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Abstract The neutral PrSin (n = 12–21) species considering
various spin configurations were systematically studied using
PBE0 and B3LYP schemes in combination with relativistic
small-core potentials (ECP28MWB) for Pr atoms and cc-
pVTZ basis set for Si atoms. The total energy, growth-pattern,
equilibrium geometry, relative stability, hardness, charge
transfer, and magnetic moments are calculated and discussed.
The results reveal that when n < 20, the ground-state structure
of PrSin evaluated to be prolate clusters. Starting from n = 20,
the ground-state structures of PrSin are evaluated to be
endohedral cagelike clusters. Although the relative stabilities
based on various binding energies and different functional is
different from each other, the consensus is that the PrSi13,
PrSi16, PrSi18, and PrSi20 are more stable than the others,
especially the PrSi20. Analyses of hardness show that intro-
ducing Pr into Sin (n = 12–21) elevates the photochemical
sensitivity, especially for PrSi20. Calculated result of magnetic
moment and charge transfer shows that the 4f electrons of Pr
in the clusters are changed, especially in endohedral structures
such as PrSi20, in which one electron transfers from 4f to 5d
orbital. That is, the 4f electron of Pr in the clusters participates
in bonding. The way to participate in bonding is that a 4f
electron transfers to 5d orbital. Although the 4f electron of
Pr atom participates in bonding, the total magnetic moment
of PrSin is equal to that of isolated Pr atom. The charge always
transfers from Pr atom to Sin cluster for the ground state struc-
tures of PrSin (n = 12–19), but charge transfer is reverse for

n ≥ 20. The largest charge transfer for endohedral structure
reveals that the bonding between Pr and Sin is ionic in nature
and very strong. The fullerenelike structure of PrSi20 is the
most stable among all of these clusters and can act as the
building blocks for novel functional nanotubes.

Keywords PrSin . The ground state structure . Relative
stability . Magnetic moment . Charge transfer

Introduction

In recent years, considerable experimentally and theoretically
studies of the metal-doped silicon clusters reported in the lit-
erature leave no doubt for their potential important application
in nanotechnology and microelectronic industry, which in part
is due to their enhanced stabilities and tunable electronic prop-
erties by altering composition and shape [1–6]. Especially,
introducing lanthanide (Ln) atoms into a Sin cluster was
regarded as a promising approach to create cluster with new
magnetic properties. Since the 4f electron of some of Ln atoms
hardly participates in bonding, the atomic magnetic moments
of Ln atom in LnSin clusters (for example, SmSin and EuSin)
can be retained. In addition, portions of the 4f electron of Ln
atoms are also involved in bonding. The way it can participate
in bonding is that a 4f electron of Ln atom is transferred to 5d
orbital, and then the 5d electron is involved in bonding.
However, the magnetic moment is unchanged (for example
PrSin clusters in this paper), but for late rare earth metal atoms,
the total magnetic moment may increase after a 4f electron
moved to 5d. In this regard, Ln atoms are different from those
of transition metal (TM), the magnetic moment for the latter
can be quenched [7–9]. In addition, Ln-doped silicon clusters
can possess excellently optical and catalytic properties. For
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instance, a silicon-based optical source can be produced by
introducing Er atom into silicon microcrystals [10].

Up to now, many efforts have been focused on Ln-doping
Sin clusters. The geometric and electronic structures of
LuSin

−, HoSin
−, TbSin

− (6 ≤ n ≤ 20) were experimentally
studied by Nakajima and co-workers [4, 5]. The results sug-
gested that Tb atom is encapsulated into the Sin cage at n ≥ 10,
and the Ho encapsulation is still incomplete when the size of
the Si cage swells to 16 atoms. Bowen et al. [6] probed into the
structures and properties of LnSin

− (3 ≤ n ≤ 13; Ln = Ho, Gd,
Pr, Sm, Eu, Yb) by means of photoelectron spectroscopy
(PES). Based on their appearance, the spectra of Eu and Yb
fall into category BA^, the spectra of Gd, Ho, and Pr species
fall into category BB^, and the spectra of Sm belong to cate-
gory BAB^. Our previous studies [24–26] show that, however,
it is more reasonable for Ln-doped silicon systems to be di-
vided into two groups. Specifically, the group A in which 4f
electron of Ln atoms hardly participates in bonding contains
LnSin

− (Ln = Eu, Yb, Sm). Group B in which 4f electron of Ln
atoms is involved in bonding contains LnSin

− (Ln = Ho, Gd,
Pr).

