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1 Introduction

Introducing rare earth (RE) metal atoms into semiconduc-
tor clusters in the past decade, especially silicon, has been 
a subject of greater interest in respect that doping RE atom 
into silicon clusters can alter significantly their structures, 
properties, and stabilities [1–20].

There have been some previous studies on introducing 
RE atoms into silicon clusters. Bowen et al. [1, 2] pre-
sented the PES of RESin

− (RE = Eu, Sm, Yb, Pr, Gd, and 
Ho 3 ≤ n ≤ 17) and found that they can be divided into two 
categories based on their appearance. The spectra of EuSin, 
YbSin, and SmSin belong to group “A”, and the spectra of 
PrSin, GdSin, and HoSin fall into group “B”. In the previous 
investigation [18–20], we found that the 4f electron of Eu, 
Yb, and Sm atoms in Sin surrounding hardly participates 
in bonding. In this work, we can find that the 4f electron 
of Pr atoms participates in bonding. More specifically, a 4f 
electron of Pr atom removed to 5d orbital, and then the 5d 
electron participates in bonding. That is actually similar to 
Gd atom which itself contains a 5d electron; that is, the 4f 
or 5d electron of group “B” atom in the clusters prefers to 
take part in bonding. While for the group “A”, the 4f elec-
tron hardly participates in bonding. On the aspect of the 
experiment, Nakajima et al. [3, 4] have firstly explored the 
TbSin

−, LuSin
−, and HoSin

− (6 ≤ n ≤ 20) clusters by using 
PES. Urged by these experimental observations, some the-
oretical simulations have been achieved for RESin clusters. 
The equilibrium geometries and properties such as relative 
stabilities, magnetic moments, charge transfers, HOMO–
LUMO gaps, and adiabatic electron affinities (AEAs) of 
neutral SmSin and YbSin (n ≤ 13) and their charged ions 
were calculated by using various density functional theory 
(DFT) methods [8–12]. The growth behavior of the ground 
state structures for LuSin, HoSin, LaSin, and GdSin (n ≤ 21) 
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was also investigated by means of DFT schemes [13–17]. 
Recently, we evaluated the ground state structures and elec-
tron affinities of SmSin, EuSin, and YbSin (3 < n<11) and 
their anions by means of several DFT techniques including 
B3LYP, wB97X, PBE0, PBE, and B2PLYP and found that 
the theoretical AEAs calculated by these methods agree 
with the experimental values [18–20].

In this study, the ground state structures and proper-
ties including AEAs, relative stabilities, dissociation ener-
gies (DEs), simulated PES spectra, HOMO–LUMO gaps, 
charges transfers, and magnetic moments of neutral PrSin 
(n = 3–9) and their anions are explored with the aim of 
understanding how their properties are different from that 
spectra belong to “A”. The simulated PES spectra and 
calculated AEAs are compared with experimental ones 
in order to not only verify the reliability of the predicted 
results but also aid the reassignment of experimental PES. 
This work will also provide specific guidance for further 
investigation of medium-size clusters.

2  Theoretical methods

The calculations are carried out at the level of the DFT 
with the B3LYP [21, 22], PBE0 [23], and mPW2PLYP [24] 
functional. The basis sets used in the geometry optimiza-
tion process are cc-pVTZ [25] for Si atoms and the seg-
mented (SEG) Gaussian valence basis sets and relativistic 
small-core potentials (ECP28MWB) [26] (denoted as SEG/
ECP) for Pr atoms. At the B3LYP and PBE0 levels, calcu-
lations of harmonic frequency for neutral PrSin (n = 3–9) 
and their anions were done to assure that the optimized 
isomers are local minima. Then, the SEG basis sets of Pr 
were augmented by diffuse functions 2pdfg with exponents 
0.028 and 0.015 (p), 0.032 (d), and 0.05 (f, g) [27] (denoted 
as aug-SEG/ECP), which aug-cc-pVTZ basis sets of Si 
[26] were used in the single-point energies calculations. 
Finally, the energies at 0 K are gained by adding the zero-
point vibration energy (ZPVE) (the mPW2PLYP ZPVE 
employed that of the PBE0). The GAUSSIAN 09 codes 
[28] are used to perform all of the calculations.

The initial geometries are obtained by using the ABClus-
ter global search method [29] combined with the GAUSS-
IAN 09 codes. The first step is achieved at the B3LYP level 
with relativistic large-core effective core potentials (ECP-
53MWB) [30, 31] for Pr atoms and 6-31G basis set for Si 
atoms. More than 100 initial geometries of each PrSin clus-
ters are generated for n ≤ 7, and more than 300 configu-
rations are generated for n ≥ 8. The second step, the top 
ten lowest energy structures from the first step, and those 
with their energy differences within 0.8 eV from the low-
est energy structure, are selected and optimized again by 
means of the B3LYP with the SEG/ECP basis set for Pr and 

the cc-pVTZ basis sets for Si atoms. Finally, the structures 
from the second step with their energy differences within 
0.8 eV are optimized by means of the remaining two meth-
ods. The “substitutional structure”, which can be regarded 
as substituting a Si atom of the ground state structure of 
Sin+1 with a Pr atom, is also taken into account in respect 
that the ground state structures of YbSin, SmSin, and EuSin 
are substitutional structure [18–20]. The global search, after 
all, is a mathematical scheme, and it is almost impossible 
to take an “ergodic” sampling on the potential energy sur-
faces for large clusters, especially for heteroatom clusters. 
Our experience is that, all of the “substitutional structures” 
are included when 100 configurations are generated from 
the ABCluster global search technique. However, starting 
from n = 8, only part of the “substitutional structures” are 
included when 300 (even up to 500) configurations are gen-
erated from the ABCluster global search method.

