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ABSTRACT 

Nanoclusters have been emerging as potential building blocks for advanced nanostructured 

materials with desired catalytic, magnetic, and electronic properties. However, determining the 

structure of doped atomic clusters encounters many difficulties. A powerful approach to assign the 

ground state geometries of atomic clusters has been the comparison the recorded vibrational 

infrared spectra with the corresponding computed ones. In this work, we theoretically investigate 

the vibrational infrared spectra of the ground-state structures of AgnCr (n=2-12) clusters using 

density functional theory (DFT) calculations. The results of the investigation are useful for in-depth 

studies on size growth as well as experiments for determining the cluster structures in the future. 
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1. INTRODUCTION 

In the past decades, silver clusters have attracted great attention because of their huge 

potential in optical and catalytic applications [1-3]. Silver is known as a typical metal element. 

While each single Ag atom has only one delocalized electron [Kr] 4d105s1, transition metal atoms 

are magnetic owing to their non-fully filled d orbitals. Theoretical and experimental studies have 

indicated that the structural geometries, physical and chemical properties of the silver host 

clusters can be drastically changed when adding a transition metal atom [4-6]. The cluster 

structure has been shown to be determined by gas-phase experiments [7]. The most effective 

approach to obtain the cluster geometrical information is to use the vibrational infrared 

spectroscopy, and structures of specific cluster size could be assigned by comparing their 

calculated vibrational spectra and experimental ones [8-10]. 

In experiments on AgnM+ clusters in 2005, E. Janssens and co-workers found the quenching 

of the AgnCo+ cluster’s magnetic moment at a specific size n = 10 [4]. The size-dependent 

electronic, structural and magnetic properties of AgnFe (n≤15) clusters were also investigated by 

using density functional theory (DFT) [11]. This work showed that the Ag10Fe cluster has a cage-

like structure in which the Fe atom locates at the centre of the cage. Moreover, the total magnetic 

moment of Ag10Fe is completely quenched. The quenching properties in both cases can be 

explained by the 18-electron counting rule of delocalized valence electrons [12]. The cationic 

and neutral silver clusters doped vanadium atom were also investigated, and the results of the 

geometrical structure show that the dopant atom V in the ground state structure favors the most 

highly coordinated location and the total magnetic moment of the AgnV+ and AgnV clusters 

mostly comes from V atom [13, 14]. Nevertheless, none of the above-mentioned studies reported 

the vibrational infrared spectra of doped silver clusters as structural fingerprints for future 

experiments. In order to bridge this gap, we investigate the vibrational infrared spectra of the 

most stable structures of AgnCr (n=2-12) clusters using the density functional theory (DFT). It is 
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believed that this work can provide a useful reference for understanding the relationship between 

the vibrational infrared spectra and the ground-state of structures, as well as give powerful 

guidelines for future related experimental studies.  

2. COMPUTATIONAL DETAILS 

The optimization geometries and electronic configurations of AgnCr (n=2-12) have been 

carried out by density theory (DFT) calculations implemented in the Gaussian 09 package [15, 

16]. In this work, we used the BP86 functional with the basis sets cc-pvTZ-pp for Ag atom and 

cc-pvTZ for Cr one. The basis set cc-pVTZ-pp with effective core potential (ECP) already 

includes the relativistic effects that are crucial for the treatment of heavy elements such as 

silver. The reliability of the current computational scheme has been verified by comparison with 

early calculations on silver and chromium dimers. It can be seen that our results summarized in 

table 1 are in good agreement with experimental values [17, 18]. The optimization calculations 

followed by frequency calculations have been done for searching minimum structures of the 

clusters. The optimization calculations have been performed in the following ways: we first 

optimize the geometrically stable Agn-1Cr clusters with different spin multiplicities; then one 

more Ag atom is added to the low-lying isomers of the previous cluster size in all plausible 

positions to create input structures. The geometrical structures, electronic structures, and 

magnetic moments of AgnCr global minimum clusters were explored by using the spin density. 

