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Abstract—Characteristics of photoelectron spectrum of Au2– and Au4– clusters were calculated using different 
functionals and basis sets, and the results were compared with experimental data. The TD-B3LYP/LANL2Z 
method was shown to provide for calculation of these characteristics with good accuracy. Based on these 
results we suggested the methods and carried out appropriate calculations of the absorption and emission for 
different isomers of Au8 clusters. It was shown that the best agreement with the experimental data is observed 
for the planar C2v “hexagon+1” structure, therefore, this is the structure observed experimentally. The 
calculated value of the Stokes shift for the specified structure does not exceed 12 nm, which is also in good 
agreement with experimental results.  

A great interest in the investigation of metal 
clusters is due to their unique properties that differ 
significantly from those of the bulk sample. In 
addition, the properties of clusters depend strongly on 
their size and shape, which holds great promise for the 
use of such structures in various fields of science, 
industry and medicine [1–6]. Particular attention, in 
connection with the possible use of other optical 
systems as new materials for sensors [4–8], attracted 
such unique optical properties of clusters as the 
luminescence. Recently a phenomenon was discovered 
of photoluminescence of nanosized gold particles and 
gold(I) complexes in the visible [7] and near infrared 
[9] regions of the spectrum.  

In the present work we carried out a theoretical 
study of photoelectron spectra and luminescence of 
gold clusters in the framework of the density 
functional theory (DFT). A method for theoretical 
simulation of the absorption and emission spectra was 
proposed, and calculations of these spectra for the Au8 
cluster were performed. The results of calculations 
were compared with experimental data provided by 
Prof. Shinji Nozaki (Tokyo University of Electric 
communications, Tokyo, Japan). By comparison of the 
calculated and experimental data the structure of the 
Au8 cluster was established whose luminescent 
properties were observed experimentally.  

Features of calculation of photoelectron and 
luminescene spectra. The procedure of quantum 
chemical calculations of the lines in the luminescence 
spectra is very similar to that of calculating the 
photoelectron spectrum (PES) [10]. Thus, to calculate 
the position of the lines in the spectra in both cases the 
same methods may be applied: TD-DFT [11], CI [12], 
and CASSCF [13]. These methods allow the 
calculation of the energy of electronic transitions in the 
molecule (cluster) from the ground to the different 
excited states. For the calculation of metal clusters the 
method of DFT is preferred [10].  

We, however, have to point out the two significant 
differences in the procedure for calculating the spectra 
of luminescence and PES.  

First, in both cases the calculation of the electronic 
transition energy should be preceded by geometry 
optimization. For calculating the PES, like the case of 
absorption spectrum, it is necessary to optimize the 
geometric parameters of molecules in the ground 
electronic state, whereas for the calculation of emis-
sion spectrum the geometry optimization should be 
carried out for the singlet excited state of the molecule.  

Second, at the calculation of PES is not necessary 
to take into account the selection rules. At the same 
time, at the calculation of absorption spectrum, as well 
as emission spectrum, selection rules should be 
considered.  
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Table 1. Calculated and experimental characteristics of the 
photoelectron spectrum of clusters Au2– and Au4–, eV  

Au2
– Au4

– 

B3LYP/

LANL2DZ 

experiment 

[14] 

B3LYP/

LANL2DZ 

experiment 

[14] 

VDE 2.13 2.01 2.74 2.78 

Te1 1.55 1.59 0.53 0.64 

Te2 2.13 2.01 1.66 1.54 

Te3 2.25 2.24 1.86 1.66 

Te4 2.51 2.37 2.14 2.01 

Transition in 

PES 

In a general case, the intensity of the lines in the 
absorption spectrum is higher the higher the value of 
the dipole moment of transition between the ground 
and excited states. At the moment, in principle, there is 
no method for the accurate calculation of the transition 
dipole moments even for the simplest molecules. 
Consequently, we can estimate the intensity of the 
lines only qualitatively.  