Furthermore, the spin multiplicities of quartet and sextu-
plet states were taken into account for neutral PrSin (n ≤ 5). 
And triplet and quintuplet state were considered for their 
anions. The results show that the quartet state is predicted 
to be the ground state structure for the neutral with the 
exception of PrSi which is sextuplet state. The ground state 
structure for anions PrSin

− with n = 1–3 is calculated to be 
the quintuplet. The reason can be attributed to the ground 
state structure of Sin with n = 1–3 is triplet electronic state. 
Starting from n = 4, the ground state structure is triplet 
electronic state. Although many isomers are obtained, the 
ground state structures are mainly presented.

3  Results and discussion

3.1  The ground state structures of PrSin and their 
anions

The isomers optimized at the B3LYP, PBE0, and mPW-
2PLYP levels are shown in Fig. 1 for PrSin (n = 3–9) species 
and their anions. For PrSi3, the ground state structure (shown 
in Fig. 1) is calculated to be an approximate planar rhombus 
with quartet electronic state, which is more stable than that 
of sextuplet by 0.77, 0.61, and 0.41 eV at the B3LYP, PBE0, 
and mPW2PLYP levels, respectively. For anion, the approxi-
mate planar rhombus PrSi3

−‑I (see Fig. 1) of triplet elec-
tronic state is more stable than that of PrSi3

−‑II isomer (see 
Fig. 1) by 0.39 and 0.01 eV at the B3LYP and PBE0 level, 
respectively. It is noted that for PrSi3

−‑I, the spin contamina-
tion occurs at the B3LYP and PBE0 levels due to the expec-
tation value [2.69 (B3LYP) and 2.71 (PBE0)] of the total 
spin (S2) as can be seen from Table 1. At the mPW2PLYP 
level, the trigonal pyramid PrSi3

−‑II of quintuplet electronic 
state is evaluated to be the ground state structure. It is more 
stable than that of PrSi3

−‑I by 0.15 eV in energy.
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PrSi3 (C1)

mPW2PLYP 2.929
B3LYP 2.875
PBE0 2.858

mPW2PLYP 2.930
B3LYP 2.890
PBE0 2.872

PrSi3--I (C1)

mPW2PLYP 2.903
B3LYP 3.009
PBE0 2.977

mPW2PLYP 2.902
B3LYP 2.964
PBE0 2.940

PrSi3--II (C1)

mPW2PLYP 2.716
B3LYP 2.710
PBE0 2.684

mPW2PLYP 2.717
B3LYP 2.708
PBE0 2.680

PrSi4-I (Cs)

mPW2PLYP 2.789
B3LYP 2.783
PBE0 2.754

mPW2PLYP 2.711
B3LYP 2.703
PBE0 2.671

PrSi4-II (C2v)

mPW2PLYP 2.875
B3LYP 2.956
PBE0 2.850

mPW2PLYP 2.916
B3LYP 2.931
PBE0 2.883

PrSi4--I (C3v)

mPW2PLYP 2.740
B3LYP 2.729
PBE0 2.694

PrSi4--II (C2v)

mPW2PLYP 3.000
B3LYP 3.091
PBE0 2.877

mPW2PLYP 2.961
B3LYP 2.972
PBE0 2.781

PrSi5-I (Cs)

mPW2PLYP 2.888
B3LYP 2.887
PBE0 2.845

mPW2PLYP 2.795
B3LYP 2.799
PBE0 2.753

mPW2PLYP 2.882
B3LYP 2.894
PBE0 2.844

PrSi5-II (Cs)

mPW2PLYP 3.073
B3LYP 3.044
PBE0 3.017

mPW2PLYP 2.982
B3LYP 2.963
PBE0 2.931

PrSi5--I (Cs)

mPW2PLYP 2.929
B3LYP 2.946
PBE0 2.894

mPW2PLYP 2.820
B3LYP 2.813
PBE0 2.783

mPW2PLYP 2.730
B3LYP 2.738
PBE0 2.700

PrSi5--II (Cs)

mPW2PLYP 3.315
B3LYP 3.219
PBE0 3.091

mPW2PLYP 3.100
B3LYP 3.070
PBE0 3.033

PrSi6 (C2v)

mPW2PLYP 2.984
B3LYP 3.013
PBE0 2.996

mPW2PLYP 3.040
B3LYP 3.060
PBE0 3.031

PrSi6- (C5v)

mPW2PLYP 2.956
B3LYP 2.952
PBE0 2.915

PrSi7-I (C1)

mPW2PLYP 2.917
B3LYP 3.067
PBE0 2.904 mPW2PLYP 2.839

B3LYP 2.954
PBE0 2.811

mPW2PLYP 2.904
B3LYP 3.208
PBE0 2.878

mPW2PLYP 3.001
B3LYP 3.007
PBE0 2.948

mPW2PLYP 3.200
B3LYP 3.474
PBE0 3.159

PrSi7-II (C1)

B3LYP 3.253
PBE0 3.179
mPW2PLYP 3.249

B3LYP 3.118
PBE0 3.057
mPW2PLYP 3.062

B3LYP 2.866
PBE0 2.828
mPW2PLYP 2.867

B3LYP 2.791
PBE0 2.759
mPW2PLYP 2.794

B3LYP 2.909
PBE0 2.866
mPW2PLYP 2.894

Fig. 1  Geometries of PrSin (n = 3–9) and their anions in which red color (online) is Pr atom. The Pr–Si bond lengths are shown in Å
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PrSi7-III (Cs)

mPW2PLYP 2.772
B3LYP 2.779
PBE0 2.736

mPW2PLYP 2.957
B3LYP 2.984
PBE0 2.913

mPW2PLYP 3.027
B3LYP 3.084
PBE0 2.996

mPW2PLYP 3.376
B3LYP 2.297
PBE0 3.236

PrSi7 -IV (C2)

mPW2PLYP 2.878
B3LYP 2.876
PBE0 2.841

mPW2PLYP 2.803
B3LYP 2.799
PBE0 2.778

PrSi7--I (C1)

mPW2PLYP 2.870
B3LYP 2.864
PBE0 2.840

mPW2PLYP 2.836
B3LYP 2.836
PBE0 2.815

mPW2PLYP 2.817
B3LYP 2.803
PBE0 2.780

mPW2PLYP 3.195
B3LYP 3.220
PBE0 3.161

mPW2PLYP 3.121
B3LYP 3.130
PBE0 3.071

PrSi7--II (Cs)

