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The structural and electronic properties of NbSi,,~/°
(n = 3—12) clusters: anion photoelectron
spectroscopy and ab initio calculations+

Sheng-Jie Lu,*® Guo-Jin Cao, Xi-Ling Xu,*° Hong-Guang Xu**® and
Wei-Jun Zheng*®®

Niobium-doped silicon clusters, NbSi,~ (n = 3-12), were generated by laser vaporization and investigated
by anion photoelectron spectroscopy. The structures and electronic properties of NbSi,,~ anions and their
neutral counterparts were investigated with ab initio calculations and compared with the experimental
results. It is found that the Nb atom in NbSi,™"© prefers to occupy the high coordination sites to form
more Nb-Si bonds. The most stable structures of NbSi3,7"0 are all exohedral structures with the Nb
atom face-capping the Si, frameworks. At n = 8, both the anion and neutral adopt a boat-shaped struc-
ture and the openings of the boat-shaped structures remain unclosed in NbSig_10/° clusters. The most
stable structure of the NbSi;;~ anion is endohedral, while that of neutral NbSiy; is exohedral. The global
minima of both the NbSi;»™ anion and neutral NbSiy, are Dg, symmetric hexagonal prisms with the Nb
atom at the center. The perfect Dg,, symmetric hexagonal prism of NbSij,™ is electronically stable as it
obeys the 18-electron rule and has a shell-closed electronic structure with a large HOMO-LUMO gap of
2.70 eV. The molecular orbital analysis of NbSi;»™ suggests that the delocalized Nb—Si;, ligand interactions
may contribute to the stability of the Dg,, symmetric hexagonal prism. The AANDP analysis shows that the
delocalized 2c-2e Si—-Si bonds and multicenter-2e NbSi, bonds are important for the structural stability
of the NbSiy,™ anion.
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shows an s-to-d electron promotion compared to the 3d’4s>
valence electron configuration of a V atom in the same group

1. Introduction

Transition-metal (TM)-doped silicon clusters are of particular
interest because the TM dopants not only can stabilize the
fullerene-like cage structures of silicon clusters,"* but also
can induce novel physical and chemical properties such
as different charge-transfer states, large highest occupied
molecular orbital-lowest unoccupied molecular orbital
(HOMO-LUMO) gaps, tunable magnetic properties and
hyperpolarizablity.>*° TM-doped silicon clusters may be used
as potential building blocks of silicon-based nanomaterials for
production of miniaturized electronic devices."*™>

Niobium is widely used in the alloy industry. A Nb atom
has a 4d"5s' valence electron configuration, and therefore,
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in the period table. This may lead to a unique bonding behav-
iour of the Nb atom when it interacts with Si atoms.
Amorphous thin Nb,Si;_, films can be used to study the
mechanism of superconductor-insulator transitions (SIT)."¢™®
Niobium silicide films or alloys have a range of applications in
digital superconducting electronics (SCE)'® and in bolometers
for astrophysical particle detection (such as detection of
weakly interacting massive particles, cosmic microwaves,
X-rays, or dark matter).”*”** In addition, niobium silicides have
potential applications in aircraft turbine engines owing to
their good mechanical properties at both high and low temp-
eratures.” Investigating the detailed structural and electronic
properties of Nb-doped silicon clusters not only can provide
valuable information for production of cluster-assembled
materials, but is also important for understanding the
microscopic mechanisms in NbSi films and metal-
semiconductor alloys.

The structures of Nb-doped silicon clusters have been
studied previously by a number of theoretical calculations.>*>°
The NbSi~ anion was studied via a photoelectron imaging
experiment and ab initio calculations,*® and the NbSi,~ anions
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in the size range of n = 6-18 were studied with anion photo-
electron spectroscopy.’’ The NbSi," cations in the size range of
n = 6-20 were studied by mass spectrometry and H,O adsorp-
tion reactivity experiments,® and those in the range of n =
4-12 were investigated using argon-tagged infrared multi-
photon dissociation (IR-MPD) experiments and density func-
tional theory (DFT) calculations.*® In this work, in order to
obtain better photoelectron spectra of NbSi,” clusters
especially for the small size and to get more detailed infor-
mation regarding the structural and electronic properties of
the NbSi, clusters, we investigated the NbSi, " (n = 3-12) clus-
ters using anion photoelectron spectroscopy and ab initio
calculations.