On the theoretical level, many computational investiga-
tions on the structures and properties have been performed
for LnSin (Ln = Lu, Yb, Ho, Gd, Eu, Sm, and La, n < 21)
by means of density functional theory (DFT), which can pro-
vide an interesting example for evaluating the accuracies of
various DFT methods [11–22]. In addition, the fullerene-like
neutral speciesM@Si20 (M= La, Ac, Sm, Gd, Tm, Ce, Pa, Pu,
Th, Np, Pm) and their anions were studied using the ab initio
projected augmented wave method. The results showed that
significant magnetic moments in the most stable geometries of
PaSi20, SmSi20, PuSi20, TmSi20, and GdSi20

− can be retained
[23]. Recently, we studied not only the structures and electron
affinities of LnSin (Ln = Eu, Yb, Sm, n < 11) and their anions,
but also the structures, stabilities, and electronic properties of
HoSin (n = 12–20) using several DFT methods [11, 24–26].
The theoretical adiabatic electron affinities evaluated by these
schemes can be in excellent agreement with the experimental
values.

The objectives of this work are to apply two carefully se-
lected DFT schemes and relativistic small-core potentials
(ECP) basis set for Pr atom to the determination of the total
energies, growth-pattern, equilibrium geometries, relative sta-
bility, hardness, magnetic moments, and charge-transfer of the
medium-sized praseodymium-doped silicon clusters PrSin
(n = 12–21) to understand their novel size-dependent electron-
ic properties and the critical size of the Pr encapsulated into
the Si frame, which can provide a guide for this type of cluster-
assembled material. In consideration of the possible functional
dependence of the predicted lowest-energy structures, two
different functionals are selected in this work. The reason to
use small-core ECP is that the 4f electron can participate in
bonding as described above.

Computational details

The two different density functional forms used here are the
B3LYP [27, 28] and PBE0 [29] functionals. The cc-pVTZ
[30] is employed for Si atoms. The (14s13p10d8f6g)/[10s8p5-
d4f3g] segmented (SEG) basis sets and relativistic small-core
effective potentials (ECP28MWB) [31] are selected for pra-
seodymium (named as SEG/ECP). For clusters of PrSin
(n = 12–21), the stationary point of these geometries are ex-
amined by the evaluation of their harmonic vibrational fre-
quencies to insure the optimized structures as local minima.
Adopted cc-pVTZ and SEG/ECP basis sets are reasonable
because the structural parameters optimized with them are
nearly equal to those optimized with aug-cc-pVTZ and aug-
SEG/ECP basis sets for LnSin compounds [25]. All of the
calculations were carried out using the Gaussian 09 software
package [32].

When determining the most stable structures, a well-known
problem is possibly missing the lowest energy isomers. For
small sizes, an extensive search such as using a global opti-
mization technique can be adopted to dispose of this problem.
However, it is more and more difficult with increasing of the
cluster sizes because of the much increased number of low-
lying isomers, and the requiring of both an efficient optimiza-
tion scheme and exact potential functions cannot be done for
larger size clusters. Fortunately, based on the previous experi-
ence [11, 24–26, 33], the ground state exohedral structures of
neutral LnSin clusters can be regarded as a substitution of Ln
for a Si in the most stable structure of Sin+1. Therefore, two
families of initial geometries are considered in the optimiza-
tion process. One is exohedral isomers, namely, prolate struc-
tures generated by substitution of Pr for a Si in the most stable
structure of Sin+1; and another is near-spherical structures gen-
erated via constrained search based on the fullerene cage mo-
tifs. To search for the ground-state structure of PrSin clusters
the possible ground-state structure of Sin (n = 13–21) reported
previously [34–38] has been considered when constructing
prolate structures of PrSin (n = 12–20). Specifically, the
tricapped-trigonal-prism (TTP) motif and the six/six (six-
fold-puckered hexagonal ring Si6 plus six-atom tetragonal bi-
pyramid Si6, SS) motif [37, 38] of prolate structures are se-
lected. In addition, the spin multiplicities of doublet, quartet,
and sextuplet were taken into account, and the results reveal
that the most stable structures of PrSin (n = 12–20) are quartet.

