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ABSTRACT  

Atomically precise nanoclusters (NCs) are of great interest due to their molecule-like behaviour 

and unique physical and chemical properties. Understanding their structure-property relationship 

is an important task because it can help tailor their structures to achieve specific desired 

properties. In this study, the temperature-dependent bonding properties of Ag44(SR)30 have been 

revealed by the extended X-ray absorption fine structure (EXAFS) with a new structure analysis 

method. It has been proved that the EXAFS fitting quality can be improved significantly 

compared with the conventional method. New insights into Ag-S bonding were discovered based 

on the fitting results obtained from the new method. Additionally, the metal core of Ag44(SR)30 

exhibits uncommon thermal behavior, which could be connected to the absence of a center atom 

in the icosahedral core. Our results demonstrate that the new structure analysis method can 

provide a more reliable comparison of NC structural changes than the conventional method and 

it could be applicable to other NCs. The revealed temperature-dependent bonding properties can 

provide insights into the structure-property relationship, which can help design new NCs 

materials with tailored properties.  
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1. INTRODUCTION  

Atomically precise nanoclusters (NCs) have been studied for many years due to their unique 

physical and chemical properties.1–4 Such NCs normally have size less than 2 nm and have a 

molecular structure, i.e. an exact number and arrangement of atoms in each NC. In recent years, 

more and more thiolate protected NCs has been synthesized and their structures were determined 

by single crystal X-ray diffraction.5–9 Many of them possess structures that are not commonly 

observed in traditional nanoparticles.10–12 Understanding their properties therefore becomes 

critical for developing a better understanding of the structure-property relationships and thereby 

determine their potential applications. Among the great variety of thiolate protected NCs, Ag 

NCs and Au NCs are two major groups in this field. However, the study of Ag NCs is less well-

developed than Au NCs because of the lower stability of Ag NCs. In 2013, Na4Ag44(p-

mercaptobenzoic acid)30 (Ag44(SR)30 for short) was shown to have such high stability that it 

could be synthesized in quantitative yields and on a large scale.6 The study of structure and 

bonding properties under different conditions would be interesting since it could provide a 

deeper understanding of the stability of such materials.  

X-ray absorption spectroscopy (XAS) is a powerful technique to study both electronic properties 

and bonding properties with only one spectrum.13 The near edge region of XAS (XANES) has 

been successfully applied to investigate the electronic properties of NCs.14–17 The extended X-

ray absorption fine structure (EXAFS) is the region of XAS about 50 eV above the edge, which 

is useful for investigating the bonding properties of thiolate protected NCs under different 

conditions.18–22 It has already been applied to study temperature effects on 25-atom NCs.20,21 

Generally, a thiolate protected NC could have several different coordination environments, and 

the bond distances can be grouped into various shells. The greatest advantage of EXAFS is that it 
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allows the observation of bond distance changes for each shell. Thus, the determination of fitting 

shells is a critical step. Simulated wavelet transformed EXAFS (WT-EXAFS) has been 

successfully applied to determine the fitting shells of EXAFS for Ag25 NCs.21 The WT-EXAFS 

have both information from FT-EXAFS and k space. When two types of bonds have similar 

bond distances, they can merge into one peak in FT-EXAFS, which can be resolved based on the 

wavenumber of k space in WT-EXAFS.23–25 Most of the previous EXAFS studies on thiolate 

protected NCs focused on distinguishing the metal-metal (M-M) shells.19,20,22,26,27 In this study, 

we present a Ag K-edge EXAFS analysis on solid phase Ag44(SR)30 at 90 K and 300 K by using 

a new structure analysis method where two Ag-ligand shells were applied. The simulated WT-

EXAFS method was utilized to determine the fitting shells. Then, the detailed structural changes 

on ligand-shell and M-M shell were uncovered from the fitting results of the new method.   

2. METHODOLOGY  

2.1 Synthesis of NCs  

The detailed synthesis procedure of Ag44(SR)30 NCs has been published previously.6 Briefly, the 

Ag-thiolate precursor was synthesized by combining aqueous AgNO3 with ethanolic p-

mercaptobenzoic acid (p-MBA). Aqueous NaBH4 was used to reduce the precursor to form the 

of Ag44(SR)30 NCs. The NCs were isolated by precipitation with dimethylformamide (DMF).  

