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ABSTRACT. Functional superstructures constructed from metal nanoclusters (MNCs) hold great 

promise in providing highly tunable photoluminescence (PL), catalytic activity, photothermal 

stability, and biological functionality. However, their controlled synthesis with well-defined size, 

structure, and properties remains a significant challenge. Herein, we introduce a novel approach 

that combines depletion attraction and thermal activation to induce in situ formation of spherical 

superclusters (AuSCs) from Au(I)-thiolate complexes within the assembly. Extensive 

characterization and electron tomographic reconstruction reveal that Au(I)-thiolate complexes can 

be sequentially transitioned into metallic Au0, resulting in hollow nanoshell-like structures with 

consistent size (~110 nm) and diverse shell configurations. Our results demonstrate that AuSCs 

with thinner shells, containing a high concentration of Au(I)-thiolate complexes, exhibit the 

highest PL, while AuSCs with thicker shells, containing high concentrations of metallic gold atoms 

and low ligand density, show remarkable peroxidase-like nanozyme activity in the 3,3′,5,5′-

tetramethylbenzidine (TMB) oxidation reaction.  
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Metal nanoclusters (MNCs) have garnered significant interest in scientific research due to their 

ultra-small size, well-defined crystal structures, and molecule-like physicochemical properties.1-6 

To enhance their functional diversity, researchers have explored two primary strategies. The first 

involves modifying their structure and composition at the single cluster level through techniques 

such as ligand shell engineering and hetero-atom doping, which have proven effective in 

enhancing their optical7, photoluminescence (PL)8-11 and catalytic performance12-15. The second 

strategy involves hierarchical assemblies through various non-covalent and covalent interactions 

using MNCs as molecular building blocks.16-24 This approach has shown promise in producing 

confined assemblies that significantly improve the PL of MNCs, with potential benefits for 

biomedical applications.16, 25-33 However, these two strategies have mostly been investigated 

separately, leading to the creation of numerous individual MNCs and functional assemblies. By 

integrating these two approaches, researchers could potentially unlock new avenues for developing 

highly versatile MNC structures and compositions, featuring superior physical, chemical, and 

biological properties. Such a strategy could also open the possibility of creating newer assemblies 

with tunable structure and composition of individual MNCs, with potential for diverse 

applications.  

 In this study, we introduce an integrated in situ approach for creating a range of 

thermodynamically stable assemblies of AuNCs protected by glutathione (GSH), referred to as 

"superclusters" (SCs). To begin with, we first adopted the conventional method for GSH-protected 

AuNCs that involves forming polymeric/oligomeric GS-[Au(I)-SG]x complexes (Figure S1), 

followed by an in-situ reduction-assisted growth process.34 The key innovation of our approach is 

to manipulate the growth process under confined conditions. To achieve this, we introduced a high 

percentage of polyethylene glycol (PEG-600) as a depletant in the complex solution (see SI for 
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details), which can induce the formation of spherical assemblies.35 We hypothesized that by 

maintaining constant  depletion, we could trigger the formation of a metallic core within the 

assembly by sacrificing the GSH ligands from the Au(I)-SG complexes. This induces the 

formation of thermodynamically stable assemblies of AuNCs as a function of time. The time-

dependent structural reconstruction within the assembly is illustrated in Scheme-1, which shows 

that increasing the duration of thermal energy provision from 12h to 72h gradually increases the 

extent of reduction of Au(I) of GS-[Au(I)-SG]x complexes to metallic Au0 core. This results in a 

loss of ligand density and an increase in metallicity over time. Using the four distinct AuSCs 

(AuSCs-1 to AuSCs-4), we studied systematically how the physical, chemical, and optical 

properties of the SCs are affected by their structure and composition. 

 

Scheme 1. Schematic showing the time dependent conversion of GS-[Au(I)-SG]x complexes to 

metallic Au0 core within the assembly. 

To determine the size of the SCs, we conducted dynamic light scattering (DLS) 

measurements using aqueous dispersion. The DLS results showed that all four SCs had a similar 

hydrodynamic diameter of approximately 260±20 nm, with a polydispersity index value of ~0.2-

0.3 (Figure S2). Field emission scanning electron microscopy (FESEM) images showed that all 

Au(I) Au0 GSH GS-[Au(I)-SG]X Complex

AuSCs-2AuSCs-1 AuSCs-3 AuSCs-4

12h 24h 48h 72h
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four SCs had a spherical morphology. The difference in size between DLS and FESEM 

measurements suggests the swelling nature and hydration of all four SCs (Figure 1A-D). High-

resolution transmission electron microscopy (HRTEM) images also revealed that the AuSCs 

formed spherical assemblies with an average diameter of around 110 ±10 nm. Each AuSC 

assembly contained multiple single clusters, which were approximately 2-3 nm in size (Figure 

1E-H). According to our hypothesis, with the progression of time, temperature induced growth 

within the assembly would lead to the increase in metallic core volume by sacrificing ligands from 

the Au(I)-SG complexes. Indeed, we observed few large size Au nanoparticles (NPs) within the 

assembly for AuSCs-4 (marked in yellow circle in Figure 1H). The presence of elemental gold, 

sulfur, nitrogen, oxygen was confirmed from EDS spectra (Figure S3) and mapping collected 

under the scanning transmission electron microscopy (STEM) mode (Figure S4-7).   