Photoelectron spectra of gold clusters. Since the 
procedure for calculating the photoelectron spectra and 
luminescence spectra are similar, then, before the 
theoretical modeling the luminescence spectra, we 
investigated the applicability of various levels of 
theory for calculating the characteristics of PES of the 
gold clusters. We calculated the PES for Au2– and Au4– 
using different combinations of the functional and the 
basis set, and compared the results with the 
experimental data [14]. Assuming that the first peak in 
the PES characterizes the vertical electron detachment 
energy for the anion cluster (VDE), its position was 
calculated as the difference between the total energy of 
the ground electronic state of the anionic cluster with 
optimum geometry and the electronic ground state of 
neutral cluster with the geometry of the anion. 
Subsequent lines in the photoelectron spectrum 
correspond to vertical transitions of the neutral cluster 
with the geometry of the anion from the ground to 
excited states (Te). We calculated energies of these 
transitions by the method of TD-DFT. In the 
calculations of PES we used the following levels of 
theory: B3LYP [15]/LANL2DZ [16], B3LYP/SDD 
[17], B3PW91 [18]/LANL2DZ, PBEPBE [19]/
LANL2DZ, PBEPBE/SDD, S2LYP [20]/LANL2DZ , 
S2LYP/SDD, and LSDA [21]/LANL2DZ. On the 
basis of these studies we concluded that the best 
agreement between the calculated and experimental 
data for gold clusters was observed in the case of 
B3LYP functional with LANL2DZ basis set. Table 1 
shows the results of (B3LYP/LANL2DZ) calculation 
and the experimental characteristics of PES of Au2– 
and Au4– clusters. As can be seen from Table 1, the use 
of the theory of B3LYP/LANL2DZ level allows the 
calculation of the position of lines in the PES of 
anionic gold clusters with a good accuracy. However, 
the calculated values of Te (except Te1) are slightly 
overestimated compared with experiment. Thus, in the 
case of the gold dimer, the calculated values of Te2, Te3 
and Te4 are by 0.12, 0.01 and 0.14 eV, respectively 
higher than the experimental ones. As in the case of 
Au2–, for Au4– all the calculated Te correspond to 

electronic transitions from the singlet ground state to 
the triplet excited state. For Au2– cluster the values of 
Te1, Te2, Te3 and Te4 in the one-determinant 
approximation correspond to transitions of electrons to 
the lowest unoccupied molecular orbital (LUMO) from 
the respective highest occupied molecular orbital 
(HOMO): HOMO-1, HOMO-2,3 ( degenerate states), 
and HOMO-4,5 (degenerate states). The forms of 
molecular orbitals (MO) and notation of the transitions 
between them are shown in Fig. 1. As seen from              
Fig. 1, transitions Te2, Te3, and Te4 are mainly from the 
molecular orbitals formed by the gold 5d-atomic 
orbitals (AO), and only to the Te1 transition contribute 
the orbitals formed by the gold 6s-AO. For the Au4– 
cluster, the Te1, Te2, and Te3 transition in the one-
determinant approximation correspond to electronic 
transitions HOMO–LUMO, HOMO–LUMO+1, and 
HOMO-1–LUMO. To the excited state corresponding 
to the transition Te4 contribute significantly several 
configurations at once, therefore it should not be 
considered as a single-electron transition. Figure 2 
shows the shape of the molecular orbitals and 
transitions between them for the Au4– cluster.  

Experimental luminescence spectrum of Au8. 
Recently, a group of researchers from the Tokyo 
University of Electric Communications (Tokyo, Japan) 
headed by Prof. Shinji Nozaki has conducted 
experimental studies of the absorption and emission of 
Au8 cluster (Fig. 3). The black lines (A1 and A2) in   
Fig. 3 correspond to the absorption spectra of solution 
of the gold clusters obtained directly after synthesis, 
and the clusters after treatment with ion exchange resin 
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Fig. 2. Forms of MO and notations of the transitions 
between them in the PES of Ag4

–.  

Fig. 1. Forms of MO and notations of the transitions between them in the PES of Ag2
–.  

to remove surfactant. In the spectra there are three 
peaks corresponding to wavelengths of transitions 
375.5 nm, 257.2 nm, and 226.4 nm. To the emission 
spectra of the solution after the synthesis, and after 
treatment with ion exchange resin correspond lines E1 
and E2, respectively. The main peak in the emission 
spectrum in both cases is quite close to that in the 
absorption spectrum. Consequently, the value of the 
Stokes shift is small (11.5 nm for the first solution and 
is close to zero for the second).  