Results and discussion

Lowest-energy structures and isomers

The geometries optimized with the PBE0 and B3LYP
methods for PrSin (n = 12–21) are displayed in Fig. 1. The
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calculated total energies and relatively energy of the low-lying
isomers are summarized in Table 1.

For PrSi12, three low-lying structures are reported. Zhu
et al. [34] found that the most stable structure of Si13 is a

distorted TTP with an extra rhombus capped on one edge of
the prism at theMP2 level. At quantumMonte Carlo level and
MP2/aug-cc-pVTZ//B3LYP/6–31+G(d) level, the most stable
structure of Si13 is predicted to be a trigonal antiprism with

12a 12b 12c 12d 12e

13a 13b 14a 14b 15a

15b 15c 15d 16a 16b

16c 17a 17b 17c 18a

18b 18c 19a 19b 19c

20a 20b 21a 21b

Fig. 1 The stable geometries of
PrSin (n = 12–21)
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C3v-symmetry [35] and a C2v-symmetry geometry [36], re-
spectively. The isomers 12a, 12b, and 12c shown in Fig. 1
can be regarded as a substitution of Pr for a Si of three of these
Si13 geometries. The isomers 12d and 12e can be obtained
when placing the Pr atom inside the icosahedron and hexago-
nal prism of Si12 serve as the initio optimized geometries and
undergo Jahn-Teller distortion if vibrational analysis yields
one or more imaginary frequencies, respectively. The geome-
tries of 12d and 12e reveal that the cage-like structure of
PrSi12 is less stable. Energetically, if the B3LYP functional
is selected, the 12a is the most stable structure, which is
0.41 eV lower than the 12b, whereas if the PBE0 functional
is selected, the 12b is more stable than the 12a by 0.17 eV.

For PrSi13, two isomers are presented. The lowest-energy
structure 13a can be viewed as a substitution of Pr atom for a
Si atom in the most stable structure of Si14 [34], a faced-
capped distorted TTP with an extra rhombus capped on the

prism’s edge, by a substitution Pr for a Si atom. The isomer
13b can be generated after a Si atom is added onto the Pr-
encapsulated hexagonal prism of Si12. It is higher than that of
13a by 1.72 and 2.60 eV in energy at the B3LYP and PBE0
levels, respectively.

Two isomers are reported for PrSi14. The most stable struc-
ture 14a can be regarded as a substitution of Pr for a Si of the
ground state structure of Si15 (a TTP with a tricapped trigonal
antiprism) [34] with a Pr atom. It is more stable in energy than
the cage-like 14b isomer by 1.45 and 3.70 eV at the B3LYP
and PBE0 levels, respectively.

Four isomers are presented for PrSi15. Three structures,
which contain respectively TTP, SS, and two fused pentagonal
prisms, compete with each other for the most stable structure
of Si16 [37]. The isomers 15a, 15b, and 15c can be regarded as
replacing a Si atom of these isomers with a Pr atom, respec-
tively. The isomer 15d is generated after one silicon atom is

Table 1 The point group (PG),
total energy (Hartree), relative
energy (ΔE, eV), spin (S), and S2

operator for PrSin (n = 12–21)
clusters calculated with the
B3LYP and the PBE0 methods