 To evaluate the three-dimensional (3D) morphological features of the SCs, we performed 

the TEM electron tomographic reconstruction of all SCs. For 3D reconstruction, a series of 2D 

projections were collected between ±68o with increment angle of 2o. Figure 1I, K, M, O shows 

the 2D projections at -68o, 0o and +68o of SCs, suggesting that all studied particles have spherical 

morphologies. The slight deformation of the SC morphology was seen in the TEM images (Figure 

1I, K, M, O; video S1-4), possibly due to dehydration during sample preparation.36 The 3D 

reconstructed images and their cross-sectional views suggest that all the SCs had a clear difference 

in the density of the materials in the core and shell suggesting a nanoshell-like structure (Figure 

1J, L, N, P; video S5-8). The shell has more compact and solid-like structure made up of 

individual nanocluster assemblies, whereas the core with less dense, presumably due to the  
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Figure 1. (A-D) FESEM images showing the spherical morphologies of AuSCs-1, AuSCs-2, 

AuSCs-3, AuSCs-4 respectively. (E-H) HRTEM image of AuSCs-1, AuSCs-2, AuSCs-3, AuSCs-

4 respectively; (Inset: size distribution of the corresponding AuSCs). In (H) the larger black dots 

highlighted in yellow circles, indicating the formation of large sized AuNPs. (I, K, M, O) TEM 

images AuSCs from the tilt series showing 2D projections at -68o, 0o and +68o. The scale bar for 

the TEM images are 100 nm for (I, K, M, O). (J, L, N, P) 3D reconstructed structures of AuSCs 



 7 

and their cross-sectional views showing varying shell densities. The scale bar is 20 nm for (J, L, 

N, P).  

amorphous organic compounds such as thiol ligands (i.e., GSH) or Au(I)-SG complexes. More 

importantly, a detailed analysis of 3D reconstructed images revealed that the thickness of the 

nanoshell increases from AuSCs-1 to AuSCs-4. These results imply the gradual conversion of 

Au(I)-SG complexes to metallic gold over time. 

To gain insights into the in situ structural transformation within SCs, we performed X-ray 

photoelectron spectroscopy (XPS) analysis on all four AuSCs. The Au 4f spectra were compared 

with oligomeric Au(I)-SG complexes (Figure 2A), which contained only Au(I) and had a 

corresponding Au 4f7/2 binding energy (BE) of 84.3 eV. The Au 4f7/2 peak in the XPS spectrum 

gradually shifted to higher BE side as we move from AuSCs-1 to AuSCs-4, respectively. The Au 

4f7/2 peak of AuSCs-4 was found to be close to that of AuNPs (~83.7 eV), indicating the presence 

of a high percentage of metallic gold atoms. The deconvoluted XPS spectra indicate a gradual 

increase in the proportion of metallic gold and a simultaneous reduction in the proportion of Au(I) 

from AuSCs-1 to AuSCs-4, respectively (Figure 2B, Figure S8 & Table S1). These results are 

consistent with our hypothesis that motif reconstruction leads to the accumulation of metallic Au0 

core, at the expense of Au(I)-SG complexes. As a result of these structural changes within the 

assembly, we anticipate a reduction in the ligand density of the SCs over time. To investigate the 

pattern of ligand decomposition and thermal stability of all the AuSCs, we conducted 

thermogravimetric analysis (TGA) in the temperature range of 20 to 1000 °C (Figure 2C). The 

initial weight loss in the range of 100 °C could be attributed to the evaporation of bound water. 

The primary weight loss occurred in the temperature range of 190-400 °C and 400-1000 °C, 

because of the degradation of the GSH ligands from the Au(I)-SG complexes. Among them, the 
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minimum weight loss was observed for AuSCs-4 (~35%), which had the highest metallic gold 

content (~65%). In stark contrast, AuSCs-1 had the maximum ligand density (weight loss ~58%) 

due to the presence of high percentage of oligomeric Au(I)-SG complexes.  

