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Abstract 
In this study, we explore the structural, electronic and catalytic properties of bimetallic 

nanoparticles of the form Au25-xAgx(SR)18 (for x = 6,7,8). Due to the combinatorial enormity of 

the number of different alloyed structures, we choose 500 random configurations 

corresponding to each alloying level and energetically optimize their structures. Here we report 

the properties of the lowest energy structures and determine the most favorable Ag alloying 

sites for these systems. We also show that, nanoalloys with one Ag at the center and the rest in 

the outer shell of the Au13 kernel are less energetically favorable than the ones with all the Ag 

atoms occupying the surface of the Au13 kernel. We further present experimental results 

showing that catalytic oxidation of CO is adversely affected due to Ag alloying. We provide 

qualitative and quantitative evidence to explain this reduction of the catalytic activity using 

Fukui functions and average adsorption energies respectively. 

 

  

Introduction 
Thiolate-protected gold nanoclusters, Aum(SR)n have attracted scientific attention as novel 

functional nanomaterials due to their excellent stability  1–8   and unique physical and chemical 

properties that distinguish them from their bulk counterpart.9–13  Synthesizing nanoclusters 

precisely at the atomic level provides a platform to study the fundamental properties of these 

clusters in depth.14 Au25(SR)18 is one of the widely studied gold nanoclusters that exhibits sizes 

smaller than 2 nm.15–20 This nanoparticle has a core-shell structure, in that the core is 

composed of an Au13 icosahedron surrounded by 12 Au atoms held in staples of SR-Au-SR-Au-

SR units.1,2,21,22  We divide the total 25 Au atoms into three categories, the center Au atom, 12 

Au atoms closest to the center atom (which will hereafter be called as the outer shell of the 

Au13 icosahedron), and the outer shell of remaining 12 Au atoms interacting with the ligands 

(see Figure 1). All the Au atoms in the outer shell of the Au13 icosahedron and the outer shell 

are bonded to thiolate ligands. Given this unique structural configuration, the molecular 

behavior of Au25(SR)18  opens up many possibilities to alter the electronic properties 

considerably by substituting heteroatoms.23–26  
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Figure 1 schematic of the Au25(SCH3)18 nanocluster (orange, Au; yellow,S; brown, C; pink, H).  

A single substitution of a heteroatom can significantly change the electronic structure and 

chemical properties in Au25(SR)18 . 27–29,24 Jiang and Dai have proposed 16 elements as 

candidates for doping the Au25 cluster such that the electronic and the geometric structure of 

the unalloyed system are maintained.28 Several groups have been successful in increasing the 

number of dopants in the cluster. 30,17 These reports show that the maximum Ag incorporation 

can be up to 12 silver atoms.  

A study by Walter and Moseler proposed that the preferential occupying positions of Ag should 

occur in the Au13 icosahedral core.31 This result was also confirmed by later studies of Guidez 

et al., Gottlieb et al and Tlahuice-Flores. 3,17,32    A study by Kumara et al. showed using x-ray 

crystallographic data, that the central Au atom of Au13 core is exclusively an Au domain while 

the remainder of the Au13 icosahedron is partially occupied by Au or Ag atoms.33 Recent work 

by Jin et al demonstrated that it is also possible to dope the staple sites by increasing the 

number of Ag atoms up to 19.34 

A study by Negishi et al. found that the electronic structure of (AuAg)25(SR)18  can be 

continuously modulated by the incorporation of up to 11 Ag atoms.30 They demonstrated that 

alloying Ag was possibly an effective method to tune the electronic structures and physical 

properties. Kauffman et al. have investigated Au25-xAgx(SR)18, where x = 0 to 5 and R = C2H4Ph, 

combining both experimental and computational studies. 35  They have observed that a mixing 

between Au and Ag electronic states perturbs discrete energy levels, which leads to a shift of 

the optical absorption peak and introduce new features into the Au25-xAgx absorption spectrum. 