Isomer PG S B3LYP PBE0

S2 Total energies ΔE S2 Total energies ΔE

12a C1 3/2 3.76 −3991.27685 0.00 3.76 −3989.61624 0.17

12b C1 3/2 3.78 −3991.26172 0.41 3.79 −3989.62252 0.00

12c C1 3/2 3.77 −3991.25448 0.61 3.78 −3989.61237 0.28

12d C1 3/2 3.78 −3991.23069 1.26 3.78 −3989.56981 1.43

12e Cs 3/2 3.78 −3991.22966 1.28 3.78 −3989.55806 1.75

13a Cs 3/2 3.76 −4280.79779 0.00 3.76 −4279.02838 0.00

13b C1 3/2 3.78 −4280.73456 1.72 3.78 −4278.93265 2.60

14a Cs 3/2 3.76 −4570.30828 0.00 3.79 −4568.41568 0.00

14b C1 3/2 3.78 −4570.25495 1.45 3.86 −4568.27955 3.70

15a C1 3/2 3.89 −4859.84381 0.00 3.79 −4857.81319 0.00

15b C1 3/2 3.77 −4859.83455 0.25 3.77 −4857.80529 0.21

15c C1 3/2 3.75 −4859.81855 0.69 3.78 −4857.79764 0.42

15d C1 3/2 3.79 −4859.77643 1.83 3.80 −4857.72709 2.34

16a C1 3/2 3.76 −5149.37004 0.00 3.77 −5147.20972 0.00

16b C3v 3/2 3.76 −5149.35594 0.38 3.76 −5147.20452 0.14

16c Cs 3/2 3.80 −5149.30215 1.85 3.83 −5147.15452 1.50

17a C1 3/2 3.76 −5438.88077 0.00 3.76 −5436.60399 0.15

17b C1 3/2 3.78 −5438.87549 0.14 3.78 −5436.60932 0.00

17c C1 3/2 3.79 −5438.83350 1.29 3.79 −5436.54596 1.72

18a C1 3/2 3.76 −5728.41683 0.00 3.76 −5726.00618 0.00

18b C1 3/2 3.78 −5728.38767 0.79 3.79 −5725.99722 0.24

18c C1 3/2 3.78 −5728.39715 0.54 3.80 −5725.98551 0.56

19a Cs 3/2 3.76 −6017.93378 0.00 3.76 −6015.20823 0.00

19b C1 3/2 3.76 −6017.93090 0.08 3.76 −6015.20654 0.05

19c C1 3/2 3.78 −6017.92257 0.31 3.79 −6015.20041 0.21

20a C2h 3/2 3.78 −6307.49656 0.00 3.80 −6304.81882 0.00

20b C1 3/2 3.75 −6307.47576 0.57 3.76 −6304.80333 0.42

21a C1 3/2 3.79 −6597.00945 0.00 3.80 −6594.20502 0.00

21b C1 3/2 3.70 −6596.98049 0.79 3.78 −6594.19256 0.34
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removed from the Pr-encapsulated fullerenelike geometry of
Si16. Energetically, it is less stable than the 15a by 1.83 and
2.34 eV with the B3LYP and PBE0 schemes, respectively.

For PrSi16, two prolate and one fullerenelike structure are
presented. The most stable 16a containing SS motif is gener-
ated by replacing a Si atom of the most stable structure of Si17
[37]. The isomer 16b containing TTPmotif can be regarded as
replacing a Si atom of Si17 [37]. Energetically, the prolate 16a
is more stable than the prolate 16b and fullerenelike 16c by
0.14 (PBE0) and 0.38 eV (B3LYP), and 1.50 (PBE0) and
1.85 eV (B3LYP), respectively.

Three isomers are presented for PrSi17. For Si18, both struc-
tures containing SS and TTP motif compete the most stable
structure with each other [37]. The prolate 17a and 17b are
obtained by replacing a Si atom of the two Si18 isomers with a
Pr atom, respectively. The isomer 17c is generated after one
silicon atom is added to PrSi16 of fullerenelike 16c.
Energetically, if the B3LYP functional is selected, the 17a is
the stable structure, which is more stable than the 17b by
0.14 eV, whereas if the PBE0 functional is selected, the 17b
is more stable than the 17a by 0.15 eV. That is, the predicted
lowest-energy structure of PrSi17, analogous to Si18 [37], can
be dependent on the functional selected.