2.2 XAS Measurements and Fitting Method 

The Ag K-edge XAS spectra were collected at the Sector 20-BM beamline at the Advanced 

Photon Source (operating at 7.0 GeV). For data collected at 90 K, a helium-cooled cryostat 

chamber was used for measurements. The detailed description of the sample preparation for XAS 

measurements has been reported previously.18 The fitting of EXAFS spectra were performed by 
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Artemis and Athena.28 The amplitude reduction factor (S0
2) was fixed at 0.90, which was 

determined from a Ag foil reference. The k2-weighting was applied for all fittings. For both the 

three-shell and four-shell fitting methods, a k-range of 3-12 Å-1 was used. A fitting window of 

1.5-3.5 Å was used for the three-shell and four-shell fitting methods for data collected at 90 K. A 

fitting window of 1-3 Å was applied for the four-shell fitting of data collected at 300 K. To 

reduce the number of variables, all coordination numbers (CNs) were fixed based on the crystal 

structure of Ag44(SR)30. The energy shift of all fitting shells was correlated for each fit. For the 

four-shell fitting method, the Debye-Waller factors of two Ag-S shells were correlated to further 

reduce the number of variables.  

2.3 EXAFS Simulation and Wavelet Transformed EXAFS 

The simulation of both Ag K-edge and S K-edge EXAFS spectra at 90 K was performed using 

the FEFF8 program code.29 For the Ag K-edge simulation, different crystal structure models 

were used based on the separation of Ag-S shells. The simulation of S K-edge EXAFS included 

44 Ag atoms and 30 S atoms as the structure model. The mount S and tail S atoms were selected 

as target atoms respectively. [[consider changing this sentence to: The S atoms in the bridging (1 

atom) and base (4 atoms) positions in the capping mount motifs are chemically distinct and were 

selected as target atoms.]] The WT-EXAFS were generated by using a Morlet wave transform.30 

The k-range of 1-12.3 Å-1 and 3-12 Å-1 were used for the S K-edge and Ag K-edge, respectively. 

The wavelet parameters for S K-edge were set as 2.5 for η and 1 for σ, and η=4 and σ=1 were 

used for the Ag K-edge in order to have high resolution in k space.    

3. RESULTS AND DISCUSSION 

Determination of fitting shells 



 6 

The FT-EXAFS spectra of Ag K-edge for Ag44(SR)30 at two different temperatures are shown in 

Figure 1. The peak at around 2 Å is attributed to the Ag-S bonds. The peak appearing at around 

2.7 Å corresponds to the Ag-Ag bonds. The peak intensity of FT-EXAFS spectrum is mainly 

affected by the size of NCs and the Debye-Waller factor. In this study, the difference in peak 

intensity at the two different temperatures comes from the Debye-Waller factor. At the lower 

temperature, thermal fluctuations are suppressed, which can lead to a smaller Debye-Waller 

factor and therefore higher peak intensities in the FT-EXAFS spectrum.31  

 

Figure 1. Ag K-edge FT-EXAFS spectra of Ag44(SR)30 at 90 K and 300 K.   [[the x-axis units 

are Å-1 but should be Å]] 

In order to get detailed structural information from fitting the FT-EXAFS spectra of Ag44(SR)30, 

the site-specific bonding in the molecule was first analyzed18,20,26 using the structure that was 

experimentally measured by single-crystal x-ray diffraction.6 [[I assume the data in figures 2 and 

3 are taken from the experimental crystal structure? Is that right? Temp was 150 K.]] As shown 

in Scheme 1, the structure can be broken down into a hollow icosahedral Ag12 inner metal core, a 
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dodecahedral Ag20 cage, and six Ag2(SR)5 mount motifs. It should be noticed that the 20 Ag 

atoms in the cage can be further distinguished into two chemically different sites due to the 

placement of the 6 capping mount motifs. Within the Ag20 structure, there are eight Ag atoms 

(light green atoms in Scheme 1) that can be considered as vertices of a cube, which are each 

bonded to 3 S atoms. The remaining 12 Ag atoms in the Ag20 structure can be grouped into six 

pairs, which are located above each face of the cube and are bonded to 2 S atoms. Thus, there are 

four different Ag coordination environments.  