2. Experimental and theoretical
methods
2.1 Experimental methods

The experiments were conducted using a home-built apparatus
consisting of a laser vaporization cluster source, a time-of-
flight mass spectrometer, and a magnetic-bottle photoelectron
spectrometer, which has been described elsewhere.*® The
NbSi,,~ cluster anions were generated in the laser vaporization
source by laser ablation of a rotating and translating disk
target (13 mm diameter, Nb:Si mole ratio 1:1) with the
second harmonic (532 nm) light pulses from a Nd:YAG laser
(Continuum Surelite 1I-10), while helium gas with ~0.4 MPa
backing pressure was allowed to expand through a pulsed valve
(General Valve Series 9) into the source to cool the formed
clusters. The generated cluster anions were mass-analyzed
with the time-of-flight mass spectrometer. The cluster anions
of interest were size-selected with a mass gate, decelerated by a
momentum decelerator before crossing with the beam of
another Nd:YAG laser (Continuum Surelite 1I-10, 266 nm) at
the photodetachment region. The photoelectrons were energy-
analyzed by using a magnetic-bottle photoelectron spectro-
meter. The photoelectron spectra were calibrated with the
known spectra of Cu™ and Au~ ions taken under similar con-
ditions. The resolution of the magnetic-bottle photoelectron
spectrometer was about 40 meV at an electron kinetic energy
of 1 eV.

2.2 Theoretical methods

The structural optimizations and frequency calculations were
carried out using DFT with Becke’s three-parameter and Lee-
Yang-Parr’s gradient-corrected correlation hybrid functional
(B3LYP),>?® as implemented in the GAUSSIAN 09 program
package.’” The exchange-correlation potential and effective
core pseudopotential LanL2DZ basis set®® was used for the Nb
atom, and Pople’s all-electron 6-311+G(d) basis set was used
for the Si atoms. No symmetry constraint was imposed during
the full geometry optimizations. For all clusters, a large
amount of initial structures reported in the literature were
taken into account at all possible spin states. Additionally, we
have used the swarm-intelligence based CALYPSO structure
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prediction software®® for determining the global minima.
Harmonic vibrational frequencies were calculated to confirm
that the obtained structures were true minima on the potential
energy surfaces. In order to obtain more accurate relative ener-
gies, the single-point energies of the NbSi,° clusters were
calculated by using the coupled-cluster methods including single
and double, and perturbative triple excitation (CCSD(T))***"
with the aug-cc-pVDZ-PP basis set*” used for the Nb atom and
cc-pVDZ basis set*® used for the Si atoms. Zero-point energy
(ZPE) corrections were included for all the calculated energies.

3. Experimental results

The photoelectron spectra of NbSi,” (n = 3-12) clusters
recorded with 266 nm photons are presented in Fig. 1. The
vertical detachment energies (VDEs) and the adiabatic detach-
ment energies (ADEs) of the clusters obtained from their
photoelectron spectra are summarized in Table 1. The VDEs of
these clusters were estimated from the maxima of the first
peaks, whereas the ADEs of these clusters were obtained by
drawing a straight line along the leading edge of the first
peaks to cross the baseline of spectra and then adding the
instrumental resolution to the electron binding energy (EBE)
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Fig. 1 Photoelectron spectra of NbSi,”™ (n = 3-12) clusters recorded
with 266 nm photons.
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Table 1 Relative energies, theoretical VDEs and ADEs of the low-lying isomers of NbSi,™ (n = 3-12) clusters, as well as the experimental VDEs and
ADEs estimated from their photoelectron spectra. The isomers labeled in bold are the most probable ones in the experiments

VDE (eV) ADE (eV) VDE (eV) ADE (eV)