Kumara et al. have also shown that the optical absorption peaks shift to higher energies in Au25 

nanocluster due to Ag alloying.33 This result has been reproduced computationally by Tlahuice-

Flores who further shows that the peak corresponding to the HOMO-LUMO gap shifts to lower 

energies in alloyed clusters where the number of Ag atoms is greater than 12.32  

Several groups report on the catalytic activity of pure Au25(SR)18  system. 36–39   Jin et al. have 

found that Au3 sites in Au25(SR)18   are the most reactive ones and demonstrated that with R = 

CH2CH2Ph, this nanocluster supported on oxides can catalyze Sonogashira cross-coupling 

reaction between phenylacetylene and p-iodoanisole with high conversion of p-iodoanisole. 
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36,40 Using DFT methods, Jiang et al. have presented a possible mechanism for the selective 

hydrogenation of α,β-unsaturated ketones to unsaturated alcohols on the Au25(SR)18  cluster.38 

Li and Jin al have investigated the catalytic properties of AgxAu25-x(SR)18  and CuxAu25-x(SR)18 

based on the selective oxidation of styrene to styrene epoxide and benzaldihyde. They have 

found that the inner shell of MAu affects the selectivities for the main products.41  Li et al. have 

compared the catalytic activity of titania-supported Au25(SR)18  and MxAu25-x(SR)18  (M = Pt,Cu, 

Ag) and found that Au25(SR)18  performed better than the other bimetalic clustes.42 The catalytic 

activity of MxAu(M = Au,Cu,Ag) supported on CeO2 has been shown to decrease in the order 

CuxAu25-x(SC2H4Ph)18  > Au25(SC2H4Ph)18  > AgxAu25-x (SC2H4Ph)18 , based on the CO conversion to 

CO2  by Li et al. Their DFT calculations indicates that adsorption energy of CO on the nanocluster 

follow the same trend as that of the reactivity.43  

Even though the size of Au25 nanocluster is quite accessible for the general DFT computational 

techniques, it is still challenging to determine the doping sites and geometric structures once    

the doping number increases beyond x=4.  

 

   

Figure 2 Lowest energy isomers of (a) 6-, (b) 7- and (c) 8-Ag alloyed clusters (grey, Ag). 

Although experimental work has mapped out the preferred Ag doping sites to be on the 

icosahedral shell, the partial occupancy in X-ray analysis only gave an averaged result which did 

not tell the specific configuration of dopants, for example, whether the Ag dopants would be 

clustering together or maximally isolated.  

Herein, we combine both experimental and computational research to identify the preferred 

doping locations of Ag heteroatom substitutions in the Au25-xAgx(SR)18 cluster with x = 6,7,8. 

Figure 2 shows the lowest energy isomers for each alloying level considered in this work. We 

find that due to the Ag dopants, 2-fold and 3-fold symmetries displayed by the unalloyed 

cluster are broken in these lowest energy structures. As depicted in supplementary Figure S16, 

only remaining symmetry is the reflection symmetry in 7- and 8-Ag alloyed lowest energy 

isomers.  
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Mass spectrometry has detected Au19Ag6, Au18Ag7, and Au17Ag8 as the most abundant species 

in a sample where doping number(x) can vary between 5 and 9. Although the spectrometric 

signal of Au18Ag7 seems to be dominant than the other two, we still cannot neglect the effect 

from Au19Ag6 and Au17Ag8 species in the sample. Accordingly, we propose to analyze the 

electronic properties using weighted average density of states in order to account for the 

presence of all the alloyed species indicated in the mass spectrum. We also suggest to employ 

Fukui functions as a qualitative descriptor of catalytic activity together with traditional 

quantitative descriptors like adsorption energies.   