The infrared spectroscopy is determined through the optimization of the geometrical structures 

accompanying the frequency calculations. 

Table 1. The bond lengths (R) and dissociation energies (De) of ground state Cu2 and Cr2 dimer, 
a Refs. [18], b Refs. [17], c Ref. [19], d Ref. [20].    

Dimer Functional/Basis set 
R (A0) De (eV) 

Calc. Expt. Calc. Expt. 

Ag2 

BP86/cc-pvTZ-pp 2.56 

2.53 a 

1.62 

1.63 ± 0.03 a BP86/LanL2DZ 2.48 1.60 

B3LYP/LanL2DZ 2.45 1.58 

Cr2 BP86/cc-pvTZ 1.68 1.68b 1.55 1.56 ± 0.3a, c 

AgCr 

BP86/cc-pvTZ-pp 2.55 

2.56d 

1.45 

1.40d BP86/LanL2DZ 2.59 1.44 

B3LYP/LanL2DZ 2.63 1.32 

3. RESULTS AND DISCUSSION 

3.1. The growth mechanism 

The growth mechanism of AgnCr (n=2-12) clusters conform to a clear law. As illustrated in 

figure 1, the trapezoid (n=2-4) and icosahedron (n=5-12) structures are two fundamental 

frameworks for the growth process of AgnCr (n=2-12) clusters. The lowest-lying Agn+1Cr cluster 

is formed by one Ag adatom on the ground state of the AgnCr cluster. The ground state structure 

of AgnCr cluster prefers plane structure at small size (n=2-5). The two- to three-dimensional 

structural transition for AgnCr cluster occurs at n=5. For the 3D clusters, the number of isomers 

increases rapidly with increasing the size of clusters. The optimized structures indicate that the 

relative energies of CrAgn clusters at the same size increase inversely with the decrease in the 

coordination number of the Cr atom. The results obtained with different CrAgn isomers show that 

the Cr atom tends to occupy the most highly coordinated position and is gradually encapsulated 

in the center by the Ag atoms which are predicted as the most stable structures. This may be 
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attributed to the principle of maximum overlap in the chemical bond theory of complexes. The 

icosahedron Ag12Cr, in which the Cr atom is located at the central position of the Ag12 cage, is 

found to be stable in the singlet spin state. 

 

Figure 1. The growth diagram of the AgnCr (n=2-12) clusters. 

3.2. Relative stabilities 

In order to examine the influence of the Cr atom on the thermodynamic stabilities of AgnCr 

(n=2-12) clusters, we calculated their dissociation energies (DE in eV). In our work, we conduct 

a calculation of the fragmentation of AgnCr clusters in two major possible channels: dissociating 

either a Cr or an Ag atom. The calculated dissociation energies are determined by using the 

following formulas:  

                      DE(Cr) = E(Agn) + E(Cr) − E(CrAgn)                                (1) 

                     DE(Ag ) = E(CrAgn−1) + E(Ag) − E(CrAgn)                         (2) 

where E represents the energy of the corresponding cluster or atom. The DEs (eV) of AgnCr 

(n=2-12) clusters for the two dissociation channels, which are defined as the different between 

the total electronic energies of the species formed in each dissociation channel and the electronic 

energies of the parent clusters, are also shown in figure 2. The results indicate that for small 

cluster sizes AgnCr (n=2-8) the energy required to lose a Cr or an Ag atom is quite similar. The 

Ag2Cr cluster is the most unstable cluster since it requires only 0.62 eV to dissociate into a Cr 

atom and Ag2 cluster. The larger cluster sizes (n=9-12) show the opposite picture. While the loss 

of an Ag atom to form Agn-1Cr is the most energetically preferred dissociation channel, the other 

channel to decay a Cr atom requires higher energies. The calculated DEs indicates that Ag9Cr is 

the most stable species among the doped silver ones, and even more stable than the icosahedral 

