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Spontaneous structure transition is an important process in 

the formation of normal crystals, which determines the 

structure and properties of final products. However, it is 

difficult to study this process in atom system experimentally. 

As an alternative, a detailed experimental study of this 

process in nanoparticle system is reported here. 

It is believed that formation of long-order crystal structure is the 

most effective way to minimize the energy of a system containing 

infinite atoms or molecules at sufficiently low temperature.  

Recently, this opinion is further strengthened by the results from 

spherical nanoparticle (NP) system, in which spontaneous formation 

of a variety of super-crystals with the same structural symmetry of 

normal crystals has been demonstrated by numerous studies.1-6 On 

the other hand, as known by people very early on, the minimum 

energy structure of a system containing finite building blocks is quite 

different. For example, the icosahedral structures with five-fold 

symmetry, which are incompatible to periodic crystals, were adopted 

by many kinds of atom or molecule clusters.7,8 The icosahedral 

packing can maximize the number of contacts between spherical 

building units, and thus minimize the internal energy for some types 

of potential, such as the Lennard-Jones (LJ) potential.9 

Since the structures of small clusters and corresponding bulk 

materials are intrinsically different, a structure transition definitely 

occurs during the growth process. However, our knowledge about 

when and how this transition happens is limited. The size of the 

clusters undergoing structure transition is somewhat too large for 

theoretical study even with the assistance of computers, which has 

been proved effective in study the minimum-energy structure of 

small clusters. The increased complexity in large clusters (containing 

thousands of or more atoms) makes the theoretical results highly 

depend on the approximation method applied, and thus 

controversial.10 On the other hand, the size of the clusters is a little 

too small for the experimental study due to the difficulty in 

preserving and characterizing their structures, especially in single-

cluster level. Recently, the method for preparation of NP clusters 

which possess similar structures with atom clusters was developed 

by several groups.11-13 These highly stable NP clusters open an 

alternative way for addressing the issues about the structure 

transition in atom clusters. 

 
Figure 1. (a) Schematics of the experimental method. (b) Extinction 

spectra of the NP aggregates at different growth stage. The inset is a 

TEM image of the individual Au@PS NPs.  

Here, we report an experimental study of the spontaneous structure 

transition in NP system.  We observed the direct relation between the 

occurrence of structure transition and the size of NP aggregates. In 

our system, there is a small critical size (dc.s) for this transition; all 

the NP aggregates with the size smaller than dc.s are amorphous.  

Similarly, there is a large critical size (dc.l); all the NP aggregates 

with size larger than dc.l are crystalline. Detailed investigation of the 

super-crystal structures reveals that the structure transition starts 

from the outer-layer of the clusters and finishes at the center. In 

addition, control experiments with different building blocks show 

that formation of icosahedral structure in the small clusters is 

unfavorable for the structure transition. 
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Figure 2. (a-e) TEM images of the clusters obtained at the growth 

time of 1, 5, 15, 60 and 240 min, respectively. (f-j) Size-distribution 

of the clusters obtained at the growth time of 1, 5, 15, 60 and 240 

min, respectively.  

The experimental method was illustrated in Figure 1a, and the 

details are given in the SI. We use Au@polystyrene(PS) core@shell 

nanoparticles as building blocks (inset of Figure 1b). The average 

diameter of Au cores was 15.2 nm. The shell is a mixture of two 

kinds of PS with average molecular weight (Mn) of 12k and 50k 

respectively.  The mole ratio between the two polymers is about 2.5 : 

1. Starting from a dimethylformamide (DMF) solution (~ 2 mL) 

containing well-dispersed Au@PS core-shell NPs and polystyrene-

block-poly(acrylic acid) (PS-b-PAA, Mn = 1800 for PS and Mn = 

6000 for PAA) at 60 oC, we add small amount of deionized water 

(42 µL) into the solution to increase the solvent polarity, which will 

decrease the stability of hydrophobic Au@PS NPs in it. Different 

from the method we developed previously for fabrication of small 

NP clusters,13 here the amount of water is not enough to directly 

induce the aggregation of NPs.  Then the solution was incubated at 

40 oC to trigger the aggregation of NPs. As shown in Figure 1b, the 

peak in the extinction spectra shifts from 531 nm to 546 nm within 1 

min, indicating the fast aggregation of NPs. The peak underwent 

further red-shift in the following 60 min, indicating the gradual size 

increase of the NP aggregates. It is worth pointing out that the 

aggregation of NPs here is reversible; the peak would shift back to 

531 nm if we incubated the solution at 60 oC again for 5 min. To 

monitor the structural evolution of the clusters in the growth process, 

100 µL of the solution was transferred into a 1.5-mL centrifugation 

tube at different time. Then 1 mL of deionized water was added to 

the tube to induce the encapsulation of PS-PAA on NP clusters.14,15 

The resulting aggregates were isolated and purified by centrifugation 

and redispersed in deionized water and then loaded on TEM grids. 