B3LYP 3.001
PBE0 2.958
mPW2PLYP 3.000

B3LYP 2.790
PBE0 2.758
mPW2PLYP 2.793

B3LYP 3.127
PBE0 3.082
mPW2PLYP 3.108

PrSi7--III (Cs)

mPW2PLYP 3.030
B3LYP 3.031
PBE0 2.968

mPW2PLYP 2.750
B3LYP 2.744
PBE0 2.711

mPW2PLYP 3.118
B3LYP 3.123
PBE0 3.119

mPW2PLYP 2.945
B3LYP 2.944
PBE0 2.894

PrSi7--IV (C2v)

mPW2PLYP 2.832
B3LYP 2.830
PBE0 2.793

PrSi8-I (C1)

B3LYP 2.872
PBE0 2.841
mPW2PLYP 2.844 B3LYP 3.032

PBE0 2.984
mPW2PLYP 2.991

B3LYP 3.300
PBE0 3.218
mPW2PLYP 3.204

B3LYP 2.839
PBE0 2.800
mPW2PLYP 2.834

B3LYP 3.007
PBE0 2.963
mPW2PLYP 3.028

B3LYP 3.029
PBE0 2.963
mPW2PLYP 2.996

PrSi8-II (Cs)

mPW2PLYP 2.856
B3LYP 2.841
PBE0 2.813

mPW2PLYP 3.037
B3LYP 3.039
PBE0 2.989 mPW2PLYP 3.052

B3LYP 3.051
PBE0 3.018

PrSi8-III (C1)

B3LYP 3.033
PBE0 2.981
mPW2PLYP 3.055

B3LYP 2.863
PBE0 2.843
mPW2PLYP 2.879

B3LYP 3.041
PBE0 2.998
mPW2PLYP 3.060

PrSi8--I (C1)

B3LYP 2.798
PBE0 2.766
mPW2PLYP 2.791

B3LYP 3.073
PBE0 3.037
mPW2PLYP 3.045

B3LYP 2.904
PBE0 2.877
mPW2PLYP 2.924

B3LYP 3.037
PBE0 3.008
mPW2PLYP 3.033

B3LYP 2.934
PBE0 2.883
mPW2PLYP 2.911

B3LYP 2.991
PBE0 2.935
mPW2PLYP 2.976

PrSi8--II (Cs)

mPW2PLYP 2.903
B3LYP 2.858
PBE0 2.818

mPW2PLYP 2.905
B3LYP 2.927
PBE0 2.916

mPW2PLYP 3.133
B3LYP 3.029
PBE0 2.953

PrSi8--III (C2)

B3LYP 3.117
PBE0 3.074
mPW2PLYP 3.107

B3LYP 2.817
PBE0 2.792
mPW2PLYP 2.832

B3LYP 2.976
PBE0 2.942
mPW2PLYP 2.977

PrSi9-I (C2v)

mPW2PLYP 2.919
B3LYP 3.011
PBE0 2.903

mPW2PLYP 2.788
B3LYP 2.781
PBE0 2.738

PrSi9-II (Cs)

mPW2PLYP 3.175
B3LYP 3.016
PBE0 2.970

mPW2PLYP 3.121
B3LYP 3.073
PBE0 3.022

mPW2PLYP 3.041
B3LYP 3.025
PBE0 2.945

PrSi9- (C2v)

mPW2PLYP 2.835
B3LYP 2.824
PBE0 2.790

mPW2PLYP 2.839
B3LYP 2.827
PBE0 2.798

Fig. 1  continued
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For neutral PrSi4, two isomers which compete with each 
other for the ground state structure are reported. The Cs-
symmetry trigonal bipyramind PrSi4‑I of 4A″ electronic 
state, and the C2v-symmetry PrSi4‑II of 4A1 electronic 
state are shown in Fig. 1. The energy differences between 
PrSi4‑I and PrSi4‑II are only 0.07, 0.01, and −0.02 eV at 
the B3LYP, PBE0, and mPW2PLYP levels, respectively. 
For anion PrSi4

−, the trigonal bipyramind PrSi4
−‑I with tri-

plet electronic state (approximately C3v-symmetry) is cal-
culated to be the ground state structure. The C2v-symmetry 
PrSi4

−‑II of 3A1 electronic state is less stable in energy than 
that of PrSi4

−‑I by 0.56, 0.54, and 0.80 eV at the B3LYP, 
PBE0, and mPW2PLYP levels, respectively. Furthermore, 
the PrSi4

−‑II is spin contamination at the B3LYP and 
mPW2PLYP levels. Their quintuplet isomers are less sta-
ble in energy than the ground state structure PrSi4

−‑I. For 

example, the C2v-symmetry isomer of 5A1 electronic state, 
analogous to PrSi4

−‑II (not shown in Fig. 1), is less sta-
ble than the ground state PrSi4

−‑I structure by 0.48, 0.60, 
and 0.74 eV at the B3LYP, PBE0, and mPW2PLYP levels, 
respectively.