For PrSi18, two prolate and one cage-like structure are pre-
sented. The most stable 18a is generated by replacing a Si
atom of the most stable structure of Si19 containing SS [37].
The isomer 18b can be regarded as supplanting a Si atom of
Si19 containing TTPmotif [37]. The cage-like 18c is generated
after a Si atom is added to PrSi17 of the cake-like 17c.
Energetically, the cake-like 18c is less stable than the prolate
18a by 0.56 and 0.54 eV at the PBE0 and B3LYP levels,
respectively, but it is more stable than the 18b by about
0.25 eVat the B3LYP level.

For PrSi19, two prolate and one cage-like structure are also
reported. The prolate 19a and 19b is regarded as supplanting a
Si atom of both Si20 containing SS and TTP motif [37], re-
spectively. The cage-like 19c is generated after a Si atom is
removed from the Pr-encapsulated fullerenelike structure of
Si20. Energetically, the 19a structure is more stable than those
of 19b and 19c by 0.08 and 0.31 eV at the B3LYP level, and
by 0.05 and 0.21 eV at the PBE0 level, respectively.

For PrSi20, two isomers are presented. Isomer 20b is
regarded as supplanting a Si atom of the most stable structure
of Si21 containing SS motif [38]. Energetically, it is less stable
than the fullerenelike 20a by 0.42 and 0.57 eV with the PBE0
and B3LYP schemes, respectively.

For PrSi21, two cagelike structures are presented. Isomer
21a which is regarded as adding a Si atom onto the
fullerenelike 20a is predicted to be the ground state structure.

From the above described, we can find that the most stable
structure of PrSin, starting from n = 20, are predicted to be
endohedral cagelike species. When n < 20, the ground-state
structures of PrSin are prolate clusters, which can be generated

by a substitution of Pr for a Si atom of the most stable struc-
tures of Sin+1. The ground-state structures of PrSin are favor-
able to contain SS motif when n = 16–19, while when n < 16,
the ground-state structures of PrSin are favorable to contain
TTP motif.

Binding energies

To probe the inherent stabilities of most stable PrSin (n = 12–
21) clusters, the binding energies per atom (BEPA) (defined as
the required energy in the reaction PrSin → Pr + nSi, namely,
BEPA(PrSin) = [nE(Si) + E(Pr)-E(PrSin)]/(n + 1)) of PrSin are
predicted using the PBE0 and B3LYP methods. A plot of the
BEPA against the corresponding cluster size shown in Fig. 2
indicates that at the B3LYP level, PrSi13, PrSi16, PrSi18, and
PrSi20 are slightly more stable than the others because they
correspond to the four Bbumps^ of curve, respectively. While
at the PBE0 level, PrSi13, PrSi16, and PrSi20 are slightly more
stable suggested by the smoothly increasing background.

In additional to the BEPA, the dissociation energies are also
illustrated in order to compare the stabilities of various PrSin
species. The dissociation energies are shown in Fig. 3 (defined
as the required energies for the disproportionation reaction
2PrSin → PrSin+1 + PrSin-1, namely, DE1(PrSin) = [E(PrSin+
1) + E(PrSin-1)-2E(PrSin)]). This gives a sensitive measure of
relative stability. As can be seen from Fig. 3, three local min-
imal values with n = 14, 17, and 19 are found, reflecting that
PrSi14, PrSi17, and PrSi19 have weaker local stabilities when
compared with the others at the B3LYP and PBE0 levels.