 

Figure 3. (a, b) TEM image and the corresponding schematic of a 

super-crystal viewed from <111> direction.  (c, d) TEM image and 

the corresponding schematic of a super-crystal viewed from <100> 

direction. (e) TEM image of a super-crystal with a cavity in its 

center. (f) TEM image of a super-crystal with crystalline outer layer 

and amorphous center. 

First, we focus our attention on the relation between the structure 

(amorphous vs. crystalline) and size of the aggregates.  TEM images 

of the products obtained at 1, 5, 15, 60 and 240 min are given in 

Figure 2a-e (also see Figure S1), respectively. At 1 min (Figure 2a), 

all of the aggregates are amorphous with average size of ~ 128 nm. 

The sizes of the aggregates are all located within 50 to 250 nm 

(Figure 2f), and only 1.5% of the aggregates (200 surveyed, the same 

in the following cases) are found larger than 200 nm. At 5 min 

(Figure 2b), the average size of the aggregates increased to ~ 142 nm, 

and almost all of them remained amorphous. In the 200 aggregates 

we surveyed, only one aggregate with size located within the region 

of 200-250 nm is found to be crystalline (Figure 2g). At 15 min 
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(Figure 2c), the average size of the aggregates increased to ~ 171 nm, 

and 19% of the clusters are found to be super-crystals. All the super-

crystals are larger than 150 nm, and the proportion of them are 

increased with cluster size (Figure 2h). At 60 min (Figure 2d), the 

average size and the proportion of super-crystals were increased to ~ 

238 nm and 49.5%, respectively. The proportions of super-crystals in 

each size region are comparable in the cases of 15 min (Figure 2h) 

and 60 min (Figure 2i).  The average size and the proportion of 

super-crystals can be further increased by prolonging the growth 

time. For example, at 240 min, NP aggregates with average size of ~ 

260 nm were obtained (Figure 2e), and 72 % of them are super-

crystals (Figure 2j). 

The results discussed above clearly reveal the size-effect in 

spontaneous structure transition. All the small aggregates (< 150 nm) 

adopt the amorphous structure, which implies that formation of 

crystalline structure is not the effective way to minimize the system 

energy.  The structure transition occurs in some aggregates when 

their size is larger than 150 nm. There is a competition between 

amorphous and crystalline structures for the aggregates with size 

between 150 and 300 nm, and the crystalline structure becomes 

overwhelming when the size is larger than 300 nm. The existence of 

dc.s (~ 150 nm, containing about 250 NPs) and dc.l (~ 300 nm, 

containing about 2000 NPs) clearly demonstrates the size-effect in 

the structure transition of NP aggregates. 

The crystalline structure adopted by the NP aggregates is 

identified as face-centered cubic (fcc) structure, as shown in Figure 

3a-d (also See Figure S2).  Viewed from <111> direction, the NPs 

exhibit hexagonal close packing (Figure 3a and b), while from <100> 

direction, they exhibit square packing (Figure 3c and d). In the 

schematic diagrams given in Figure 3b and d, the balls with the same 

colour represent the Au NPs in the same hexagonal close packing 

layer, and the gap between the neighbouring same-colour balls is due 

to the polymer shells (~ 8.6 nm, corresponding to ~ 17.2 nm gap. 

See Figure S3) on Au NPs, which is almost transparent under TEM. 

The fact that the fcc structure has the highest packing density (~ 

0.74) for spherical building units provides a clue for explaining an 

interesting phenomenon you may have noticed in Figure 2d and e.   

Some super-crystals (~ 50%) have a “hollow” structure, according to 

the contrast between the center and outer layer of these super-

crystals. An enlarged TEM image of a hollow super-crystal is given 

in Figure 3e, in which a cavity appears clearly at the center. The 

cavity seldom appears in the amorphous aggregates, so the formation 

of it should be related to the structural transition, and not due to 

other reasons such as the bubbles in the solution.16 We also noticed a 

few of special NP aggregates; their outer layer exhibits a crystalline 

structure, while their center is amorphous (Figure 3f).  This structure 

can be looked as intermediate state of a NP aggregate under structure 

transition, which implies that the structure transition starts from the 

outer layer, and gradually proceeds into the center. In other words, it 

is a surface driven crystallization predicted in atom system.17,18 

According to this mechanism, the local stable (111) regions formed 

on the surface provide a template for the ordering the core regions. 