 

Experimental 
Synthesis and Methodologies 
The synthetic details of Au25(SC2H4Ph)18  and AgxAu25-x (SC2H4Ph)18  nanoclusters can be found in 

references 17 and 23 , respectively. AgxAu25(SC2H4Ph)18  (x = 0-9) nanoclusters were deposited 

onto CeO2 powders (200 mg) by wet deposition.44 After stirring for 24 h, all the nanoclusters 

were adsorbed onto CeO2 support, as the supernatant became colorless. The as-prepared 

catalysts were dried at ambient temperature and no further treatment was performed unless 

otherwise noted. 
 

100 mg of AgxAu25-x(SC2H4Ph)18  (x = 0-9)/CeO2  was mixed with quartz wool and tested 

for CO oxidation in a fixed-bed, continuous flow reactor (8 mm i.d.) under ambient pressure.45 

Before CO oxidation test, the as-prepared catalysts were pretreated at 150°C in diluted O2 

(O2/He = 10/90 volume) for 1 h and then cooled down to room temperature. The reaction gas 

mixture of 3% CO, 10% O2 and 87% He flowed through the reaction bed at a flow rate of 40 ml 

min-1. The reaction products were analyzed by an online gas chromatograph (HP 6890) 

equipped with a carbon molecular sieve column and a thermal conductivity detector. 

 

Matrix-assisted laser desorption ionization (MALDI) mass spectrometry was performed 

with a PerSeptive-Biosystems Voyager DE super-STR time-of-flight (TOF) mass spectrometer. 

Trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenyldidene] malononitrile (DCTB) was 

used as the matrix. Typically, 0.5 mg of matrix and 0.005 mg of AgxAu25-x(SC2H4Ph)18   

nanocluster (i.e., a 100:1 mass ratio between DCTB and sample) were mixed in 50 µL of 

CH2Cl2. A 10 µL portion of solution was applied to the steel plate and air-dried. 

 

Computational Tools 
The starting point of our computational procedure is to choose an optimal Au25(SR)18 structure, 

which possesses the geometric and chemical features similar to that of the actual 

experimentally synthesized Au25(SC2H4Ph)18 nanocluster. We adopted the previously studied 

geometry of Au25(SH)18 and replaced the -SH with -SCH3 group to mimic the -SC2H4Ph ligand.35 

To validate our computational approach, we have tested the Au25-xAgx (x = 1 to 3) cases as 
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discussed in the supporting Information. For the case of Au22Ag3, there are 2300 confirmations 

examined and analyzed, including the symmetry equivalent and inequivalent doping sites. We 

identified that the outer shell of the Au13 icosahedron served as the energetically favorable 

sites for 3 Ag heteroatoms substitution, agreeing with the previous studies.35  The same 

computational procedure was applied to study Ag alloying levels with Au:Ag ratios of 19:6, 18:7 

and 17:8. Figure 2 shows the lowest energy structures of Ag substituted isomers at random Au 

sites according to these ratios. 

 

All the calculations are carried out using FIREBALL, an open source DFT package which 

is based on the density functional theory, implemented within a nonlocal pseudo-potential 

scheme. 46,47 Two types of exchange-correlation density functionals are available with FIREBALL, 

LDA and GGA (BLYP).48,47 Within the LDA, the exchange-correlation is designed to exactly 

reproduce the energy and potential of the uniform electronic structures. On the other hand, 

the Becke exchange with Lee-Yang-Parr correlation functional (BLYP) is known to provide 

reasonably good energy values for metal containing systems and high levels of accuracy in the 

determination of a geometry optimization. 49 In our study, the geometric structures and 

energies are of primary focus. Thus, (BLYP) exchange was used. As for the basis set, we chose 

the optimized numerical local atomic orbitals. These orbital wavefunctions have a cutoff radii 

