation, and redistribution 

within the PS thin-film by swelling the PS chains to form a glassy, molten matrix. PS serves as a 

convenient medium to capture any dynamic NP superstructures because removing the 

nanocomposite film from solvent vapor causes the polymer film to harden. Here we take 

advantage of this to monitor the NP assembly and the structures that form during phase 

segregation by removing the NP-loaded films from solvent vapor after various time intervals to 

carry out SEM analysis.  

Nanocomposite films were fabricated by loading Au NPs into PS with a surface density ɸ=270 

NPs/µm
2
, which corresponds to a surface coverage of 9.01 ± 0.57%. (Figure 1b-e) In the early 

stages of solvent annealing, the NPs sink vertically into the PS film (which was confirmed by 

AFM) and show no signs of lateral diffusion up to 75 min of solvent vapour exposure.  After 95 

min, the NPs assemble into small clusters consisting of 2-3 NPs. These clusters then grow into 

longer NP chains through the attachment of both single NPs and neighboring NP chains. SEM 

images show that chain growth occurs as the population of individual NPs decreases. After 135 

min, NP chain growth appears to be dominated by discrete chains that merge to form branched 

superstructures. While the NPs form larger clusters in a few regions, the majority of the 

structures are comprised of chains that are only a single NP wide. The overall NP density in the 

PS film remains constant during the assembly process, and chain merging continues until the 

surrounding supply of NPs is depleted. As a result, the final lengths of the Au NP chains are 

strongly dependent on the initial NP loading density prior to assembly.  

Figure 1e-h shows the self-assembly process for nanocomposites composed of Ag nanocubes 

embedded in a PS thin-film with a NP loading density ɸ=11-12 cubes/µm
2
, corresponding to a 
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surface coverage of 7.68 ± 0.51%. Because the Ag nanocubes are considerably larger than the 

Au NPs, the required solvent annealing time (135 min) to embed the nanocubes into the PS 

matrix is considerably longer than the time required for Au NPs. After 150 min, Ag nanocubes 

are observed to assemble into small clusters, which continue to grow into longer chain-like 

structures with similar assembly kinetics. We did not pursue solvent annealing times longer than 

180 min due to polymer dewetting from the underlying solid support, evidenced by the 

emergence of small pinholes at the surface of the nanocomposite film.  

To fabricate heterojunctions composed of both spherical Au NPs and Ag nanocubes, we take 

advantage of the different time windows for self-assembly observed for the two NPs. (Figure 2a) 

To facilitate co-assembly, a mixture of Au NPs and Ag nanocubes was deposited onto a PS thin-

film (Figure 2b). Upon exposure to chloroform vapour for 115 min, the Au NPs are the first to 

sink into the PS and being to assemble into small clusters. In Figure 2c, we observe the 

formation of short NP chains composed exclusively of spherical Au NPs (homojunctions) and 

short NP chains attached to Ag nanocubes (heterojunctions). After 130 min, the Au NP chains 

have grown longer by depleting most of the single NPs and merging of small clusters. Most of 

the Ag nanocubes, which have not begun to assemble, have Au NPs attached to their corners. 

After 150 min, the Ag cubes with attached Au NP chains begin to diffuse laterally within the PS 

matrix and coalesce with other sphere-cube assemblies. After 170 min, these assemblies form 

branched structures where the Ag nanocubes serve as “joints” for the extension of Au NP chains.   

 

Figure 2h shows the optical extinction spectra for individual Ag nanocube (black line) and Au 

nanosphere (red line) assemblies after annealing. Optical scattering from the Ag nanocube 

assembly is significantly higher in intensity than the Au nanoparticle assemblies, which is 
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attributed to their larger size and the larger scattering cross-section of Ag. Nanocube assemblies, 

as previously reported, show a broad feature in the 800-1000 nm range which is attributed to the 

formation of edge-to-edge homojunctions and the resulting dipole-dipole coupling between 

neighboring Ag nanocubes. This is further confirmed when the optical response of the nanocube 

assembly is compared to the optical response of colloidal Ag nanocubes that are isotropically 

distributed in water (blue line, Fig. 2i), which exhibits no spectral peak in this wavelength region. 

Figure 2i shows the spectrum of co-assembled Ag nanocubes and Au nanospheres (red line).  

The optical response of the co-assembled nanoparticles appears very different from the 

individual cube and sphere nanocomposites, and does not display any spectral evidence of 

significant plasmonic coupling between Ag nanocubes. Rather, the optical response of the 

coassembly resembles the spectrum for isotropically distributed Ag nanocubes and shows good 

registry with the spectral features obtained for isotropically distributed nanocubes. Compared to 

the colloidal Ag nanocubes, a small red-shift (10-30 nm) in the spectral peaks of the assembly is 

attributed to the presence of the polymer matrix, which possesses a higher refractive index than 

water. In addition, the spectrum for the coassembly exhibits a spectral shoulder near 700 nm, 

which we attribute to scattering from assembled Au nanospheres. These results suggest that co-

assembly may provide a unique method for retaining isotropic nanoparticle distribution within a 

polymer composite to combat phenomena such as composite aging and particle aggregation. 

 

Figure 3 shows a schematic of how the resulting sphere-cube chains can be viewed as NP 

analogue of copolymer chains, where Ag nanocubes serve as one monomer (A) and Au NP as 

another monomer (B). The overall composition of the NP copolymer chain is dependent on the 

initial relative loading density of each NP. Figure 3b-d shows heterojunctions obtained for 
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nanocomposites with a sphere-to-cube loading densities of approximately: a) 40:1 (high), b) 20:1 

(medium), and c) 10:1 (low). We observe that the main difference between these structures is the 

average distance between cubes, corresponding to the size of bridging Au NP blocks. By tuning 

the loading density of Au NPs, distance between assembled cubes can be readily tuned which 

may provide a strategy for tuning plasmonic properties of the composite film. At very high 

loading densities of spherical NPs, we observe that the average intercube distance remains very 

close to the initial intercube distance prior to solvent annealing. This co-assembly process may 

provide a strategy for stabilizing nanocomposite structures where the dispersity of a single 

nanocomponent is critical for material performance. However, this co-assembly process is 

dictated by i) the relative diffusion rates, and ii) the sticking probabilities of each NP.  