In our case, once a crystalline outer layer is formed, the inner NPs 

will adjust their arrangement and add to the outer layer with fcc 

packing. Since the fcc structure has the highest packing density, a 

cavity will appear at the center after the transition from amorphous 

(lower packing density) to fcc structure. The cavity is a kind of 

defect for an ideal super-crystal, so there will be a driving force to 

remove this defect to reach the most stable structure by rearranging 

the NPs. This is the possible reason why the cavity is absent at some 

super-crystals. 

In atom system, the structure transition is highly related to the 

interaction between atoms.9 For the Au@PS core-shell NPs, the 

interaction between them is mainly determined by the hydrophobic 

PS shells; it can be easily tuned by changing the PS chains. Instead 

of using two kinds of PS with average molecular weight (Mn) of 12k 

and 50k in the above experiments, a control experiment with only PS 

of 12k was performed. In this case, the shell thickness is about 3.9 

nm (inset of Figure 4a). The smaller gap between Au NPs leads to 

stronger plasmonic coupling and a new peak located around 650 nm 

appears in the extinction spectra of NP aggregates (Figure 4a).  The 

average size of NP aggregates obtained at 60 min is about 326 nm, 

larger than the dc.l observed in above experiments, but all of the 

aggregates are still amorphous (Figure 4b and Figure S4). The 

expected structure transition did not occur in this case. 

The structural differences in the products of the two experiments 

can be traced back to the initially formed NP clusters. Figure 4c 

shows the TEM images of the products obtained at 1 min in the 

control experiment. The structure of the small clusters follows the 

icosahedral scheme (Figure 4d-i, and Figure S5). Starting from a 

decahedron (Figure 4d and e, containing 7 NPs), which can be 

looked as an uncompleted icosahedron, the following clusters are 

formed by adding NPs on the faces of the decahedron until a 

completed icosahedraon (Figure 4f and g, containing 13 NPs) is 

formed. Similarly, larger clusters can be formed by adding NPs on 

the faces of the icosahedron (Figure 4h and I, containing 16 NPs). In 

the clusters containing hundreds of NPs, local icosahedral structure 

can be easily identified (Figure 4j). In the previous experiments with 

two kinds of PS, the structures of the small clusters are quite 

different. The majority of the products are not icosahedral clusters 

(Figure 2a). Two small clusters are imaged in Figure 4k and l, and 

obviously, their structures do not follow the icosahedral scheme. 

 

Figure 4. (a) Extinction spectra of the NP aggregates. The inset is a 

TEM image of the individual Au@PS NPs with thin PS shells. (b) 

TEM images of the products obtained with only PS of 12k. (c) TEM 

images of the products obtained at 1 min. (d – i) Enlarged TEM 

images and corresponding structural diagrams of three small clusters 

in (c). (j) TEM image of a large cluster with local icosahedral 

packing. (k –l) TEM images of two small clusters (containing 13 and 

14 NPs respectively) obtained in previous experiments with thick PS 

shells.  

The structural differences of the small clusters in the two cases 

can be well explained by considering the differences in the PS shells. 

In the control experiment, only short-chain PS (Mn: 12k) was used. 

The introducing of small amount of long-chain PS (Mn: 50k) 
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increased the range of interaction between NPs (for further 

discussion, see Figure S6). It is known that short-range interaction, 

such as the one described by LJ potential, favors the formation of 

icosahedral structures, which maximize the number of contacts 

between building units. For long-range interaction, the contribution 

from the interaction between noncontact particles makes some other 

structures comparable in energy with the icosahedral structures. In 

addition, the fact that three-dimensional space cannot be filled with 

tetrahedra leads to some inevitable deformation in the icosahedral 

structures (Figure S7), and thus high strain energy exists in these 

structures. The strain energy increased quickly with increasing the 

range of interaction, which will destabilize the icosahedral 

structures.19 In the control experiment, formation of clusters with 

icosahedral or local icosahedral structures is quite favorable. The 

fivefold symmetry in these structures has been called as an inhibitor 

to crystallization,20 which inhibits the structure transition. 

Conclusions 

In summary, the spontaneous structure transition was studied in a 

real NP system. Our study confirms the size-effect in this transition, 

and also reveals that the transition starts from the outer layer of the 

NP aggregates and finishes at the centre. The control experiment 

shows that the interaction between NPs determines the structures of 

small clusters, which has a great influence on the structure transition. 

These observations will not only promote our understanding of the 

spontaneous structure transition in atom system, but will benefit our 

control on the structure and thus the properties (e.g., photothermal 

effect) of NP clusters.21-23 
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