Isomer Sym AE“(eV) Theo.” Expt® Theo.” Expt. Isomer Sym AE“(eV) Theo.” Expt’ Theo.” Expt.
NbSiz;~ 3A Csy 0.00 2.32 2.28 2.22 1.94 NbSiy~ 9A Csy 0.00 3.23 3.32 3.05 3.14

3B Cp 117 2.14 1.25 9B C, 034 3.01 2.92
NbSi,~ 4A Cy 0.00 2.39 2.41 2.25 2.12 9C Cy 0.48 3.21 3.13

4B Cs 0.74 2.21 2.06 9D C,y 0.64 3.68 3.44
NbSis~ 5A Cay 0.00 2.74 2.74 2.71 2.50 NbSi;,~ 10A (oh 0.00 3.61 3.73 3.40 3.41

5B Cy 0.46 2.69 2.56 10B Cy 0.08 3.29 3.23

5C Cy 0.92 2.28 2.21 10C Cy 0.16 3.45 3.27

5D Cs 0.97 2.47 2.34 10D Cy 0.22 3.71 3.42
NbSis~ 6A Cy 0.00 2.91 2.92 2.84 2.72 NbSi;;~  11A Cyy 0.00 4.26 4.27 3.79 3.90

6B Csy 0.21 3.01 2.64 11B Cy 0.35 3.69 3.50

6C C, 0.57 2.99 2.64 11C C, 0.68 3.34 3.22

6D Cs 0.61 2.83 2.53 11D Cy 0.96 3.34 2.91
NbSi,~ 7A Cy 0.00 3.07 3.19 2.94 2.99 NbSi;,~  12A Dgp, 0.00 3.90 4.00 3.83 3.90

7B Cq 0.72 3.00 2.69 12B Cy 1.05 3.46 3.29

7C Cy 0.72 2.92 2.71 12C Cy 1.07 3.95 3.63

7D Cy 0.90 2.61 2.39 12D C,y 1.25 3.43 3.19
NbSig~ 8A Cyy 0.00 3.01 3.08 2.84 2.79

8B Cq 0.60 2.96 2.79

8C Cy 0.62 2.74 2.54

8D Cy 0.64 2.78 2.63

“The AFEs are calculated at the CCSD(T)/cc-PVDZ/Si/aug-cc-PVDZ-PP/ND level of theory. > The ADEs and VDEs are calculated at the B3LYP/6-311+G(d)/
Si/LanL2DZ/Nb level of theory. “ The uncertainty of the experimental VDEs and ADEs is +0.08 eV.

values at the crossing points. It is worth mentioning that the
photoelectron spectra of NbSi,~ clusters with n = 6-12 had
been measured previously with 213 nm photons in ref. 31. In
this work, the low energy photons (266 nm) were used, there-
fore, we were able to observe better resolved spectral features.

As shown in Fig. 1, the spectrum of NbSi;™ reveals three
peaks at 2.28, 3.17, and 3.97 eV. The spectrum of NbSi,~ has
five peaks centered at 2.41, 2.92, 3.29, 3.80, and 4.18 eV,
respectively. The spectrum of NbSis~ shows a low intensity
peak at 2.74 eV, followed by a shoulder peak at 3.13 eV, a high
intensity broad peak at 3.35 eV, and some not well-separated
peaks in the range of 3.7-4.3 eV. The spectrum of NbSis~ pre-
sents a low intensity peak at 2.92 eV and five barely resolved
peaks at 3.37, 3.58, 3.82, 3.98, and 4.33 €V, respectively. In the
spectrum of NbSi, ™, there are two overlapping strong peaks at
3.19 and 3.46 eV, followed by two additional high intensity
peaks at 3.99 and 4.26 eV. For the spectrum of NbSig™, there is
a low intensity peak at 3.08 eV, followed by three barely
resolved peaks at 3.67, 3.88, and 4.34 eV, respectively. The
spectrum of NbSiy~ displays a high intensity sharp peak at
3.32 eV and two barely distinguished peaks at 4.09 and
4.29 eV. The spectrum of NbSi;,~ has two major peaks at 3.73
and 4.10 eV. In the spectrum of NbSi;; ", the onset of a broad
peak at 4.27 eV can be observed. The spectrum of NbSi;,~
shows a major peak at 4.00 eV.