Another measure of the stability is given by the dissocia-
tion energies, DE2(PrSin) = [E(Sin) + E(Pr) - E(PrSin)],
DE3(PrSin) = [E(PrSin -1) + E(Si) - E(PrSin)], and
DE4(Sin) = [E(Sin-1) + E(Si) - E(Sin)], respectively. They are
plotted in Figs. 4 and 5. From Fig. 4 we can see that at the
B3LYP level, the PrSin for n = 13, 16, 18, and 20 are more
stable than the others because their DE2 are local maximal
values. On the other hand, the analysis of DE3 and DE4 re-
veals that the PrSin for n = 13, 15, 16, 18, and 20 are more
stable than the others in respect that the DE3 is larger than the
DE4. In other words, when an extra Si atom is attached to the
cluster, it is energetically more favorable to add to PrSin-1 and
to form PrSin species rather than to add to Sin-1 cluster and to
form Sin cluster. From Fig. 5 we can conclude that using the
PBE0 scheme, the result of analysis of DE2 is the same as that
of analysis of DE3 and DE4. That is, the PrSin for n = 13, 16,
and 20 are more stable than the others in respect that the DE2
are local maximal values.

Although the relative stabilities based on various binding
energies and different functional is different from each other,
the consensus is that the PrSi13, PrSi16, and PrSi20 are more
stable than the others, especially the PrSi20, of which various
binding energies are obviously larger than those of PrSi13 and
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PrSi16. It is noticed that PrSi20 structures can act as the build-
ing blocks for nanotubes due to their cage-like geometry.

Hardness

In a sense, hardness is not only an important physical property,
but also a significant criterion to mirror the chemical reactivity
of species, especially for Ln-doped Si clusters which always
have good photochemical sensitivity. The hardness (which is
defined as the difference between the energy of the HOMO
and the LUMO) for the most stable structures of PrSin
(n = 12–21) clusters predicted by the two methods are plotted
in Fig. 6. The hardness of Sin species for comparison is also
sketched in Fig. 6. From Fig. 6 we can conclude that (1) the
hardness curves of the B3LYP and the PBE0 are on the whole
in parallel, and the hardness of the PBE0 is larger than that of
B3LYP. The reason is that the HOMO energies and the
LUMO energies predicted in Kohn-Sham (KS) molecular or-
bital model undergo approximately the same amount of

upshift, while Hartree-Fock (HF) hybrids shift the LUMO
up to much higher energy levels than the HOMO up [39].
On the other hand, the component of HF hybrid in the PBE0
is larger than that in the B3LYP. So the HOMO-LUMO gap
of the PBE0 is larger than that of the B3LYP. The KS
HOMO-LUMO gap in molecules approximates the lowest
excitation energy much more closely than the HF HOMO-
LUMO gap does [39]. So the B3LYP HOMO-LUMO gap
may be a better approximation to the optical gap in mole-
cules than the PBE0 HOMO-LUMO gap. (2) The hardness
of PrSin is smaller than that of pure Sin clusters. This shows
that introducing Pr atom into Sin clusters elevates the pho-
tochemical sensitivity. (3) The smaller the hardness, the
easier the PrSin inclines to ignite the photochemical reac-
tion. The hardness of PrSi16, PrSi17, PrSi18, PrSi20, and
PrSi21 is smaller than the others, namely, their photochem-
ical sensitivity is better than the others.
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of atoms n calculated with the PBE0 method
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Fig. 4 DE2, DE3, and DE4 (eV) of PrSin (n = 12–21) versus the number
of atoms n calculated with the B3LYP method
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Fig. 2 The binding energies per atom (BEPA) for the most stable PrSin
(n = 12–21) clusters calculated with the PBE0 and the B3LYP methods
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Fig. 3 DE1 (eV) of PrSin (n = 12–20) versus the number of atoms n
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Magnetic moment and charge transfer

To better understand the interaction between the Pr atom and
silicon clusters, natural population analyses (NPA) are carried
out with the two schemes. The analyses of charge and NPA
valence configurations of Pr atom listed in Table 2 reveal that
(1) the valence configurations are 6s0.12–0.314f2.17–2.895d0.90–