Calculation of absorption spectrum of Au8 
cluster. There are a lot of mutually consistent data on 
the structure of the Au8 cluster [22–24]. According to 
these data, the most stable are the structures shown in 
Fig. 4. Taking into account the data of [22–24], we 
calculated the absorption spectra of six isomers of Au8 
cluster: the planar star D4h structure, the planar C2v 
“hexagon+1” structure, the planar C2v “boat” structure, 
the three-dimensional D2d structure, the three-
dimensional tetrahedral (Td) structure, and the three-
dimensional C2v pyramidal structure (Fig. 4).  

With our results on PES of Au2– and Au4– we 
calculated the absorption spectra using functional 
B3LYP with the basis set LANL2DZ. Procedure for 
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Fig. 4. The most stable [23–25] structures of the Au8 clusters, whose geometric parameters were optimized in this work: (a) flat star 
structure (D4h), (b) flat “hexagon +1” (C2v) structure, (c) flat boat (C2v) structure, (d) three-dimensional D2d structure, (e) three-
dimensional tetrahedral (Td) structure, and (f) three-dimensional pyramidal (C2v) structure.  
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Fig. 3. Experimental [22] absorption and emission spectra 
of of Au8 cluster. A1 and A2 are the lines in the absorption 
spectra of solution of gold clusters, obtained directly after 
synthesis, and clusters after treatment with ion exchange 
resin, respectively. E1 and E2 are the lines in the emission 
spectra of the solution obtained in the synthesis and after 
treatment with ion exchange resin, respectively.  

the experimental absorption spectrum (Fig. 3) we can 
conclude that the best agreement with the experiment 
is observed in the case of the flat “hexagon+1” 
structure (Fig. 5). Comparison of positions of the 
major peaks in the calculated and experimental 

the calculation of the absorption spectrum included the 
following stages. First of all, the geometry 
optimization of the cluster in the ground electronic 
state was carried out. As a result of the geometry 
optimization five structures were obtained as the three-
dimensional D2d structure transformed into a more 
stable tetrahedral one. Table 2 shows the relative 
energies of the structures obtained.  

Further, for the optimized structures energies of 
electronic transitions were calculated by TD-B3LYP/
LANL2DZ. As the result of calculation the energies of 
electronic transitions and the corresponding transition 
dipole moments were obtained. Note that the transition 
intensity depends on the corresponding dipole 
moment. The absorption spectrum was simulated by 
representing each line with a Gaussian curve with a 
given width at half-height:  

I(λ) = Σ fiexp{–1/2[(λ – λ1)/σ]2}, 
                                         

where σ is the width of the peak i at the wavelength λi 
with the transition dipole moment fi.  

Figures 5 and 6 show the theoretically calculated 
absorption spectra of different isomers of Au8 cluster, 
as well as the relevant optimized geometric structures. 
By comparing the calculated spectra (Figs. 5, 6) with 

i 
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Table 2. Relative B3LYP/LANL2DZ energies of the 
optimized structures of the Au8 cluster  

Structure no. 
(see Fig. 4) 

Structure 
Relative  

energy, eV 

1 flat star  0.00 

2 flat “hexagon+1” 0.54 

3 flat boat 0.71 

5 three-dimensional tetrahedral 0.78 

6 three-dimensional pyramid 0.75 

Table 3. Calculated (B3LYP/LANL2DZ) and experimentally 
observed [22] peaks in the absorption spectrum of the Au8 
cluster  

Peak no. 
calculated experiment [22] 

1 371.3 375.5 

2 278.7 257.2 

3 233.1 226.4 

Peak position, nm  

Fig. 5. Calculated absorption spectrum for the flat structure 
of the Au8 cluster “hexagon+1” using the level of theory 
B3LYP/LANL2DZ.  
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absorption spectra is given in Table 3. The data of 
Table 3 show that the results of calculation for the 
“hexagon+1” structure are in good agreement with 
experimental data. It should be noted that the wave 
function of the excited state differs significantly from 
the wave function of the ground state. The difference is 
the greater the higher the energy of the transition. 
Therefore, the deviation of calculated values of the 
lines in the spectrum from the experimental ones is 
larger for the transitions with lower wavelengths. 
Thus, comparing the calculated and experimental data 
we can state that in the experimental studies conducted 
by Prof. Shinji Nozaki and co-workers was observed 
the C2v isomer “hexagon +1.”  