Two face-capped trigonal bipyramind with Cs-symmetry 
for neutral PrSi5 is presented. At the mPW2PLYP level, the 
PrSi5‑I of 4A′ electronic state is predicted to be the ground 
state structure, which is more stable than the PrSi5‑II of 
4A″ by 0.17 eV. While at the B3LYP and PBE0 levels, the 
PrSi5‑II isomer, analogous to the ground state structure of 
YbSi5, SmSi5, and EuSi5 [18–20], is more stable in energy 
than that of PrSi5‑I by 0.33 and 0.23 eV, respectively. For 
anion, the isomer PrSi5

−‑I of 3A′ electronic state is pre-
dicted to be the ground state structure, which is more stable 
than the PrSi5

−‑II by 0.10, 0.30, and 0.70 eV at the B3LYP, 
PBE0, and mPW2PLYP levels, respectively. In addition, 
the PrSi5

−‑II is spin contamination at the B3LYP, PBE0, 
and mPW2PLYP levels.

Xu et al. [8] reported that the ground state structure of 
PrSi6 and its anion is C2v- and C5v-symmetry pentagonal 
bipyramid, respectively. Our result is the same as their 
outcome.

For PrSi7, four isomers are presented. The C1-symmetry 
PrSi7‑I isomer which can be regarded as being derived 
from the distorted bicapped octahedron of Si8 [32] by sub-
stituting a Si with a Pr atom is similar to the ground state 
structure of EuSi7 [20], SmSi7 [19], and YbSi7 [18]. The 
approximate Cs-symmetry PrSi7‑II isomer is analogous to 
the most stable structure of GdSi7 [17]. The isomers PrSi7‑
III and PrSi7‑IV possess 4A″ and 4A electronic state. At 
the mPW2PLYP and PBE0 levels, the PrSi7‑II structure 
is more stable in energy than those of PrSi7‑I, PrSi7‑III, 
and PrSi7‑IV by 0.05, 0.07, and 0.22 eV, and 0.05, 0.07, 
and 0.13 eV, respectively. At the B3LYP level, the PrSi7‑
I structure is more stable in energy than the isomers of 
PrSi7‑II, PrSi7‑III, and PrSi7‑IV by 0.05, 0.01, and 
0.27 eV, respectively. The energies of PrSi7‑I, PrSi7‑II 
and PrSi7‑III isomers are almost equal. Their energy dif-
ferences fall in 0.07 eV. These indicate that the potential 
energy surface of PrSi7 is flat and that accurate prediction 
of structures requires advanced quantum mechanical inves-
tigations. For anion PrSi7

−, four isomers are also reported. 
At the mPW2PLYP level, the energies of PrSi7

−‑II struc-
ture of 3A′, PrSi7

−‑III of 3A′, and PrSi7
−‑IV of 3A2 are 

nearly equal. The energy differences among them are 
within 0.02 eV. The PrSi7

−‑I isomer is less stable than that 
of PrSi7

−‑III by 0.07 eV in energy. At the B3LYP level, the 
PrSi7

−‑IV structure is more stable in energy than the iso-
mers of PrSi7

−‑I, PrSi7
−‑II, and PrSi7

−‑III by 0.10, 0.05, 
and 0.08 eV, respectively. At the PBE0 level, the PrSi7

−‑II 
structure is more stable in energy than those of PrSi7

−‑I, 
PrSi7

−‑III, and PrSi7
−‑IV by 0.18, 0.09, and 0.04 eV in 

Table 1  Spin (S) and S2 operator of PrSin (n = 3–9) and their anions

Isomer S B3LYP PBE0 mPW2PLYP

S2 S2 S2

PrSi3 3/2 3.76 3.76 3.76

PrSi3
−I 2/2 2.69 2.71 2.15

PrSi3
−II 4/2 6.04 6.05 6.10

PrSi4-I 3/2 3.78 3.79 3.81

PrSi4-II 3/2 4.13 3.86 3.82

PrSi4
−I 2/2 2.02 2.02 2.02

PrSi4
−II 2/2 3.30 2.04 3.05

PrSi5-I 3/2 3.77 3.78 3.78

PrSi5-II 3/2 3.76 3.76 3.76

PrSi5
−I 2/2 2.12 2.04 2.03

PrSi5
−-II 2/2 2.99 2.96 3.01

PrSi6 3/2 3.76 3.76 3.76

PrSi6
− 2/2 2.03 2.02 2.01

PrSi7-I 3/2 3.76 3.79 3.81

PrSi7-II 3/2 3.78 3.78 3.81

PrSi7-III 3/2 3.77 3.79 3.84

PrSi7-IV 3/2 3.80 3.78 3.79

PrSi7
−I 2/2 2.02 2.02 2.02

PrSi7
−II 2/2 2.04 2.02 2.01

PrSi7
−III 2/2 2.03 2.01 2.01

PrSi7
−-IV 2/2 2.02 2.01 2.01

PrSi8-I 3/2 3.78 3.78 3.82

PrSi8-II 3/2 3.77 3.77 3.78

PrSi8-III 3/2 3.77 3.77 3.80

PrSi8
−I 2/2 2.04 2.02 2.02

PrSi8
−II 2/2 2.04 2.01 2.01

PrSi8
−III 2/2 2.02 2.02 2.01

PrSi9-I 3/2 3.77 3.78 3.81

PrSi9-II 3/2 3.76 3.77 3.76

PrSi9
− 2/2 2.03 2.02 2.01
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energy, respectively. Although the energies of PrSi7
−‑II, 

PrSi7
−‑III, and PrSi7

−‑IV isomers are almost degenerated, 
the PrSi7

−‑III structures are assigned to the ground state 
structure based on the following fact: Compared to experi-
mental PES, the simulated PES of PrSi7

−‑III is more con-
sistent than that of PrSi7

−‑II and PrSi7
−‑IV (see Sect. 3.3).