 

Scheme 1. The crystal structure of Ag44(SR)30 NCs with the indication of different Ag sites. The 

hydrocarbon portions of the thiolate ligands were omitted for clarity. [[You could consider 

making the base S and bridging S different colours, with corresponding “Base S atom” and 

“Bridging S atom” labels, since they are in chemically different environments]] 

From inspection of the Ag-Ag bond length distribution (Figure 2), two distinct shells were 

identified. The first Ag-Ag shell (Ag-Ag1) consists of strong metallic bonds within the Ag12 core 

as well as bonds that link the Ag12 metal core to the Ag20 cage, which are consistent with the 

bulk Ag-Ag bond length. The second Ag-Ag shell (Ag-Ag2) are longer bonds that connect 

vertex, surface and mount Ag sites.  
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Figure 2. The bond length distribution of Ag-Ag bonds of Ag44(SR)30 with assigned FT-EXAFS 

fitting shells. The Ag-Ag1 bonds are those that connect the 12 Ag atoms in the icosahedral inner 

shell to one another as well as those that connect each Ag atom to the 20 faces of the 

icosahedron. The Ag-Ag2 bonds are those that connect the 20 Ag atoms in the decahedral outer 

shell to one another as well as those that connect six pairs of Ag atoms that straddle pairs of Ag 

atoms in the decahedron.     [[what temperature?]] [[it would be cool if the different bonds were 

the same color as the corresponding bar in the bar graph – would help *see* – if that is possible]] 

[[bigger structures would be helpful to the reader]] [[are these distances from crystal structure 

data? Or based on simulations/DFT?]] 

Since the Ag44(SR)30 NCs have 3D mount motifs, the S atoms could also experience different 

coordination environments, therefore it is worthwhile examining the Ag-S bond length 

distribution. As displayed in Figure 3, there are two Ag-S shells. The 1st shell includes the bonds 

between the S atoms in the base of the mounts to the mount Ag and the surface Ag atoms. The 

2nd shell includes the bonds between the S atoms in the base of the mounts to the vertex Ag 

atoms. The S atoms bonded to two mount Ag atoms (bridging S) are different from the 

remaining S atoms (base S).   

[[I now see that I might be creating a terminology issue with the S atoms, so feel free to reject 

my terminology/change back to your terminology – sorry if I created a problem for you]] 
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Figure 3. The bond length distribution of Ag-S bonds of Ag44(SR)30 with assigned FT-EXAFS 

fitting shells. (Yellow: S atom; blue: mount Ag atoms; dark green: surface Ag atoms; light green: 

vertex Ag atoms) [[what temperature?]] [[it would be cool if the different bonds were the same 

color as the corresponding bar in the bar graph (to help *see* correspondence), if possible]] 

[[what about bond distances between the mount Ag atoms and the bridging S atoms (not shown)? 

They tend to be slightly shorter than the distances between the mount Ag atoms and the base S 

atoms (here labeled “Mount Ag-S”), but in the same 2.45-2.5 A range, so would overlap in this 

figure.]] [[bigger structures would be helpful to the reader]] 

To verify if the two Ag-S shells are distinguishable in EXAFS, both S K-edge and Ag K-edge 

WT-EXAFS simulations were performed. For the S K-edge WT-EXAFS simulations, the major 

signal areas were found to have different shapes for the two different S sites (Figure 4). For the 

bridging S, there is only one area at around k ~4 Å-1. This suggests that there is only one type of 

Ag-S bond between the bridging S atoms and the mount Ag atoms, which is consistent with all 

mount Ag atoms being in chemically equivalent positions. For the base S atoms, however, the 

major signal area is at the same position but it splits into two partially joined areas. This indicates 

that there are two types of bonds despite the fact that each base S atom is bonded to three 

chemically inequivalent Ag atoms: mount Ag, surface Ag, and vertex Ag. Although one may 

expect to observe three distinct types of bonds, the mount Ag-S and surface Ag-S bond lengths 

are close enough to merge into one Ag-S shell. The vertex Ag-S bonds are significantly longer, 
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however, such that they represent a distinct Ag-S shell. Hence, only two distinct areas are 

observed for the base S atom bonding. [[note to self: what does this mean for distinguishing base 

from bridge if both are centered at k ~4 Å-1? Are they distinguishable using the S K-edge based 

on the splitting? Or is the overlap too great?]]   

WT-EXAFS simulations were also performed for the two Ag-S shells using the Ag K-edge, to 

investigate if they are separatable from an Ag perspective. As shown in Figure 5, the center of 

the strongest signal from the two shells appears at different k values, indicating that the two Ag-

S shells should be distinguishable in EXAFS using the Ag K-edge.  