4. Theoretical results

The typical low-lying isomers of NbSi,” (n = 3-12) cluster
anions are displayed in Fig. 2 with the most stable isomers on

This journal is © The Royal Society of Chemistry 2016

the left. The relative energies, theoretical VDEs and ADEs of
these low-lying isomers are listed in Table 1, along with the
experimental VDEs and ADEs for comparison. The bond
lengths of the most stable isomers of NbSi, clusters are
shown in Table 2. We also simulated the photoelectron spectra
of the low-lying isomers based on theoretically generalized
Koopman theorem (GKT).***® For convenience, we call the
simulated spectra as the density of states (DOS) spectra. The
DOS spectra and experimental spectra are compared in Fig. 3.
In the DOS spectra, the peak intensities are different from the
experimental spectra because each transition is treated equally
in the simulations. More information on the isomers can be
found in the ESL}

4.1 NbSi,,” (n=3-12) anions

The most stable isomer of NbSi;~ (3A) is a Cz, symmetric
pyramid structure with the Nb atom located at the C; axis.
The calculated VDE (2.32 eV) of isomer 3A is in excellent
agreement with the experimental value (2.28 eV) and its
simulated DOS spectrum fits the peak positions and patterns
of the experimental spectrum very well. The existence of
isomer 3B can be ruled out because it is much higher in
energy than isomer 3A by 1.17 eV. Therefore, we suggest
isomer 3A to be the most probable structure detected in our
experiments.

The lowest-lying isomer of NbSi,~ (4A) is a trigonal bi-
pyramid structure with the Nb atom at the vertex. The calculated
VDE (2.39 eV) of isomer 4A is in excellent agreement with the
experimental value (2.41 eV) and its simulated DOS spectrum
matches the peak positions and patterns of the experimental
spectrum very well. Isomer 4B is much higher in energy than
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Fig. 2 Typical low-lying isomers of NbSi,” (n = 3—12) anions. The rela-
tive energies are calculated at the CCSD(T)/cc-PVDZ/Si/aug-cc-
PVDZ-PP/Nb level of theory. The pink and purple balls stand for the
Si atoms and Nb atoms, respectively.

isomer 4A by 0.74 eV. Thus, we suggest that isomer 4A is the
most probable structure observed in our experiments.

As for the NbSi;~ cluster, the most stable isomer (5A) is a
C,, symmetric tetragonal bipyramid structure with the Nb
atom situated at the C, axis. The calculated VDE (2.74 eV) of
isomer 5A is equal to the experimental value (2.74 eV) and
its simulated DOS spectrum can reproduce the peak posi-
tions and patterns of the experimental spectrum. Isomers 5B,
5C, and 5D are higher in energy than isomer 5A by at least
0.46 eV. Thus, we suggest that isomer 5A is the most prob-
able structure contributing to the photoelectron spectrum
of NbSis.
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Table 2 Bond lengths in the most stable isomers of NbSi,’° (n = 3-12)
clusters