 

For example, if NPs possess a similar diffusion rate, the resulting NP assemblies possess similar 

rate of assembly and the resulting NP chains exhibit structure that reflect equal incorporation of 

the NPs. Figure 4a shows this for Ag nanocubes and Ag triangular nanoprisms with e=115 nm.  

Upon loading into the PS matrix at near-equivalent loading densities, co-assembly from mixtures 

of the two building blocks results in chains of alternating NPs. On the other hand, when the NPs 

possess different sticking probabilities (defined as the likelihood that a collision with another NP 

will produce a NP junction), the structure of the resulting NP chain can be significantly altered 

due to the different interparticle interactions. Figure 4b shows SEM images for co-assembly 

between Ag nanocubes and Au NPs where the Au NPs are grafted with thiol-terminated PS (Mw 

= 20k). Due to the miscibility between the grafted PS and the PS matrix, the Au NPs exhibit 

much lower sticking probabilities and do not form homojunctions with other Au NPs. However, 

van der Waals attraction between the cubes and spheres are sufficiently strong such that sphere-
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cube heterojunctions are formed. Because interactions between the graft polymers attached to the 

two different NP building blocks is unfavorable, the overall attractive cube-sphere interaction is 

relatively weak. In most cases, heterojunction formation is stabilized by one sphere coordinated 

between the adjacent facets of two nanocubes. This is confirmed by the large separation distance 

observed between the Au NPs and the Ag nanocubes, which is measured to be 16±1 nm. This is 

consistent with the estimated radius of gyration of the PS grafts (~10 nm) and PVP grafts (~ 4 

nm), indicating that little-to-no interdigitation occurs between the polymer grafts of cubes and 

spheres. In this case, increasing the sphere-to-cube loading density has little effect on the final 

morphology of the assembled chain and we observe that several Au NPs remain unassembled in 

the nanocomposite even after extensive solvent annealing.  

 

CONCLUSION 

In summary, we use a polymer-directed approach to fabricate nanocomposites that are comprised 

of co-assembled NPs with varying size, shapes, composition and polymer grafting chemistries. 

NP heterojunctions can be formed by taking advantage of the diffusion-limited assembly 

mechanism exhibited by polymer-grafted NPs within polymer matrices, utilizing NPs that exhibit 

different diffusion rates. The composition and morphology of the resulting NP co-assemblies can 

be further tuned by controlling the ratio of NP loading densities, relative NP sizes, and polymer 

graft miscibility. This method enables the fabrication of self-assembled structures comprised of 

multiple nanoscale building blocks, especially the plasmonic heterojunctions which could be 

important for fundamental studies of plasmonic properties that are caused by the asymmetry of 

nanostructures with unequally sized building blocks.  
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FIGURES 

 

Figure 1. Dynamic assembly structures of nanocubes and nanospheres incorporated into a supported 

polymer thin-film. (a) Schematic of the self-assembly process. (b-i) SEM images showing the evolution 

of (a-d) Au nanospheres (scale bar = 200 nm) and (e-h) Ag nanocubes (scale bar= 500 nm) assembly 

structures upon solvent annealing.  
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Figure 2. Co-assembly of spheres and cubes. (a) Timeline of the assembly process during solvent 

annealing of the nanocomposite film, showing that spherical nanoparticle embed and assemble prior to 
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the initiation of nanocube assembly. (b–f) SEM images of mixed nanocube and nanosphere assemblies 

upon solvent annealing for different time intercals. (g) SEM image showing a close-up view of the co-

assembled structure. (h) Extinction spectra for assembled Ag nanocube (black line) and Au nanosphere 

(red line) nanocomposites.  Nanocubes were assembled with a surface density of 12 NPs/µm
2
 and 

annealed for 173 minutes. Nanospheres were assembled with a surface density of ~250 NPs/µm
2
 

and annealed for 125 minutes. (i) Extinction spectra for a co-assembled nanocube and nanosphere 

composite. The composite was fabricated with a nanosphere surface density of ~250 NPs/µm
2
 and a 

nanocube surface density of ~12 NPs/µm
2
. The co-assembly was annealed for 173 minutes. All 

scale bars = 200 nm.  
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Figure 3. (a) Schematic of copolymerization between two different monomers, labelled as A and B. SEM 

images of co-assembled structures with approximate sphere/cube loading ratios of (b) 40:1, (c) 20:1 and 

(d) 10:1.  
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Figure 4. Schematic and SEM images of co-assemblies for particles with varying (a) diffusion 

coefficients, and (b) sticking probabilities. (a) Nanoparticles that exhibit similar in-polymer diffusion 

rates should assemble into structures that reflect their relative loading densities, as seen in with Ag 

nanocubes and Ag nanoprisms with similar sizes. Triangular Ag nanoplates possess an edge length=115 

nm and are grafted with long-chain PEG thiol ligands. (b) Nanoparticles that exhibit different in-polymer 

miscibilities are expected to possess different sticking probabilities. The SEM image shows the resulting 

structure obtained for polystyrene miscible Au nanospheres (diameter=21 nm) and immisicible Ag 

nanocubes. The nanospheres are grafted with a long-chain PS-thiol ligand. All scale bars = 200 nm.  
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