1.916p0.09–0.33 and 6s0.13–0.384f2.36–2.905d0.82–1.426p0.07–0.29 for
Pr in PrSin (n = 12–19) species at the PBE0 and the B3LYP
levels, and 6s0.374f 2.03–2.075d 4.52–4.536p 1.53–1.55 and 6s0.33–
0.344f 2.05–2.065d4.03–4.166p1.41–1.44 for Pr in PrSi20 and PrSi21,
respectively. Evidently, in the clusters the 4f electron of Pr is
changed, especially in cagelike structures such as PrSi20 and
PrSi20, in which one electron transfers from 4f to 5d orbital
(the configuration of isolated Pr atom is [core]6s24f35d06p0).
In this regard, Pr atom differs from Eu and Sm. The 4f shell of
those in the clusters has almost no change [24, 25]. Apart from
the charge transfer from 4f to 5d orbital, charge transfer takes
place from 6s to 5d orbital, thus, resulting in hybridization
between 6s and 5d orbital. (2) The charge always transfers
from Pr atom to Sin cluster for PrSin (n = 12–19), but charge
transfer is reversed for PrSi20 and PrSi22, which reveals that Pr
atom acts as an electron acceptor in the cage-like ground-state
structure. The transferred charges are largest (2.99–3.49e) for
PrSi20, which reveals that the bonding between Pr atom and
Sin cluster is ionic in nature, and the strong bonding results in
the most stable cage-like structure of PrSi20 among all of these
species studied in this work. This result is in agreement with
that of DE analyses.

Table 2 Natural population analysis (NPA) valence configurations and
charge of Pr atom (in a.u.) calculated with the B3LYP and the PBE0
methods for the lowest energy PrSin (n = 12–21) species

Isomer Method Electron configuration Charge

12a B3LYP [core]6S0.134f 2.855d1.036p 0.17 0.87

PBE0 [core]6S0.134f 2.825d1.126p 0.19 0.80

13a B3LYP [core]6S 0.174f 2.835d1.026p 0.12 0.92

PBE0 [core]6S0.154f 2.815d1.086p0.14 0.88

14a B3LYP [core]6S 0.234f 2.465d1.426p0.24 0.70

PBE0 [core]6S 0.244f 2.175d 1.916p 0.33 0.40

15a B3LYP [core]6S0.384f2.365d 1.416p 0.29 0.72

PBE0 [core]6S 0.314f 2.185d 1.816p 0.25 0.52

16a B3LYP [core]6S 0.194f 2.725d 1.186p 0.18 0.80

PBE0 [core]6S 0.184f 2.595d 1.446p 0.22 0.63

17a B3LYP [core]6S 0.134f 2.905d 0.826p 0.15 1.04

PBE0 [core]6S0.134f 2.895d0.906p 0.17 0.96

18a B3LYP [core]6S0.174f 2.865d 0.956p0.16 0.91

PBE0 [core]6S 0.164f 2.865d1.016p 0.17 0.85

19a B3LYP [core]6S0.144f 2.815d 0.936p 0.07 1.10

PBE0 [core]6S 0.124f 2.715d 1.096p 0.09 1.04

20a B3LYP [core]6S0.344f 2.055d 4.166p1.44 −2.99
PBE0 [core]6S 0.364f 2.075d 4.536p 1.53 −3.49

21a B3LYP [core]6S0.334f 2.065d 4.036p1.41 −2.82
PBE0 [core]6S 0.364f 2.035d 4.526p 1.55 −3.46
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Fig. 6 The HOMO-LUMO gaps of PrSin and Sin (n = 12–21) calculated
with the PBE0 and the B3LYP methods

Table 3 Magnetic moment (μB) of 6s, 4f, 5d, 6p states for Pr atom,
total magnetic moment (μB) of Pr atom, and total magnetic moment of
the ground-state structure of PrSin (n = 12–21) calculated with the B3LYP
and the PBE0 methods