Rc, beyond which the wavefunctions vanish. The single numerical (SN) basis set was selected 

for H element with Rc values, 𝑅𝑐
𝐻(𝑠) = 4.1 a.u. and the double numerical (DN) basis set was 

selected for C, O and S elements with Rc values, 𝑅𝑐
𝐶(𝑠) = 4.3 a.u, 𝑅𝑐

𝐶(𝑝)  = 4.7 a.u, 𝑅𝑐
𝑂(𝑠)= 3.6 

a.u, 𝑅𝑐
𝑂(𝑝) = 4.0 a.u, 𝑅𝑐

𝑆(𝑠) = 4.5 a.u, 𝑅𝑐
𝑆(𝑝) = 5.0 a.u. For the metal elements (Ag and Au), we 

used the polarized basis set sp3d5 by adding a p orbital to the minimal basis set sd5. The cutoff 

radii were 𝑅𝑐
𝐴𝑔(𝑠) = 5.6 a.u, 𝑅𝑐

𝐴𝑔
(𝑝) = 5.9 a.u, 𝑅𝑐

𝐴𝑔
(𝑑) = 4.9 a.u; 𝑅𝑐

𝐴𝑢(𝑠) = 5.4 a.u, 𝑅𝑐
𝐴𝑢(𝑝) = 5.8 

a.u, 𝑅𝑐
𝐴𝑢(𝑑) = 5.0 a.u. Catalytic reactivity of Au nanocatalysts is examined using the Fukui 

functions. The frontier orbital (FO) theory proposed by Fukui provides a general qualitative 

approach to understand and interpret the chemical reactions. 50,51 FO theory considers the 

distribution of electron densities of the frontier orbitals as the principle factor to reveal the 

conceptual behavior of a molecule in the presence of an approaching reagent. Parr and Yang 

have rationalized the features of the frontier orbital theory within the density functional theory 

by using a finite difference approximation. They have defined the Fukui function as the 

response in the density function ρ(r) to a change in the number of electrons (N) in the system, 

under constant external potential ν(r), f(r) = [
𝜕𝜌(𝑟)

𝜕𝑁
]

𝜈(𝑟)
. 52–54 There are three types of Fukui 

Functions given by, 𝑓−(𝑟), 𝑓+(𝑟) and  𝑓0(𝑟) corresponding to the electrophilic, nucleophilic, 

and radical attack respectively. 

 

𝑓−(𝑟) =  𝜌𝑁00(𝑟) - 𝜌𝑁0−1(𝑟) ≈  𝜌𝐻𝑂𝑀𝑂 

𝑓+(𝑟) =  𝜌𝑁0+1(𝑟) -  𝜌𝑁00(𝑟) ≈  𝜌𝐿𝑈𝑀𝑂                                          (1) 
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Here, N0 is the number of electrons in the system. ρHOMO and ρLUMO correspond to 

the ground state electron densities of the highest occupied molecular orbital (HOMO) and 

lowest unoccupied molecular orbital (LUMO) respectively. 

 

Results and Discussion 

The composition of Au25-xAg(SR) nanoclusters (from low silver content to moderate then 

to high silver content) was determined by matrix-assisted laser desorption ionization mass 

spectroscopy (MALDI-MS), as shown in Figure 3a. Each peak corresponds to a specific 

number of silver atoms doped into the Au25 framework, as labeled on the top of the Figure 

3a; for example, x = 1 indicates a single silver atom incorporated into the Au25 framework 

and results in the AgAu24 nanoalloy. The intensity of the peak in MALDI-MS corresponds 

to the relative abundance of each species, which depends on the reaction time. The longer 

the reaction time the larger is the number of Ag atoms corresponding to the dominant peak 

in the mass spectrum. 17 

 

Figure 3 (a) MALDI-MS of Au25-xAgx(SR)18 nanoalloys. (b) Temperature dependent CO conversion rates) 

This ability to synthesize bimetallic nanoparticles immediately invites a study on their 

performance as catalysts as Ag possesses favorable catalytic properties. In particular, we find 

that the CO oxidation reaction is significantly affected by the Ag alloying. As shown in Figure 3b, 

the percentage of CO converted to CO2 in the reaction temperature range 40 - 160 °C, 

decreases with the increasing number of Ag atoms in the nanoparticle, indicating a reduction in 

the catalytic activity. Investigating the factors that affect the catalytic activity, as the number of 

Ag atoms varies in the nanoparticle, is experimentally challenging as it requires the synthesis of 

atomically precise Ag alloyed nanoparticles. However, the current synthesis procedures result 

(b) (a) 
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in a mixture of alloyed species of Au25-xAgx with x having a range of values as depicted in Figure 

3a.  