For PrSi8, three isomers are presented. The C1-symmetry 
PrSi8‑I geometry is predicted to be the ground state struc-
ture at the B3LYP, PBE0, and mPW2PLYP levels. This 
result differs from those of YbSi8, SmSi8, and EuSi8, of 
which ground state structure is the C2v-symmetry bicapped 
pentagonal bipyramid [18–20]. The PrSi8‑II of 4A″ elec-
tronic state and co-apex trigonal bipyramind PrSi8‑III 
is less stable in energy than that of PrSi8‑I by 0.22, 0.25, 
and 0.03 eV, and 0.22, 0.25, and 0.26 eV, respectively. For 
anion, three isomers are also presented. The C2-symmetry 
co-apex trigonal bipyramind PrSi8

−‑III of 3A state is pre-
dicted to be the ground state structure. Energetically, it is 
more stable than the PrSi8

−‑I and PrSi8
−‑II by 0.34, 0.33, 

and 0.25 eV, and 0.17, 0.22, and 0.04 eV at the B3LYP, 
PBE0, and mPW2PLYP levels, respectively. The ground 
state structure of PrSi8

− differs from that of YbSi8
−, SmSi8

−, 
and EuSi8

−, which is substitutional structure with C2v-sym-
metry [18–20].

For PrSi9, two geometries are presented. The C2v-sym-
metry bicapped antitetragonal prism of 4A1 state, PrSi9‑I, 
is predicted to be the ground state structure at the mPW-
2PLYP level. It is more stable than the PrSi9‑II isomer of 
4A″ electronic state by 0.26 eV in energy. At the B3LYP 
and PBE0 levels, the PrSi9‑II isomer, analogous to the 
ground state structure of GdSi9, YbSi9, SmSi9, and EuSi9 
[17–20], is calculated to be the most stable structure. It 

is more stable than that of PrSi9‑I by 0.37 and 0.25 eV, 
respectively. For anion PrSi9

−, the C2v-symmetry bicapped 
antitetragonal prism of 3B2 electronic state is predicted to 
be the ground state at the B3LYP, PBE0, and mPW2PLYP 
levels. It is, again, different from that of YbSi9

−, SmSi9
−, 

and EuSi9
−, of which ground state structure is substitutional 

structure with C3v-symmetry [18–20].
From discussion above, we can conclude that (1) the 

functional dependence on the evaluated the ground state 
structure is seen for PrSi−3, PrSi5, PrSi7, PrSi7

−, and PrSi9. 
The mPW2PLYP scheme can be trustworthy based on the 
following fact: (1) The CCSD(T) method was adopted for 
geometry optimization of PrSin (n = 1–2) and its anion in 
order to check reliability of methods (The geometries are 
shown in Fig. 2 and the total energies are listed in Table 2). 
From Table 1, we can see that the ground state structures 
predicted by the mPW2PLYP scheme are the same as those 
evaluated by the CCSD(T) method, while the ground state 
structures of PrSi and PrSi2 predicted by the B3LYP and 
PBE0 methods differ from those of CCSD(T). (2) The 
electron affinities predicted by the mPW2PLYP are excel-
lent in agreement with those of experimental data (see 
Sect. 3.2). (3) The simulated PES of the ground state struc-
ture predicted by the mPW2PLYP scheme is in accord with 
the experimental PES (see Sect. 3.3). It is to say that the 
methods including perturbative correlation part are very 
important as the species including f-electron (or d-electron) 
participating in bonding are treated [It is noted that the 4f 
electrons of Pr atom participate in bonding (see Sect. 3.6)]. 
(2) The extra electron effects on the ground state structure 
is intense. The ground state structures for PrSi3, PrSi6, and 
PrSi8 differ from those of their anions. For PrSi4 and PrSi7, 

PrSi-I (6state)

mPW2PLYP 2.695
CCSDT 2.687
B3LYP 2.733
PBE0 2.690

PrSi-II (6state)

mPW2PLYP 2.955
CCSDT 2.824
B3LYP 2.862
PBE0 2.856

PrSi- (5state)

mPW2PLYP 2.610
CCSDT 2.644
B3LYP 2.632
PBE0 2.595

PrSi2-I (C2v )

mPW2PLYP 2.702
CCSDT 2.736
B3LYP 2.731
PBE0 2.672

mPW2PLYP 48.9°
CCSDT 48.2°
B3LYP 47.8°
PBE0 48.9°

PrSi2-II (C2v )

mPW2PLYP 2.798
CCSDT 2.951
B3LYP 2.824
PBE0 2.774

mPW2PLYP 46.0°
CCSDT 43.2°
B3LYP 45.4°
PBE0 46.0°

PrSi2- (C2v )

mPW2PLYP 2.777
CCSDT 2.808
B3LYP 2.916
PBE0 2.837

mPW2PLYP 47.2°
CCSDT 47.0°
B3LYP 43.8°
PBE0 45.1°

Fig. 2  Ground state structures for PrSi, PrSi2, and their anions
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the ground state structures are undetermined because their 
potential energy surfaces are flat. The ground state struc-
tures of PrSi5

− and PrSi9
− are unchanged compared to its 

neutrals. (3) Starting from n = 7, the ground state struc-
tures of PrSin and their anions differ from those of YbSin, 
SmSin, and EuSin.