 

Figure 4. The WT-EXAFS simulations of S K-edge for the two distinct S sites.  
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Figure 5. The WT-EXAFS simulations of Ag K-edge and the corresponding crystal structure for 

a) the Ag-S1 shell and b) the Ag-S2 shell. [[these are referred to elsewhere as Ag-S1 and Ag-S2, 

so it may be better to use that same nomenclature here]] 

 

Fitting method comparison  

Based on the analysis of fitting shells, two Ag-S shells and two Ag-Ag shells were identified. 

The four-shell fitting method was therefore applied to the data collected at 90 K and 300 K and 

the fitting results were compared with the traditional three-shell fitting method (one Ag-S shell 

and two Ag-Ag shells).  Figure 6a and b show the fits by using four shells, which are similar to 

the fits obtained by using three shells (Figure S1). However, these two methods show obvious 

differences in Debye-Waller factors and R-factors, which are two parameters related to the fitting 

quality of EXAFS. The Debye-Waller factors can indicate the variation of bond length within a 

shell. If one shell contains bonds with a narrow range, the Debye-Waller factor will be small and 

it can be considered to be a good fit. From the comparison of four-shell and three-shell fitting 

methods, the Debye-Waller factors of the Ag-S shell and the Ag-Ag2 shell become smaller when 
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two Ag-S shells were used (see Fig. 6c). The R-factor is a statistical value to evaluate the 

differences between the fitting curve and experimental data. Typically, a good fit should have an 

R-factor that is less than 0.03. In this study, the R-factors can be reduced by applying the four-

shell fitting method (Table 1). Particularly, the R-factor of 300 K data using the conventional 

three-shell method is 0.031, which is at the margin of an acceptable fitting result. By applying 

the new four-shell method, the R-factor was decreased to 0.013. The decreases of Debye-Waller 

factors and R-factors further indicate the necessity of using two Ag-S shells. Moreover, the 

decreases are more pronounced for data collected at 300 K, which means the noisy data are more 

sensitive to the fitting method. The Debye-Waller factor of the Ag-Ag1 shell is essentially the 

same for the results from the two methods, suggesting the shell with larger CN is tolerant of 

different fitting methods [[is higher CN the reason or is it because there are a large number of 

Ag-Ag1 bonds of the same length?]]. Thus, we can conclude that the determination of fitting 

shells is critical[[important?]] for noisy data and for the fitting of shells with small CNs.  
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Figure 6. Ag K-edge FT-EXAFS spectrum of Ag44(SR)30 with four-shell fitting at a) 90 K and b) 

300K. c) The comparison of Debye-Wall factors obtained by two fitting methods. The Debye-

Waller factors for two Ag-S shells were correlated for four-shell fitting method. (Left panel: 90 

K; right panel: 300K) [[I’m confused: Ag-S has been used to represent one Ag/S shell in the 

three shell model but here the pair of bars on the left indicate Ag-S Debye-Waller factors for 

both one (blue) and two (orange) Ag/S shells. In this case, does the orange bar represent the 

average Debye-Waller factors for the Ag-S1 and Ag-S2 shells in the four shell model?]] 

 

Temperature effect on ligand shell and metal core 

The EXAFS fitting results of bonding distances from the two methods are plotted in Figure 7a-c. 

Comparing the trend observed from three-shell and four-shell fitting methods, the Ag-S shells 

show different results (Figure 7a). When only one Ag-S shell was applied, the Ag-S bonds 

showed small contractions as the temperature increased from 90 K to 300 K. However, when two 



 14 

Ag-S shells were included, the bond distances of the Ag-S1 shell were unchanged while the bond 

distances of the Ag-S2 shell increased when the temperature changed from 90 K to 300 K.  

From the crystal structure, the Ag-S1 shell consists of Ag-S bonds within the mount motifs, 

which can be regulated by thiolate ligands. The unchanged bond distances indicate the existence 

of a rigid ligand shell in Ag44(SR)30, which might contribute to the stability of these NCs. The 

Ag-S2 shell represents the linkage between mount motifs and the Ag32 core structure, which 

appear to be more flexible compared with the Ag-S1 bonds within mount motifs. The idea of 

separation of ligand shell from the Ag32 metal core is similar to the concept of rigid rings in 

thiolate protected Au NCs.32–34  

In addition, the distinct nature of each type of Ag-S bonds can result in different thermal 

behavior. The metallic nature of the Ag sites decreases when moving outward, away from the 