To obtain a clear picture of the alloyed structures and dopant impacts, our simulations focused 

on studying the individual alloying levels (x = 6, 7 and 8) of Au25-xAgx(SCH3)18  clusters. We used 

500 symmetry inequivalent and equivalent structures with Ag atoms substituted at random Au 

sites for each alloying level in high-throughput calculations, with exhaustive search for 

energetically favorable nanoparticles. We optimized all these structures until the root-mean-

square of the force on the atoms falls below 0.05 eV/Å. Supporting Information section 

contains detailed results of these calculations which are consistent with a previous study on the 

substitution of three Ag atoms.35  Figure 4 presents our results on the structural analysis of the 

three sampling populations. It is evident that the energetically favorable confirmations are the 

ones with a majority of the Ag atoms in the outer shell of the Au13 icosahedron of the 

nanoparticle. To further confirm this trend, we created another sampling pool of 50 structures 

for each alloying level, and confined Ag atoms only to the Au13 icosahedron. In this case also, 

the Ag sites in the outer shell of the Au13 icosahedron have been selected randomly. We 

analyzed the structural trends of the 10 lowest energy structures from each sampling set 

containing 50 structures (golden bars in Figure 4(b), (d) and (f)), and found that the structures 

with all the Ag atoms in the outer shell of the Au13 icosahedron are indeed more energetically 

favorable. Figure S17 shows Boltzmann distributions for all the 550 isomers considered in this 

study for each alloying level. The molecular structures of ten of the lowest energy isomers for 

each alloying level are given in the supporting information (Figures S11-S13). It is also 

interesting to note that the structures with one Ag atom at the center and the rest in the outer 

shell of the Au13 icosahedron is at least 0.7 eV higher than the lowest energy isomer (with all 

the Ag atoms in the outer shell of the Au13 icosahedron). A silver atom at the center results in a 

larger number adjacent Ag atoms with respect to the case when Ag is not in the center. In this 

regard, Ag atoms clustered at close proximities to each other seems to be less energetically 

favorable. This observation is similar what has been reported by Guidez et al.3 Although, we 

identified the outer shell of the Au13 icosahedron as the preferred sites, this does not overrule 

the possibility for one or two Ag atoms going to the other locations. However, the majority of 

Ag atoms will go to the sites in the outer shell of the Au13 icosahedron.  

One important feature of the gold clusters is the molecular-like electronic properties, which 

distinct them from their bulk counterpart. Jin and coworkers have shown that both HOMO and 

LUMO of Au25(SR3)18 are mainly contributed by the gold 6p , 5d and sulfur 3p orbitals (see Figure 

S2) and HOMO level is triply degenerate and LUMO level doubly degenerate.2   
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Figure 4 Structural trends of (a) 6-, (c) 7- and (e) 8-Ag alloyed nanoclusters (only 50 lowest energy structures are shown for clarity). Blue and red 
color bars correspond to the cases where Ag atoms are in the outer shell of the Au13 icosahedron and outer shell respectively. Gold bars in (b), 
(d) and (f) correspond to the structures with Ag atoms biased exclusively to the Au13 icosahedron for, 6-, 7- and 8-Ag alloying levels respectively. 
Blue bars in (b), (d) and (f) correspond to the randomly substituted lowest energy structures of (a), (b) and (c) respectively. Dark green bars 
correspond to the cases where the substituted site is the center atom of Au13 icosahedron. In the legends, “random substitution” refers to 
randomly selecting Ag alloying sites and “biased to core” refers to restricting the Ag substitution only to the Au13 icosahedron.  
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Majority of HOMO and LUMO states are localized at the central Au13 kernel (see Figure S4). 
Due to the fact that the energetically favorable alloying sites for Ag have been identified as the 
outer shell of the Au13 icosahedron, major changes in the frontier orbital states can be 
expected when compared with the unalloyed structure. The HOMO-LUMO energy gap for the 
charge-neutral Au25-xAgx(SCH3)18 is about 1.36 eV, which is comparable to the experimental 
absorption band at 670 nm reported by Jin et al. 55  