Calculation of emission spectrum of the Au8 
cluster. Since the best agreement of theoretically 
calculated and experimental absorption spectra is 
observed in the case of the flat structure 
“hexagon+1” (see Table 3), the emission spectrum was 
calculated specifically for this structure.  

To estimate the Stokes shifts we calculated 
characteristics of the emission spectrum using two 
methods. In the first method, initially the optimization 
of the first excited state of the flat “hexagon+1” 
structure at the level of theory CIS/LANL2DZ was 
carried out. Then for the structure obtained as a result 
of the optimization TD-B3LYP/LANL2DZ calculation 
was carried out of the lines in the emission spectrum. 
In the future this method of calculation will be denoted 
as CIS/LANL2DZ//TD-B3LYP/LANL2DZ. In the 
framework of the second method, both the 
optimization of the first excited state and the 
calculation of the lines in the emission spectrum were 
carried out by TD-B3LYP/LANL2DZ method. This 
method requires more computational resources, but is 
more reliable. The emission spectra of Au8 cluster 
calculated under the described approximations are 
shown in Fig. 7. Changes in the geometric charac-
teristics of the cluster in the excited state compared to 
the ground state are shown in Fig. 8. In Fig. 9 the 
calculated absorption spectrum is compared with the 
emission spectra calculated in two approximations that 
allows the estimation of the value of the Stokes shift. 
As seen from Fig. 7, the positions of peaks in the 
emission spectrum calculated by both methods are in 
good agreement with each other. The nature of the 
distortion of the cluster structure at the excitation 
predicted in the two approximations is also the same 
(Fig. 8). It should be noted that, according to 
calculations, the distortion of the cluster geometry at 
the transition to an excited state is small.  

Comparison of the calculated values of the Stokes 
shift with the experimental data suggests that TD-
B3LYP/LANL2DZ method gives better agreement 
with experiment than CIS/LANL2DZ//TD-B3LYP/
LANL2DZ. Thus, the value of Stokes shift calculated 
by TD-B3LYP/LANL2DZ does not exceed 11.5 nm. 
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Fig. 6. Calculated absorption spectra of four isomers of Au8 cluster using the level of theory B3LYP/LANL2DZ.  
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Fig. 7. Calculated by (a) CIS/LANL2DZ, TD-B3LYP/LANL2DZ and (b) TD-B3LYP/LANL2DZ emission spectra of the Au8 
cluster “hexagon+1” using the level of theory B3LYP/LANL2DZ.  

The relatively small Stokes shift is explainable by only 
slight distortion of the geometric structure of the 
cluster at the excitation.  

Thus, comparison of calculated and experimental 
characteristics of PES of the gold clusters shows that 
the method TD-B3LYP/LANL2DZ allows to calculate 

the energy of electronic transitions with high precision 
and can be used for theoretical modeling of the lumine-
scence spectra of gold clusters.  

The calculations of the absorption spectra of five 
isomers of Au8 shows that the best agreement with 
experiment is observed for the planar C2v “hexagon+1” 
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Fig. 8. Change in the geometric parameters of the cluster in 
the excited state compared to the ground state.  
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Fig. 9. Absorption and emission spectra of Au8 cluster. The 
solid line corresponds to the absorption spectrum, dashed 
to the emission spectrum. (a) Emission spectrum calculated 
by CIS/LANL2DZ, TD-B3LYP/LANL2DZ and (b) emis-
sion spectrum calculated by TD-B3LYP/LANL2DZ.  

structure. Comparison of the data calculated for this 
structure for the emission and absorption spectra 
allows us to conclude that the observed Stokes shift is 
small in agreement with the experimental results. 
Thus, it can be stated that in the experimental studies 
conducted by Prof. Shinji Nozaki and co-workers the 
C2v “hexagon+1” isomer has been observed.  
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