 

Figure 2. (A) Au 4f XPS spectra of Au(I)-SG complexes and all four AuSCs. From bottom to top 

the gradual right shift of the Au 4f7/2 peak is observed. (B) The relative percentage of Au (I) and 

Au0 obtained from the deconvolution of XPS spectra. C. TGA curves of all the AuSCs. 
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The gradual increment of Au/S ratio was also evidenced from EDS data (Figure S9).  Therefore, 

we can conclude that thermal activation energy under constant depletion produces metallic Au0 

core over time within the assembly, by sacrificing the thiol ligands from the Au(I)-SG complexes. 

Furthermore, it also indicates that structural conversion happens on the assembly surface, which 

could induce the formation of densely packed metallic gold cores in the nanoshell of the SCs.  

The evolution of metallic Au0 core of the SCs may lead to compact packing of gold atoms 

on the nanoshell. To verify that structural and compositional changes, we carried out powder X-

ray diffraction (XRD) measurements (Figure 3A). The XRD spectra suggests two sets of 

diffraction peaks where the first one is the broad peak at lower angles (shown in the shaded region) 

and the others are the distinct sharp 2θ peaks at 38.14°, 44.26°, 64.48°, 77.5°, and 81.75°. The later 

set in the XRD pattern correspond to the (111), (200), (220), (311), and (222) crystallographic 

planes, respectively, of face-centered cubic (fcc) gold. The broad peak observed between 25°-36° 

in the XRD pattern is attributed to randomly aggregated clusters.31 The precursor Au(I)-SG 

complexes, however, does not exhibit any characteristic peaks in the XRD pattern (Figure 3A, 

black line). As the clusters form within the assembly, the broad peak emerges. Interestingly, from 

AuSCs-1 to AuSCs-4, the sharp 2θ peaks that are typically associated with AuNPs become more 

prominent and intense, which is an unusual phenomenon in cluster aggregates. Although the 

increase in peak intensity indicates a shift towards a more crystalline nature, the origin of these 

sharp peaks remains unclear. Solid-state FT-IR analysis reveals the absence of the ∼2526 cm-1 

peak, suggesting the possible bonding of thiol groups to Au by the formation of Au-S bonds in all 

the AuSCs (Figure S10). Furthermore, the broadening of the C=O stretching of -COO- and N-H 

stretching of NH3+/amide -NH peaks, indicate a strong interaction among them, that arises as a 

result of the formation of SCs. The pH-dependent stability test of AuSCs performed from pH 5.5 
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to 12.0 (Figure S11) further confirmed the strong interaction among the metallic cores through 

the Au(I)-SG motifs. It was observed that the stability towards higher pH increases in the order of 

AuSCs-1 to AuSCs-4. After establishing the structure and morphology of all four SCs, we decided 

to focus on their optical properties. Interestingly, we found that none of the SCs exhibit any visible 

spectral bands in aqueous solution, indicating the absence of large-sized AuNPs (Figure S12). 

However, in the solid-state, we detected a nascent plasmon-like band at around 560 nm for all four 

AuSC samples (Figure 3B).  

 

Figure 3. (A) Powder XRD spectra of Au(I)-SG complex and all four AuSCs. The broad peak 

region is highlighted in grey shed. (B) Solid-state UV-Vis absorbance spectra. (C) PL spectra of 
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dispersed SCs in water. (D) PL decay profiles of all four AuSCs. Inset of 3B & C showing the 

photographs of solid power samples under visible and UV light. 

This was unexpected since ultra-small individual AuNCs do not typically exhibit this feature in 

the aggregated state (Figure S13). We suspect that the SCs may possess a plasmonic nature similar 

to that of regular or porous gold nanoshells37, accounting for this unique absorbance feature. The 

close packing of metallic Au0 cores in the nanoshell of the SCs may support collective oscillation, 

leading to this plasmon-like band. 

One of the distinctive characteristics of AuNCs is their PL, which sets them apart from 

larger plasmonic AuNPs. In our study, we used a high-temperature synthesis method without 

depletant, which typically produces highly luminescent AuNCs with aggregation-induced 

emission (AIE) properties. Since AuSCs are the stable assembled form of AIE-type AuNCs, we 

first investigated their PL properties in the dispersed form (Figure 3C). Our results indicate that 

both AuSCs-1 and AuSCs-2 displayed the highest PL intensity with PL maxima around 618 nm. 