 

Figure 5 Density of states (DOS) and partial density of states (PDOS) for (a) 0-, (b) 6-,(c) 7- and (e) 8-Ag alloyed nanoclusters in 
comparison with the (e) weighted average DOS and PDOS over 6,7, and 8-Ag cases.(Weights are based on the height of the 
peaks in the MALDI-MS) 

Previously published experimental work on the Ag alloying in Au25 shows that the photon 

absorption energy increases with the increasing number of Ag atoms in the cluster.30 These 

experimental data also shows a significant broadening in the absorption peaks at the vicinity of 

the main absorption peak in the Ag alloyed structures. Our density of states (DOS) results, 

shown in Figure 5, are in agreement with this observation. In Figure 5(e), we present the 

weighted average DOS, of which the weights reflect the relative abundance of each Ag alloyed 

species, which is given by the peaks in the mass spectrum. In the un-alloyed structure, there are 

two sharp peaks in the DOS, corresponding to the HOMO and LUMO levels (Figure 5 (a)) and a 

region without any states immediately after the LUMO level. This absence of states can limit 

electron transitions at these energies, resulting in very low absorption intensities. This feature 

is absent in the Ag alloyed structures. Instead of a single dominant peak, LUMO level is 

composed of a broadened region of many electronic states in the alloyed nanoparticles. This 

availability of more LUMO states enables higher energy HOMO-LUMO transitions than the ones 

allowed in the un-alloyed structure. Due to this, the average photon absorption energy can 
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increase, creating a peak at a higher energy value in the photon absorption spectrum for Ag 

alloyed structures. A closer look at the DOS reveals that this broadening is mediated mainly by 

the newly formed silver S states (Figure S3). As the number of Ag atoms increases, the number 

of these S states at the LUMO level also increases, thereby amplifying the broadening. The 

weighted average DOS (Figure 5 (e)) further confirms the emergence of new states between -

2.5 and -2.0 eV as an effect coming from the LUMO electronic states in 6-, 7- and 8-Ag alloyed 

nanoparticles. To explain the trend in the CO conversion rates (see Figure 3b) in the Ag alloyed 

systems, we studied HOMO, LUMO densities and CO adsorption energies of CO adsorbed 

Au25-xAgx(SCH3)18 . The main purpose of this study is to understand the interaction between CO 

and Au25 cluster and how Ag alloying affects it. We note that in practice, several CO and O2 

molecules get adsorbed on the nanocluster. This introduces additional, more complex 

interactions (CO-CO, O2-O2, CO-O2) which hinders the understanding about how each reactant 

interacts with Au25. Therefore as a starting point we considered the interaction between CO 

and Au25. CO was placed near a particular Au/Ag atom in the ten lowest energy isomers chosen 

from the pools of 550 randomly substituted Au25 clusters for each alloying level. All these CO 

adsorbed isomers were optimized prior to calculating the electron densities and the adsorption 

energies. Adsorption energy was calculated as, 

 

EAu25+CO - (EAu25 + ECO)                                      (2), 

 

where EAu25+CO is the energy of the composite Au25+CO system after adsorption and 

EAu25 and ECO are the energies of Au25 and CO molecules respectively. Thus, the greater the 

negative value of the adsorption energy, the stronger is the adsorption. Average adsorption 

energies over 10 lowest energy structures are shown in Figure 6. Different colors of the bars 

correspond to the cases where CO is placed near different Au/Ag sites in the outer shell (Figure 

S15). Structural energies of all the structures considered in Figure 6 are given in Figure S18. Out 

of the nanoclusters considered in the current study, CO binding is strongest in the nanoalloys 

with 6 Ag atoms. This result contradicts with the general trend for catalytic activity shown in 

Figure 3b, which is that the catalytic activity reduces with the increasing number of Ag dopants. 