3.2  AEAs

The AEAs of PrSin (n = 3–9) are calculated and listed in 
Table 3. From Table 3, we can see that the theoretical AEAs 
of PrSi4 deviated from experimental values (1.6 ± 0.1 eV) 
[1] by 0.40, 0.43, and 0.49 eV at the B3LYP, PBE0, and 
mPW2PLYP levels, respectively. In fact, the PES of PrSi4

− 
recorded with 266 nm photons has a very small hump in 
low binding energy region before the first major peak, 
and Grubisic et al. assigned it as onset [1]. Based on the 
our calculated results, we reassigned the first major peak 
as being due of the transition from the ground state of the 
anion to the ground states of the neutral and obtained the 

experimental value of 2.0 ± 0.1 eV. The very small hump 
is probably because of the existence of low-lying isomers 
in the experiment. In this way, the average absolute devia-
tions from experiment for PrSin (n = 4–9) are by 0.15, 
0.16, and 0.05 eV at the B3LYP, PBE0, and mPW2PLYP 
levels, respectively. The largest deviations are 0.59, 0.67, 
and 0.10 eV, respectively. That is, the mPW2PLYP theoret-
ical AEAs are in excellent agreement with the experimental 
data taken from Ref. [1].

In order to probe the effect of spin–orbit coupling 
(SOC), the effect of SOC is calculated via single-point cal-
culations using the mPW2PLYP geometries and segmented 
all-electron relativistic Sapporo-DKH3-TZP basis sets with 
all-diffuse functions (Sapporo-DKH3-TZP-all) for Pr and 
Si atoms [33, 34], and using Hartree–Fock method via the 
Douglas–Kroll–Hess Hamiltonian (both with and without 
spin–orbit corrections). The AEAs with SOC corrections 
for PrSin (n = 4–9) are listed in Table 4. From Table 4, we 
can see that the average absolute deviations from experi-
ment are by 0.15, 0.16, and 0.06 eV at the B3LYP, PBE0, 

Table 2  Total energies (in 
Hartree) of PrSi, PrSi2, and 
their anions calculated at the 
methods/(aug-SEG/ECP, aug-
cc-pVTZ)//methods/(SEG/ECP, 
cc-pVTZ) levels

Structure Spin multiplicity Methods

CCSD(T) mPW2PLYP B3LYP PBE0

PrSi-I 6 −804.40236 −805.73579 −806.42141 −806.15220

PrSi−II 6 −804.38374 −805.73452 −806.43824 −806.16770

PrSi− 5 −804.45379 −805.78069 −806.47306 −806.20199

PrSi2-I 4 −1093.51526 −1095.18282 −1095.98602 −1095.58639

PrSi2-II 4 −1093.48461 −1095.17739 −1095.99880 −1095.59538

PrSi2
− 5 −1093.56071 −1095.22537 −1096.04193 −1095.63801

Table 3  Adiabatic electron 
affinities (AEAs) (in eV) with 
zero-point corrected for PrSin 
(n = 3–9)

a We reassigned the photoelectron spectrum of PrSi−4 recorded with 266 nm (see Ref [1]) and obtained the 
experimental value of 2.0 ± 0.1 eV (see text)

Species Method AEAs Species Method AEAs

PrSi3 B3LYP 0.96 PrSi7 B3LYP 2.31

(PrSi3‑I ← PrSi3
−‑II) PBE0 1.25 (PrSi7‑II ← PrSi7

−‑III) PBE0 2.28

mPW2PLYP 1.50 mPW2PLYP 2.30

Expt. – Expt. 2.4 ± 0.1

PrSi4 B3LYP 2.00 PrSi8 B3LYP 2.49

(PrSi4‑I ← PrSi4
−‑I) PBE0 2.03 (PrSi8‑I ← PrSi8

−‑III) PBE0 2.58

mPW2PLYP 2.09 mPW2PLYP 2.50

Expt. 2.0 ± 0.1a Expt. 2.5 ± 0.2

PrSi5 B3LYP 1.84 PrSi9 B3LYP 2.68

(PrSi5‑I ← PrSi5
−‑I) PBE0 1.89 (PrSi9‑I ← PrSi9

−‑) PBE0 2.75

mPW2PLYP 1.90 mPW2PLYP 2.86

Expt. 1.9 ± 0.1 Expt. 2.8 ± 0.1

PrSi6 B3LYP 1.51

(PrSi6 ← PrSi6
−) PBE0 1.43

mPW2PLYP 2.08

Expt. 2.1 ± 0.1
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and mPW2PLYP levels, respectively. That is, the AEAs 
with SOC correction differ little from the results without 
SOC.

3.3  Simulated PES spectra

The anion PES spectra are simulated at the mPW2PLYP 
level on the basis of theoretically generalized Koopman the-
orem [35]. These simulated PES spectra and experimental 
ones taken from Ref. [1] are shown in Fig. 3. First step for 
the simulation is calculated the relative energies of the orbit-
als (ΔEn) using the formula: ΔEn = ΔEHOMO-n − EHOMO. 
Secondly, the first peak associated with the HOMO is placed 
at the VDE (vertical detachment energy) plot, and the peaks 
of the deeper orbitals are moved to higher binding energy. 

Thirdly, these peaks are suited with a unit-area Gaussian 
function of 0.20 eV FWHM (full widths at half maximum). 
To quantitatively compare theoretical intensities with exper-
imental ones are not possible in respect that the nonadiaba-
tic interactions and anharmonic resonances are not included 
in calculations. The locations and the amounts of distinct 
peaks of simulated PES for PrSi4

−‑I, PrSi5
−‑I, PrSi7

−‑III 
and PrSi8

−‑III in the range of ≤4.5 eV general accord with 
experimental ones as can be seen from Fig. 3. And the posi-
tions of the first two peaks of simulated PES of PrSi6

− and 
PrSi9

− are in accord with experimental ones. The agreement 
of locations and the amounts of distinct peaks between sim-
ulated and experimental PES reveals that the ground state 
structures of PrSin

− (n = 4–9) reported in this paper are 
trustworthy.