Isomer Method Pr magnetic moment Molecule

6 s 4f 5d 5p Total

12a B3LYP 0.03 2.81 0.09 0.00 2.93 3

PBE0 0.03 2.79 0.11 0.01 2.94 3

13a B3LYP 0.01 2.79 0.10 0.00 2.90 3

PBE0 0.01 2.78 0.12 0.00 2.91 3

14a B3LYP 0.01 2.42 0.16 0.00 2.59 3

PBE0 0.00 2.09 0.26 0.00 2.35 3

15a B3LYP 0.01 2.30 0.25 0.01 2.57 3

PBE0 0.00 2.08 0.33 0.01 2.42 3

16a B3LYP 0.01 2.68 0.12 0.00 2.81 3

PBE0 0.01 2.54 0.18 0.00 2.73 3

17a B3LYP 0.00 2.88 0.06 0.00 2.94 3

PBE0 0.01 2.86 0.08 0.00 2.95 3

18a B3LYP 0.01 2.84 0.08 0.00 2.93 3

PBE0 0.00 2.83 0.09 0.01 2.93 3

19a B3LYP 0.02 2.78 0.11 0.00 2.91 3

PBE0 0.01 2.68 0.17 0.01 2.87 3

20a B3LYP 0.00 1.97 0.04 0.00 2.03 3

PBE0 0.00 1.98 0.01 0.00 1.99 3

21a B3LYP 0.00 2.00 0.04 0.01 2.05 3

PBE0 0.00 1.95 0.08 0.00 2.03 3
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Magnetic moments are one of the most interesting proper-
ties in physics. The analyses of magnetic moments listed in
Table 3 show that the total magnetic moments of PrSin
(n = 12–20) are 3 μB, which is mainly from the 4f state
(1.97–2.88 μB) of Pr atom, following this is the 5d state
(0.01–0.33 μB), and the remaining states are 3s and 3p
(0.06–1.01 μB) of Si atoms (the 6s and 6p states of Pr atom
have very little contribution). This is to say that although the 4f
electron of Pr atom participates in bonding, the total magnetic
moment of PrSin is idential to that of isolated Pr atom.

Conclusions

The total energies, growth-pattern, equilibrium geome-
tries, relative stability, hardness, magnetic moments, and
charge-transfer of PrSin (n = 12–20) species have been
investigated with the PBE0 and the B3LYP functionals
in combination with the SEG/ECP basis set for the Pr
atoms and cc-PVTZ basis set for the Si atoms. The results
reveal that (1) when n < 20, the ground-state structure of
PrSin predicted to be prolate clusters, which can be gen-
erated by a substitution of Pr atom for a Si of the ground-
state structures of Sin+1. To be more precise, the ground-
state structure of PrSin prefers to contain SS motif when
n = 16–19, while it prefers to contain TTP motif when
n < 16. Starting from n = 20, the ground-state structures
of PrSin are evaluated to be endohedral cagelike clusters.
(2) Although the relative stabilities based on various bind-
ing energies and different functional is different from each
other, the consensus is that the PrSi13, PrSi16, and PrSi20
are more stable than the others, especially the PrSi20. (3)
Analysis of hardness shows that introducing Pr atom to
Sin (n = 12–20) clusters elevates the photochemical sen-
sitivity. (4) The natural population analysis (NPA) shows
that the 4f electrons of Pr in the clusters are changed,
especially in PrSi20 and PrSi21, in which one electron
transfers from 4f to 5d orbital. This is to say that the 4f
electron of Pr in the clusters participates in bonding. The
way to participate in bonding is that a 4f electron transfers
to 5d orbital. Although the 4f electron of Pr atom partic-
ipates in bonding, the total magnetic moment of PrSin is
equal to that of isolated Pr atom. The charge always trans-
fers from Pr atom to Sin cluster for the ground state struc-
tures of PrSin (n = 12–19), but charge transfer is reversed
for PrSi20 and PrSi21, which reveals that Pr acts as an
electron acceptor in the cage-like ground-state structure.
The largest charge transfer for PrSi20 reveals that the
bonding between Pr atom and Sin cluster is ionic in nature
and very strong. As a result, the fullerenelike structure of
PrSi20 is the most stable one and can act as the building
blocks for novel functional nanotubes.
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