However, according to Figure 3a, the synthesis of 7-Ag alloyed nanoclusters results in a mixture 

of structures containing 6- and 8-Ag alloyed species with relative abundances of 25% and 24% 

respectively. 7-Ag structures account for 41% of the total number of structures in the 

experimental mixture (Figure 3a). Thus, the reduced catalytic activity observed for 7-Ag 

nanoalloys (Figure 3b) can be mainly attributed to the lower adsorption energies of 7- and 8-Ag 

alloyed clusters which constitute about 65% of the synthesized nanoalloys. We also calculted 

the adsorption energies of the nanocluster with all the Au sites replaced with Ag. We found that 

these energies greater than those of the other alloyed systems considered in this work. This 

trend shows that the reactivity of the Ag alloyed nanoclusters decreases with the increasing 

number of the Ag atoms. 
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Experimentally, it is not possible to control the number CO molecules interacting with Au25. 

Therefore, it is interesting to study how CO-CO interaction energy affects the adsorption 

energy. By considering two CO molecules adsorbed on nearest neighbor Au/Ag sites, we find 

that the CO-CO interaction slightly increases the adsorption energy of the two-CO-adsorbed 

isomers (Figure S20, Table S1). In other words, the interaction between CO molecules weakens 

the adhession of CO on Au25 cluser. We also notice that the interaction energy is largest in 6-Ag 

alloyed isomers. However, the trend in the adsorption energies are similar to that with one CO 

molecule.  Therefore in the following discusion we only consider one CO adsorbed isomers. 

 

 

Figure 6 Average CO adsorption energies of the nanoalloys. Different colored bars refer to 10 different Au/Ag CO adsorption 
sites in the outer shell. 

To get a further qualitative insight on that catalytic activity of these Ag alloyed nanoclusters, we 

analyzed the electron densities of the frontier molecular orbitals, HOMO and LUMO. We 

observed that for 0-Ag structure, LUMO density near CO is denser than the corresponding 

HOMO density (Figure 7a and b). According to the definitions of the Fukui functions, this shows 

that CO tends to attract electrons in the vicinity of Au25. For effective charge transfer 

between CO and the outer shell atoms of the nanocluster, the Ag/Au atoms near CO should 
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be willing to donate electrons. That is, the HOMO densities at Ag/Au atoms should be 

substantial. When the HOMO densities of low energy 6-, 7- and 8-Ag alloyed structures 

are examined, we see that these HOMO densities are considerably low for majority of the 

structures (Figure 7c-7e, S5-S7). Even though there are a small number of structures for which 

this argument does not hold, we note that the electronic properties of a mixture of alloyed 

structures with different energies are dictated by the dominant electronic features. We also 

find that the HOMO and LUMO densities of 25-Ag alloyed system are comparable with the 6, 7 

and 8-Ag alloyed systems as shown Figure S19, agreeing with the relationship between the 

adsorption energy and Fukui functions as discussed above.  

We also note that ligands used in experimental synthesis of Au25 are bigger than –SCH3 

 

 

 

Figure 7 (a) HOMO and (b) LUMO electron densities of unalloyed Au25 nanoculster. HOMO electron densities of (c) 6- , (d) 7- and 
(e) 8-Ag alloyed nanoclusters (isovalue = 0.0002) 

Reduction in the HOMO density of the reactive Ag/Au atom can also be examined using 

density of states plots. In Figure 8a and 8b we show the average DOS of the adsorbent 

Au/Ag atom and the adsorbate C atom of the ten lowest energy structures respectively. 