Importantly, AuSCs-1 exhibited slightly stronger PL than AuSCs-2. The strong PL suggests the 

presence of longer Au(I)-SG motifs, which is consistent with our XPS data. As the metallic Au0 

concentration increases in more compact nanoshell structures, such as those found in AuSCs-3 and 

AuSCs-4, a decrease in PL is expected. Our results confirmed that the PL of AuSCs-3 and AuSCs-

4 was significantly reduced, with an approximately 12 nm red shift compared to that of AuSCs-1 

and AuSCs-2 (Figure 3C). The digital photographs of dispersed AuSCs under ambient light and 

UV light are shown in Figure S14. The higher Au0 core density in the nanoshell may also affect 

the Au(I)...Au(I) interaction within the assembly, leading to a shift in PL maxima to higher 

wavelengths. To better understand the impact of aurophilic interaction, we measured the excitation 

and PL spectra in the solid state (Figure S15). Due to the stronger Au(I)...Au(I) interaction in the 
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solid state compared to solution, the PL maxima of AuSCs-1 were red-shifted to around 650 nm, 

which further increased up to approximately 24 nm for AuSCs-4. Additionally, all the SCs 

exhibited longer lifetimes in the microsecond (μs) range (λex ~375 nm) due to radiative relaxation 

via a metal-centered triplet state. The average excited state lifetime of the samples followed a 

decreasing trend as we moved from AuSCs-1 to AuSCs-4 in the order of 12.04 μs > 8.65 μs > 4.15 

μs > 2.62 μs (Figure 3D and Table S2). The excited-state decay dynamics of all four AuSCs have 

been visually represented in Figure S16 with the corresponding energy diagram. 

 

Figure 4. (A) Time-dependent TMB oxidation kinetics with and without AuSCs. Absorbance is 

measured at 652 nm (for ox-TMB) in pH 4 buffer. (B) Relative comparison of catalytic efficiency 

(Kcat/KM) of the individual AuSCs with other reported AuNCs. 

Finally, we sought to investigate the peroxidase-like catalytic activity of AuSCs by 

conducting a colorimetric assay- based on the oxidation of 3,3′,5,5′-tetramethylbenzidine (TMB), 

which is a widely used model enzymatic reaction. The oxidation of TMB produces a blue-colored 

solution with a characteristic absorbance band at 652 nm, known as oxidized-TMB (Ox-TMB). In 

the absence of any catalyst, the oxidation of TMB was found to be a slow process, as evidenced 

by the black line in Figure 4A. However, all four AuSCs expedited the process and initiated the 
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reaction within 5-10 minutes, indicating their peroxidase-like nanozyme behavior. The remarkable 

aspect is that we can modulate the peroxidase-like nanozyme activity of AuSCs by adjusting their 

structure and composition. As depicted in Figure 4A, the absorbance at 652 nm increases with 

time for all AuSCs, with the kinetics being the fastest for AuSCs-4. The TMB oxidation kinetics 

followed the trend: AuSCs-1 (red) < AuSCs-2 (blue) < AuSCs-3 (magenta) < AuSCs-4 (olive 

green) (Figure 4A, inset). The Michaelis-Menten and Lineweaver-Burk plot showed that 

maximum rate (Vmax), Michaelis−Menten constant (KM), catalytic rate constant (Kcat), and catalytic 

efficiency (Kcat/ KM) of AuSCs varied according to their nanoshell structure and composition 

(Figure S17, Table S3). We observed that SCs with denser shell containing high concentration of 

metallic Au0 core, had the highest activity. The KM value decreased progressively from AuSCs-1 

to AuSCs-4, indicating a correlation between the structure of AuSCs and their peroxidase-like 

activities. We achieved up to 33.5-fold increment of Kcat/ KM from 0.0035 mM-1S-1 to 0.1173 mM-

1S-1 by changing the SCs structure from thinner shell (AuSCs-1) to thicker one (AuSCs-4). In fact, 

the catalytic efficiency of AuSCs-4 and AuSCs-3 showed outstanding nanozyme activity 

compared to some of the reported AuNCs (Figure 4B).38, 39 Following the enzymatic reaction, the 

SCs-4 exhibited exceptional stability, as evidenced by the retention of its uniform size, intact 

structure, and distinctive spherical morphology (Figure S18). 

In summary, through the application of depletion attraction and thermal activation energy, 

this study successfully produced spherical nanoshell-like cluster assemblies with a variety of well-

defined sizes and shell configurations. We observed the growth of ultra-small AuNCs from Au(I)-

SG complexes within the assembly and found that the metallic core of the AuNCs became more 

compact over time, ultimately resulting in the formation of four distinct AuSCs with varying 

concentrations of metallic gold atoms. TEM tomographic reconstruction suggests the spherical 
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nanoshell-like structure of the AuSCs. Our results demonstrate that the optical response of the SCs 

is highly dependent on their shell structure and composition, with AuSCs-1 possessing a higher 

percentage of Au(I)-SG complexes and smaller metallic cores exhibiting the highest PL intensity. 

Additionally, we were able to tune the peroxidase-like catalytic activity of the AuSCs by adjusting 

their shell structure. These findings highlight the potential of these novel AuSCs as versatile and 

highly sensitive materials for a wide range of applications. 
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