Isomer Bond length (A) Isomer Bond length (A)
3A Nb-Si =2.37 3A Nb-Si = 2.36-2.47
Si-Si = 2.60 Si-Si = 2.46
4A Nb-Si = 2.40-2.42 4A Nb-Si = 2.46-2.64
Si-Si = 2.38-2.71 Si-Si =2.24
5A Nb-Si =2.48 5A Nb-Si = 2.50
Si-Si = 2.49-2.67 Si-Si = 2.48-2.64
6A Nb-Si = 2.45-2.96 6A’ Nb-Si = 2.45-3.07
Si-Si = 2.35-2.81 Si-Si = 2.37-2.87
7A Nb-Si = 2.49-2.77 7A Nb-Si = 2.51-2.85
Si-Si = 2.37-2.67 Si-Si = 2.33-2.76
8A Nb-Si = 2.56-2.66 8A’ Nb-Si = 2.56-2.70
Si-Si =2.48-2.74 Si-Si = 2.48-2.59
9A Nb-Si = 2.52-2.65 9A’ Nb-Si = 2.50-2.87
Si-Si = 2.54-2.59 Si-Si = 2.45-2.85
10A Nb-Si = 2.73-2.75 10A' Nb-Si = 2.36-3.11
Si-Si = 2.33-2.84 Si-Si = 2.38-3.21
11A Nb-Si = 2.63-2.68 11A' Nb-Si = 2.70-3.54
Si-Si = 2.36-2.61 Si-Si (h) = 2.41-3.54
Si-Si (v) = 2.37-3.54
12A Nb-Si = 2.71 12A’ Nb-Si = 2.71

Si-Si (h) = 2.42
Si-Si (v) = 2.45

Si-Si (h) = 2.43
Si-Si (v) = 2.41

(h): horizontal, (v): vertical.

With respect to the NbSis~ cluster, the most stable isomer
(6A) is a distorted pentagonal bipyramid structure with the Nb
atom at the vertex. The calculated VDE (2.91 eV) of isomer 6A
is in excellent agreement with the experimental value (2.92 eV)
and its simulated DOS spectrum is in reasonable agreement
with the experimental spectrum. Isomers 6B, 6C and 6D are
higher in energy than isomer 6A by at least 0.21 eV. Therefore,
we suggest isomer 6A to be the most probable one contribut-
ing to the photoelectron spectrum of NbSis™.

With regard to the NbSi,™ cluster, the lowest-lying isomer
(7A) can be built by an additional Si atom face-capping the
right side of the distorted pentagonal bipyramid of NbSis™
(6A). The calculated VDE (3.07 eV) of isomer 7A is in good
agreement with the experimental value (3.19 eV) and its simu-
lated DOS spectrum resembles the experimental spectrum.
Isomers 7B, 7C, and 7D are higher in energy than isomer 7A
by at least 0.72 eV. Therefore, we suggest that isomer 7A is the
most probable structure detected in our experiments.

The lowest-lying isomer of NbSig~ (8A) is a C,, symmetric
boat-shaped structure with the Nb atom located at the C, axis.
The calculated VDE (3.01 eV) of isomer 8A is in good agree-
ment with the experimental value (3.08 eV) and its simulated
DOS spectrum fits the peak positions and patterns of the
experimental spectrum very well. Isomers 8B, 8C, and 8D are
higher in energy than isomer 8A by at least 0.60 eV. Thus, we
suggest that isomer 8A is the most probable structure observed
in our experiments.

The global minimum structure of NbSi,~, isomer 9A, can
be constructed by adding an additional Si atom to face-cap the
boat-shaped structure of NbSig™. The calculated VDE (3.23 eV)
of isomer 9A is in good agreement with the experimental
value (3.32 eV) and its simulated DOS spectrum fits the peak

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Comparison between the experimental photoelectron spectra and simulated DOS spectra of the low-lying isomers of NbSi,”™ (n = 3-12)
clusters. The simulated spectra were obtained by fitting the distribution of the transition lines with unit area Gaussian functions of 0.20 eV full width

at half maximum.

positions and patterns of the experimental spectrum very well.
Isomers 9B, 9C, and 9D are higher in energy than isomer 9A
by at least 0.34 eV. Therefore, we suggest isomer 9A to be the

most probable structure observed in our experiments.

The most stable isomer of NbSi;,~ (10A) can be con-
structed by adding two additional Si atoms to face-cap one
side of the boat-shaped structure of NbSig~ (8A). The calcu-
lated VDE (3.61 eV) of isomer 10A is in good agreement with
the experimental value (3.73 eV) and its simulated DOS spec-
trum is in reasonable agreement with the experimental spec-
trum. Although isomer 10B is higher in energy than isomer
10A by only 0.08 eV, its calculated VDE (3.29 eV) is much
lower than the experimental value and its simulated DOS
spectrum is different from the experimental spectrum.
Isomers 10C and 10D are higher in energy than isomer 10A
by 0.16 and 0.22 eV, respectively. Therefore, we suggest that
isomer 10A is the most probable structure detected in our
experiments.