Even though there is a drop in the number of both HOMO and LUMO states contributed 
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by the Au atom in the alloyed systems compared to the unalloyed one, the reduction in 

the HOMO states is greater than that of the LUMO states. This indicates that the electron 

donating capability of Au/Ag is more adversely affected than its electron attracting strength. 

In fact, according to the Fukui theory, Ag alloying has switched the role of this Au/Ag atom 

from being a charge donor to a charge accepter. The electron attracting nature of the C atom 

on the other hand is less affected due to the presence of Ag (Figure 8b) given by its dominant 

LUMO density. We think that this tendency to attract electrons by both Au and adsorbate 

C reduces the adsorption strength between CO and Au/Ag sites, which adversely affects the 

catalytic activity of CO oxidation.   

  

Figure 8 Average PDOS of (a) Au atom at the adsorbent site and (b) C atom of CO 

In order to check whether this model based on the adsorption energies and Fukui functions 

generalize for other adsorbed systems, we considered the adsorption of styrene molecule on 

Au25. We chose styrene because Liu et al. have demonstrated that Au25 supported on 

hydroxyapatite act as an effective catalyst for styrene epoxidation.11 Styrene is considerably 

larger than CO. Its’ adsorption cannot be tested on individual Ag/Au sites as we have done for 

CO. Therefore we considered 8 triangular facets as the adsorption sites, as shown in Figure 9. 

Due to the steric hindrance from the -SCH3 ligands not all the facets are equally approachable 

for styrene. Therefore we considered one of the facets with the least hindrance for this 

analysis. The adsorption energies and the HOMO and LUMO densities are shown Figure 9. We 

found that the adsorption energies follow the trend observed for the CO adsorption. However 

we could not establish a solid correlation between the Fukui functions and the adsorption 

energies apart from the fact that the nucleophilic attack Fukui function values are larger in Ag 

alloyed structures when compared with the unalloyed one. Due to the larger size of the styrene 

molecule, its adsorption on Au25 depends on many interactions mainly with three -SCH3 

ligands as well as the three Ag/Au atoms in the considered facet. Because of this, we believe 

that Fukui functions cannot be used as the sole descriptor to explain the changes in the 

adsorption energies in the case of styrene adsorption.
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Figure 9 HOMO (a-d) and LUMO (e-f) electron densities of styrene adsorbed 0-, 6- , 7- and 8-Ag alloyed nanoclusters. Adsorption 
energies are given next to the image label. 

 

Conclusion 
In summary, we studied the structural, electronic and catalytic properties of 6, 7 and 8 

Ag alloyed Au25(SR)18 nanocluster using both experimental and computational techniques. 

We found that all the Ag atoms occupying the outer shell of the Au13 icosahedron results in the 

most energetically favorable bimetallic structures. The HOMO-LUMO gaps in the Ag alloyed 

nanoparticles reduce by about 0.5 eV compared to the unalloyed structure. This reduction 

does not contradict with the observed increase in the absorption energies as the number 

of Ag atoms increases. Our DOS calculations show that the presence of broadened LUMO 

electronic states in the alloyed systems can enhance optical absorption across the HOMO-

LUMO gap. Adsorption energies of 7- and 8-Ag alloyed clusters are significantly lower than that 

of the non-alloyed structure. According to Fukui theory, depleted HOMO densities at the Au/Ag 

sites in the alloyed systems indicate that electron donating capability of the adsorbent sites 

reduces in alloyed systems. These theoretical observations quantitatively and qualitatively 

explain the reduced catalytic activity of Au25-xAgx nanoalloys in terms of the changes introduced 

by Ag in the electronic structure of the Au25 cluster. We also find that adsorption energies for 

styrene also followed the same trend observed for CO. However, due to the complex 

interactions between styrene and Au25 these trends cannot be explained based on the Fukui 

functions only. 
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