Ag12 metal core, which can affect Ag-S bonding. In particular, the vertex Ag atoms have more 

metallic characteristics than the surface and mount Ag atoms such that when they form bonds 

with S atoms, the Ag-S bonds can exhibit normal expansion behavior [[does TEC depend on 

metallicity of Ag in Ag-S bonds?]]. The increase of the Ag-S2 shell bond distances at a higher 

temperature cannot be observed in the one Ag-S shell fitting results because the contribution of 

the Ag-S2 shell to the overall Ag-S shell is small, due to its low CN of 0.54. Thus, it is important 

to separate the Ag-S shells into two shells for the analysis of EXAFS.  
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Figure 7. The comparison of bond distances at different temperatures by using 3-shell and 4-

shell fitting methods for a) Ag-S shells, b) Ag-Ag1 shell and c) Ag-Ag2 shell. d) Schematic 

illustration of each shell with indicated bond distance changes upon temperature increase.  

 

On the other hand, the Ag-Ag shells show similar trends between these two methods, although 

their magnitudes differ. The Ag-Ag1 shell shows bond contraction, and the Ag-Ag2 shell shows 

bond expansion as the temperature increases (Figure 7b-d). The negative thermal expansion 

exhibited by the metal core is not commonly observed in thiolate protected NCs. For Au25, its 

structure contains of an icosahedral Au13 metal core, which experiences a bond expansion with 

the increase of temperature.20 The unique behavior of Ag44(SR)30 metal core could be due to the 

one atom absence at the center.  
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Table 1. EXAFS Three-shell (top) and Four-shell (bottom) Fitting Results for Ag44(SR)30 NCs at 

90 K and 300 K 

Temperature 

(K) 
Shell 

CN 

(fixed) 
R (Å) σ2 (Å2) ∆E0 (eV) R factor 

90  

Ag-S 1.9 2.516 (5) 0.0069 (6) 

3.5 (4) 0.0015 Ag-Ag1 4.09 2.873 (2) 0.0050 (2) 

Ag-Ag2 2.72 3.08 (2) 0.021 (4) 

300 

Ag-S 1.9 2.50 (2) 0.011 (2) 

2 (2) 0.031 Ag-Ag1 4.09 2.84 (2) 0.013 (1) 

Ag-Ag2 2.72 3.09 (6) 0.03 (1) 

90 

Ag-S1 1.36 2.490 (8) 

0.005 (2) 

3.6 (5) 0.0013 

Ag-S2 0.54 2.60 (4) 

Ag-Ag1 4.09 2.874 (3) 0.0050 (2) 

Ag-Ag2 2.72 3.084 (4) 0.020 (4) 

300 

Ag-S1 1.36 2.49 (2) 

0.005 (1) 

4 (2) 0.013 

Ag-S2 0.54 2.69 (4) 

Ag-Ag1 4.09 2.86 (2) 0.013 (1) 

Ag-Ag2 2.72 3.13 (5) 0.02 (1) 

 

4. CONCLUSIONS 

In conclusion, the bonding properties of Ag44(SR)30 have been examined via EXAFS from a site-

specific perspective. The WT-EXAFS simulations were helpful for the determination of fitting 

shells. It was found that there are two Ag-S shells and two Ag-Ag shells in Ag44(SR)30. The four-
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shell fitting method was applied to the data collected at 90 K and 300 K. This new structure 

analysis method shows significantly increased EXAFS fitting quality as evidenced by improved 

R-factor and Debye-Waller factors. Given the improvement of the fitting for Ag44(SR)30 at both 

temperatures, the close comparison of bond distance change due to temperature effects is more 

reliable. It shows that the vertex Ag-S2 bonds exhibit a considerable increase of bond distance, 

which is different from surface and mount Ag-S1 bonds. The metal core of Ag44(SR)30 shows 

negative thermal expansion, which is not common to NCs and could be attributed to the absence 

of a center atom in the icosahedral core. It also suggests a possible structure-function relationship 

that could guide the development of new NC materials, such as removing one atom or doping 

with different atoms. The new EXAFS fitting method developed in this work can be extended to 

the analysis of other NCs, which can provide more reliable structure details for comparison. The 

uncovered temperature-dependent bonding properties by new the method could provide insights 

into the structure-property relationship, which can also help with the design of new NC materials 

with desired properties.  
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