This journal is © The Royal Society of Chemistry 2016

The lowest-lying isomer of NbSi;;~ (11A) can be described
as a C,, symmetric basket-shaped endohedral structure with
three Si atoms forming the handle of the basket, the remain-

ing Si atoms forming the containing part of the basket, and

the Nb atom being encapsulated into the basket. It can also be
viewed as adding three Si atoms to face-cap on the top of the
boat-shaped structure of NbSig~ with two Si atoms interacting
with the two ends of the boat, respectively, and the third Si
atom bridging the two Si atoms. The calculated VDE (4.26 eV)
of isomer 11A is in excellent agreement with the experimental
value (4.27 eV), and its simulated DOS spectrum can reproduce
the peak positions and patterns of the experimental spectrum.
Isomers 11B, 11C, and 11D are higher in energy than isomer
11A by at least 0.35 eV. Therefore, isomer 11A is regarded as
the most probable one observed in our experiments.

The most stable isomer of NbSi;,~ (124) is found to be a
D¢, symmetric hexagonal prism with the Nb atom at the

center. The calculated VDE (3.90 eV) of isomer 12A is in good

Nanoscale, 2016, 8, 19769-19778 | 19773
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agreement with the experimental value (4.00 eV) and its simu-
lated DOS spectrum fits the peak positions and patterns of
the experimental spectrum very well. Isomers 12B, 12C, and
12D are much higher in energy than isomer 12A by at least
1.05 eV. Therefore, isomer 12A is considered as the most
probable structure detected in our experiments.

4.2 Neutral NbSi, (n = 3-12)

We have also optimized the structures of neutral NbSi, (n =
3-12) clusters with DFT calculations at the B3LYP/6-311+G(d)/
Si/LanL2DZ/Nb level of theory. The typical low-lying isomers
and their relative energies (AEs) calculated at the CCSD(T)/cc-
PVDZ/Si/aug-cc-PVDZ-PP/NDb level of theory are displayed in
Fig. 4. The most stable structures of neutral NbSi,, clusters are
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Fig. 4 Typical low-lying isomers of neutral NbSi, (n = 3-12). The rela-
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PVDZ-PP/Nb level of theory. The pink and purple balls stand for the
Si atoms and Nb atoms, respectively.
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similar to those of NbSi,,~ anions with slight differences in the
bond lengths, except that the structures of NbSi,, NbSi;,, and
NbSi;; are different from their anionic counterparts. For
NbSi,, the most stable isomer (4A") is a fan-shaped structure
with the Nb atom at its circle center, which is similar to
isomer 4B of NbSi,”. The lowest-lying isomer (10A’) of NbSi;,
can be regarded as two additional Si atoms capping the two
terminal Si-Si bonds of the boat-shaped structure of NbSig
(8A"), respectively, which is analogous to isomer 10B of
NbSi;,~. As for NbSi; 4, the most stable isomer (11A’) is an exo-
hedral structure and can be viewed as adding a Sis five-mem-
bered ring to face-cap the top of the distorted pentagonal
bipyramid of NbSis (6A’). The previous DFT calculations pre-
dicted the most stable isomer of NbSi;, to be an endohedral
bicapped tetragonal antiprism.>® In this work, we have deter-
mined the bicapped tetragonal antiprism structure of NbSi;y,
but found that it is much higher in energy than the exohedral
structure (10A’) by 2.02 eV, at the CCSD(T) level of theory.