Table 4  Adiabatic electron 
affinities (AEAs) (in eV) with 
spin–orbit coupling corrected 
for PrSin (n = 4–9)

Species Method AEAs Species Method AEAs

PrSi4 B3LYP 2.06 PrSi7 B3LYP 2.32

(PrSi4‑I ← PrSi4
−‑I) PBE0 2.09 (PrSi7‑II ← PrSi7

−‑III) PBE0 2.29

mPW2PLYP 2.15 mPW2PLYP 2.31

PrSi5 B3LYP 1.88 PrSi8 B3LYP 2.45

(PrSi5‑I ← PrSi5
−‑I) PBE0 1.93 (PrSi8‑I ← PrSi8

−‑III) PBE0 2.54

mPW2PLYP 1.94 mPW2PLYP 2.46

PrSi6 B3LYP 1.52 PrSi9 B3LYP 2.67

(PrSi6 ← PrSi6
−) PBE0 1.44 (PrSi9‑I ← PrSi9

−‑) PBE0 2.74

mPW2PLYP 2.09 mPW2PLYP 2.85

Fig. 3  Experimental photoelectron spectra (PES) (taken from Ref. [1], copyright 2009 American Society) and simulated PES at the mPW-
2PLYP level for the anions PrSin

−
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3.4  DEs

The DEs of PrSin and their anions (defined as the energy 
required in the reactions PrSin → Pr + Sin for neutral and 
PrSin

− → Pr + Sin
− for anion) are calculated at the mPW-

2PLYP level and drawn in Figs. 4 and 5, respectively. The 
DEs of SmSin and EuSin (n = 3–9) and their anions [19, 
20] are also, respectively, shown in Figs. 4 and 5 in order 
to facilitate comparison. The higher values of the DEs show 
that the cluster bonding of a Pr atom is stable. As can be seen 
from Figs. 4 and 5, the DEs of EuSin and SmSin (n = 3–9) 
are smaller than that of PrSin. Although Pr atom has no 5d 

electrons, the 4f electron transfers to 5d orbital when Pr atom 
interacts with silicon clusters and then participates in bond-
ing. The profiles of d-orbital are facilely deformed and tend 
to ionic polarization. The ionic bonding weakens, and the 
covalent bond strengthens due to the result of ionic polariza-
tion, and therefore causes a relatively large DE of PrSin. The 
same variation trends of DE curves exist on PrSin, EuSin, 
and SmSin. The DEs of PrSi4 and PrSi7 are local minima, 
and the DEs of PrSi5 and PrSi8 are local maxima. This result 
accords with that of ASin (A = Li, Na) and is interpreted by 
the parallelism between the EA and the DE of Sin because 
the binding of an Pr to the Sin species results in electronic 
charge transfer from the Pr atom to Sin, similar to the condi-
tions of binding of an alkali atom to the Sin species [36]. The 
DEs of EuSin

− and SmSin
− (n = 3–9) are smaller than the DEs 

of PrSin
−. When n = 4–7, the DEs of PrSin

− are different little 
from each other, but when n = 8 and 9, the DEs of PrSin

− are 
larger than those of the others. The DEs of PrSin

− are larger 
than those of corresponding neutral for n = 7−9, smaller for 
n = 3 and 5, and almost equal for n = 4 and 6. The explana-
tion will be seen in Sect. 3.6.

3.5  HOMO–LUMO gaps

HOMO–LUMO gaps can be served as an important criterion 
to reflect the chemical reactivity of molecules in a sense, espe-
cially for RE-doped silicon clusters which have fine photo-
chemical sensitivity. The HOMO–LUMO gaps for the most 
stable structures of PrSin (n = 3−9) predicted by the mPW-
2PLYP method are tabulated in Fig. 6, along with the HOMO–
LUMO gaps of EuSin, SmSin, and Sin [19, 20] for comparison. 
From Fig. 6, we can conclude that similar to EuSin and SmSin, 
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versus the number of atom n. The data of SmSin and EuSin (n = 3–9) 
are taken from Refs. [19, 20]
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doping Pr atom to silicon species raises the photochemical 
sensitivity due to the fact that the HOMO–LUMO gap of PrSin 
(n = 3–9) is smaller than that of Sin with the same n. But the 
effect of raising photochemical sensitivity is not as good as the 
doping Eu or Sm to silicon species. The photochemical sen-
sitivity of PrSi6 is better than that of its neighboring clusters.

3.6  Charge transfer and magnetic moment

NPA (natural population analysis) is conducted with the 
mPW2PLYP method in order to further understand the 

interaction between the Pr atom and the Sin species. The 
charges of Pr and NPA valence configurations are listed in 
Table 5. The magnetic moments of 6s, 4f, 5d, and 6p state 
for Pr, total magnetic moments of Pr, and total magnetic 
moments of the ground state of PrSin (n = 3–9) and their 
anions are listed in Table 6. As can be seen from Table 5, 
the 4f shell of Pr in the cluster (except for PrSi3) is obvi-
ously changed. The charge transfer occurs largely not only 
from 6s to 5d but also 4f to 5d orbitals, resulting in hybridi-
zation between the 6s and 5d orbitals. That is, the 4f elec-
trons migrated to 5d orbit and then participated in bonding. 
The theoretical charges of the Pr in PrSin (n = 3–9) spe-
cies (except for PrSi8) show that Pr atom acts as an electron 
donor and the characteristics of bonding between Pr and 
silicon clusters possess not only ionic bonds, but also cova-
lent bonds in nature. Similar to anion EuSin