Ag12Cr structure. For the Ag9Cr cluster, the dissociation energies in both channels are pretty 

high. The minimum energy to fragment into an Ag atom and Ag8Cr cluster is 2.58 eV. This value 

is even higher than that of icosahedral Ag12Cr clusters (2.30 eV). Therefore, the Ag9Cr and 

Ag12Cr clusters are considered as super atomic.  
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Figure 2. The dissociation energies of the ground state structures of AgnCr (n=2-12) clusters: 

The small blue triangles represent for loss of an Ag atom and the red ones for the loss of a Cr atom. 

3.3. Infrared Spectroscopy 

 

Figure 3. The IR spectra of AgnCr (n=2-12) clusters. 

Figure 3 displays the IR spectra of AgnCr (n=2-12) clusters. Most of the spectral peaks we 

observed are in the frequency range from 0 cm-1 to 250 cm-1. The IR of AgnCr (n=2-12) clusters 
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show that the peaks at higher frequencies (more than 150 cm-1) correspond to the vibrational mode 

of the Ag-Cr bonds. The Ag-Ag vibrational modes are assigned for lower frequency peaks. The 

spectrum of Ag9Cr cluster is contributed from all eight modes, in which the peaks at ~ 82 cm-1 and 

~ 174 cm-1 are assigned for the vibrational mode of Ag-Cr in the Ag9 frame. Three other small 

peaks centered at ~ 99 cm-1 and 117 cm-1 correspond to the symmetrical vibrational mode of the 

Ag-Ag bonds. Unlike the Ag9Cr cluster, the IR spectra of Ag12Cr appear only a high peak at high 

frequency ~ 262 cm-1 corresponding to the vibrational mode of high-symmetry Ag-Cr bonds. 

4. CONCLUSION 

The density functional theory (DFT) method using BP86 functional in conjunction with the 

basis set cc-pVTZ-pp for Ag and cc-pvTZ for Cr level has been performed to study the 

structures, stabilities and importantly search for the possible infrared vibrational spectra of AgnCr 

(n=2-12), which have not been available in literature yet.  We hope that our findings will be 

useful for the theoretical understanding of doped AgnCr clusters as well as for aiding 

experiments to determine the structures of AgnCr species.  
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TÓM TẮT 

Cấu trúc, độ ổn định và quang phổ hồng ngoại  

của cụm nguyên tử AgnCr (n=2-12): một nghiên cứu lý thuyết 

Các cụm nguyên tử nhân tạo đang nổi lên như những vật liệu tiềm năng, với các đặc 

tính quang học, từ tính, xúc tác rất là tốt. Tuy nhiên, cho đến nay, việc xác định cấu trúc 

của các cụm nguyên tử pha tạp vẫn gặp rất nhiều khó khăn. Một trong những cách tiếp 

cận tốt nhất để xác định cấu trúc hình học của các cụm nguyên tử ở trạng thái cơ bản là 

so sánh phổ dao động hồng ngoại đo được bằng thực nghiệm với phổ được tính toán 

tương ứng. Trong bài báo này, chúng tôi tiến hành khảo sát về mặt lý thuyết phổ dao động 

hồng ngoại của các cấu trúc ở trạng thái cơ bản ứng với các cụm nguyên tử AgnCr (n=2-

12) bằng cách sử dụng phương pháp lý thuyết phiếm hàm mật độ (DFT). Các kết quả thu 

được của nghiên cứu này làm tiền đề quan trọng cho các nghiên cứu chuyên sâu về sự 

tăng trưởng kích thước cũng như các thí nghiệm xác định cấu trúc các cụm nguyên tử 

trong tương lai.  

Từ khóa: Cụm nguyên tử bạc pha tạp Cr; Phiếm hàm mật độ; Quang phổ hồng ngoại. 
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