5. Discussion

Fig. 5 shows the change of experimental and theoretical VDEs
of the most stable isomers versus the number of Si atoms. It
can be seen that the calculated VDEs are in excellent agree-
ment with the experimental VDEs with average derivations of
~0.09 eV, confirming that the theoretical methods used in this
work are reliable. It is found that the Nb atom in NbSi, "
prefers to occupy the high coordination sites to form more
Nb-Si bonds. For both anionic and neutral NbSi, ™ clusters
with n = 3-7, the dominant geometries are all exohedral struc-
tures with the Nb atom face-capping the Si,, frameworks. The
boat-shaped structures appear at n = 8 for both anionic and
neutral clusters and the openings of the boat-shaped struc-
tures remain unclosed in NbSig ;" clusters. The NbSi;;~
anion is an endohedral structure, whereas the neutral NbSi,,
is an exohedral structure. At n = 12, both the NbSi;,~ anion

e NbSi * Expt.

—@— NbSin' Theo.

4.2 1

404

3.8
36
3.4
324
3.0
2.8 -
2.6 H
2.4 -
2.2 H
20 T T T T T T T T T T

2 3 4 5 6 7 8 9 10 11 12 13

n, number of Si atoms

Fig. 5 Experimental and theoretical VDEs of NbSi,™ (n = 3-12) clusters
versus n, the number of Si atoms.
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and neutral NbSi;, are D, symmetric perfect hexagonal
prisms with the Nb atom at the center, which is consistent
with the previous theoretical results.>**>*” As shown in
Table 2, the height (Si-Si (v)) of the hexagonal prism structure
of neutral NbSi;, (12A") is shortened by 0.04 A, while the sides
(Si-Si (h)) of the hexagonal prism structure of neutral NbSiy,
are lengthened by 0.01 A, relative to those of the NbSi;,~ anion
(12A). It appears that the changes of the NbSi,”~ photoelectron
spectra are related to their structural evolution. The spectral
profiles of NbSi; ;™ are rather similar to each other except that
their VDEs increase gradually with the number of Si atoms,
which may be attributed to their similar structures. Whereas
the change of the spectral profile at n = 8 may be associated
with the formation of a boat-shaped structure. The structures
of NbSiyg_;;~ are derived from the boat-shaped structure of
NbSig~, which perhaps gives them similar spectral profiles
except that their VDEs increase gradually with the number of
Si atoms. The structure of NbSi;,~ is not simply evolved from
the boat-shaped structure of NbSig~ due to the formation of
more symmetric geometry, which may explain why the spectral
profile of NbSi;,™ is different from that of NbSig~. The most
stable geometric structures of NbSis~, NbSig_4;,~, NbSi,, and
NbSig_,; determined in this work are different from those in
ref. 27, probably because the reference used the B3LYP func-
tional for single-point energy calculations, while we used the
CCSD(T) method to calculate the single-point energies.

It is worth mentioning that the structural evolution of the
anionic and neutral NbSi, clusters is somewhat different from
their cations. Regarding the NbSi," cations, the water adsorp-
tion reactivity experiments suggested that NbSi;;" is the
threshold size of the endohedral structures rather than
NbSi;,*.?* The far-infrared spectrum of NbSi;,” measured via
infrared multi-photon dissociation (IR-MPD) experiments also
suggested the most stable structure of NbSi;," to be exohe-
dral.*®* We have also optimized the structures of the NbSij,"
cation and calculated the relative energies of the stable
isomers, and found that the most stable structure of the
NbSi;," cation is exohedral, which is very similar to the most
stable structure reported in ref. 33. The endohedral hexagonal
prism of the NbSiy," cation is higher in energy than the exo-
hedral structure by 0.30 eV at the CCSD(T) level of theory (and
by 0.11 eV at the B3LYP level of theory). The different structural
evolution of the cationic NbSi," clusters is more likely induced
by the removal of the electrons, which has also been found in
the case of VSi,"%~ clusters.*?