− and SmSin
− 

[19, 20], the majority of the additional electron’s charge in 
PrSin

− (n = 3–9) is found to be localized on the Sin species. 
And average charges of 0.47 a.u. go back to Pr atom from 
Sin compared to the neutral, which leads to decreasing of 
the ionic bond components and increasing of the covalent 
bond components. If the increased data are larger than the 
decreased data, the DEs of Pr from the PrSin

− will be larger 
than those of their neutral (for example, PrSi7

−, PrSi8
−, 

and PrSi9
−). For PrSi3

− and PrSi5
−, the conditions are the 

opposite. And for PrSi4
− and PrSi6

−, the increased and 
decreased value differs little from each other. From Table 6, 
we can see that the total magnetic moments of PrSi3, PrSi5, 
and PrSin

− (n = 4–9) are contributed by Pr atom. And for 
the remaining species, in addition to a large proportion of 
magnetic moments that contributed by Pr atom, a small 
portion of magnetic moments are contributed by the silicon 
clusters.

Table 5  Natural population analysis (NPA) valence configurations 
and charge of Pr atom (in a.u.) calculated with the mPW2PLYP 
scheme for the ground state structure PrSin (n = 3–9) clusters and 
their anions

Species Electron configuration Charge

PrSi3 [core]6s0.274f2.935d0.626p0.06 1.13

PrSi4 [core]6s0.344f2.085d1.866p0.09 0.60

PrSi5 [core]6s0.364f2.075d1.836p0.13 0.65

PrSi6 [core]6s0.404f2.635d1.046p0.13 0.72

PrSi7 [core]6s0.344f2.075d1.946p0.19 0.23

PrSi8 [core]6s0.284f2.065d2.206p0.20 −0.06

PrSi9 [core]6s0.304f2.105d1.836p0.15 0.55

PrSi3
− [core]6s0.464f2.085d2.336p0.08 0.00

PrSi4
− [core] 6s0.534f2.075d2.096p0.16 0.13

PrSi5
− [core]6s0.324f2.095d2.196p0.05 0.29

PrSi6
− [core]6s0.614f2.075d1.766p0.30 −0.04

PrSi7
− [core]6s0.314f2.135d2.136p0.25 −0.05

PrSi8
− [core]6s0.314f2.155d2.096p0.30 −0.02

PrSi9
− [core]6s0.404f2.105d1.966p0.21 0.28

Table 6  Magnetic moment 
(μB) of 6s, 4f, 5d, and 6p states 
for Pr atom, total magnetic 
moment (μB) of Pr atom, and 
total magnetic moment of the 
most stable structure of PrSin 
(n = 3–9) and their anions 
calculated with the mPW2PLYP 
scheme

Species Magnetic moment of Pr atom Molecule

6s 4f 5d 6p Total (μB)

PrSi3 0.01 2.91 0.14 0.00 3.06 3

PrSi4 0.01 1.98 0.36 0.01 2.36 3

PrSi5 0.02 2.01 0.41 0.01 2.45 3

PrSi6 0.24 2.55 0.16 0.04 2.99 3

PrSi7 0.00 1.90 0.09 0.01 2.00 3

PrSi8 0.00 1.96 0.31 0.00 2.27 3

PrSi9 0.00 1.97 0.08 0.01 2.06 3

PrSi3
− 0.02 1.98 0.97 0.01 2.98 4

PrSi4
− 0.00 1.98 0.11 0.00 2.09 2

PrSi5
− 0.00 1.98 0.03 0.08 2.09 2

PrSi6
− 0.00 1.87 0.06 0.00 1.93 2

PrSi7
− 0.00 1.91 0.08 0.00 1.99 2

PrSi8
− 0.00 1.94 0.09 0.00 2.03 2

PrSi9
− 0.00 1.97 0.08 0.00 2.05 2
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4  Conclusions

We have investigated the equilibrium geometries and prop-
erties such as AEAs, simulated photoelectron spectra (PES), 
dissociation energies (DEs), relative stabilities, HOMO–
LUMO gaps, charges transfer, and magnetic moments 
of PrSin (n = 3–9) and their anions using the ABCluster 
global search technique combined with density functional 
methods. Prudently chosen DFT methods employed with 
aug-SEG/ECP basis set for Pr atoms are competent for 
the reliable prediction of the structures and properties of 
the PrSin species. The mPW2PLYP results show that (1) 
starting from n = 7, the ground state structures of neutral 
PrSin (n = 3–9) and their anions do not belong to “substi-
tutional structure”. When binding an electron to the ground 
state structure of the neutral, the extra electron effect on the 
ground state structure is intense. The ground state struc-
tures for PrSi3

−, PrSi6
−, and PrSi8

− are different from 
their neutral ones. (2) The experimental PES of PrSi4

− has 
been reassigned based on the theoretical results. Assign-
ing experimental value of 2.0 ± 0.1 eV to the AEA is more 
justifiable than to 1.6 ± 0.1 eV. The mPW2PLYP AEAs of 
PrSin are in excellent agreement with the experimental data. 
The average absolute deviations from experiment are only 
0.05 eV, and the maximum deviations are 0.10 eV. (3) The 
accordance between the experimental PES and the theo-
retical simulations indicates that the ground state structures 
of PrSin

− (n = 4–9) reported in this paper are trustworthy. 
(4) The DEs of Pr atom from PrSin species and their ani-
ons are larger than those of Eu and Sm. (5) HOMO–LUMO 
gaps reveal that doping Pr atom to Sin (n = 3–9) species 
raises the photochemical sensitivity. But the effect of rais-
ing photochemical sensitivity is not as good as the effect of 
the doping Eu or Sm to silicon species. (6) Calculations of 
magnetic moments show that Pr atom contributes a large 
proportion of the total magnetic moments.
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