It would be interesting to compare the structures of the
NbSi,,~ clusters with those of the VSi,~ clusters. The structures
of VSi,” (n = 2-6) have been reported by Xu et al.,** those of
VSi,” (n = 7-11) by Deng et al.,*® and that of VSi;,” by Huang
et al® At n = 2-7, the photoelectron spectra of NbSi,  are
rather similar to those of VSi,~ except that the VDEs of NbSi,,~
are slightly higher than those of VSi,~. The most stable geo-
metric structures of NbSi,” and VSi,,” are all exohedral struc-
tures with the metals face-capping the Si, frameworks and
occupying the high coordination sites. Their similar geometric
structures may explain why NbSi,~ and VSi,” have similar
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spectral features. At n = 8-10, the spectral profiles of NbSig 4~
are different from those of VSig,, . Comparing the most
stable structures of NbSi,,~ with those of VSi,,”, we found that
NbSig 1o~ can still be viewed as exohedral structures because
the Nb atom slightly protrudes out from the boat-shaped
framework, probably because the atomic radius of the Nb
atom is larger than that of the V atom. This implies that the
changes in the photoelectron spectra of NbSi,” and VSi,~ are
related to their structural evolution. At n = 11, the spectral
feature of NbSi;;~ is very similar to that of VSi;;~, but the
experimental VDE of NbSiy;~ is higher in energy than that of
VSiy;~ by 0.21 eV. The ground state isomers of both NbSi;;~
and VSi;;  are basket-shaped endohedral structures, more
likely lead to NbSiy;~ and VSi;;~ having similar spectral fea-
tures. At n = 12, the experimental VDE of NbSi;,~ is higher in
energy than that of VSi;,~ by 0.18 eV. Only one spectral feature
of NbSi;,~ is observed in the experimental spectrum due to its
high VDE. The global minima of both NbSi;,” and VSi;,” are
perfect Dg, symmetric hexagonal prisms with a metal atom at
the center. However, the height and sides (2.45 and 2.42 A) of
the NbSi;,~ hexagonal prism are slightly longer than those
(2.39 and 2.36 ;&) of VSi;,, which may also be attributed to the
larger atomic radius of the Nb atom than that of the V atom.
To further investigate the chemical bonding properties of
NbSi;,~, we analyzed the molecular orbital diagrams of the
most stable isomer (124, 'A;,) and displayed them in Fig. 6.

E (eV)
A ; J '1
LUMO+10 (ey,) LUMO+11 (e,)
——————— - LUMO+4 (by.)
0.0 — \\
< & #
\\\ LUMO+2 () LUMO+3 (ez;)
\\\\ ;a %
S
- 2.70 LUMO (e3) LUMO+1 (e5)
e )
N e HOMO (az,)
R -
— = Ay—= " | i 58
:n::*\ HOMO-1 (e2,) HOMO-2 (e2,)
m:—%b— -
- —4*— & g
HOMO-3 (1) HOMO-4 (e;,)
-------- b
= SRR \
HOMO-13 (ay,)

Fig. 6 Molecular orbitals of the Dg,, symmetric hexagonal prism of the
NbSi;»~ anion (isosurface value = 0.018). These orbitals in the same row
are energetically degenerate orbitals.
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The HOMOs are all doubly occupied and the LUMO is higher
in energy than the HOMO by 2.70 eV, indicating that the
NbSi;,~ anion has a shell-closed electronic structure with a
large HOMO-LUMO gap. It is worth mentioning that the pre-
vious calculations found that the HOMO-LUMO gaps calcu-
lated with the BP86 functional are lower than those with the
B3LYP functional.>®*” To confirm this, we calculated the
HOMO-LUMO gap of NbSi;,” using the BP86 functional and
found that it gives a HOMO-LUMO gap of 1.80 eV, smaller
than that from the B3LYP functional by 0.90 eV. The HOMO
has an interesting sandwich shape with the electron cloud
delocalized in the planes of a pair of six-membered Sis rings,
more likely due to the interactions between the 5p, orbital of
the Nb atom and the 3s3p hybridized orbitals of the Si,, cage.
The 5p, orbital of the Nb atom has 13.89% contribution to the
HOMO, while the 3s3p hybridized orbitals of 12 Si atoms have
86.11% contribution to the HOMO. The HOMO-1 and HOMO-
2 are two energetically degenerate orbitals, and each has
12.61% contribution from the 4d,, and 4d,._,. orbitals of the
Nb atom and 87.39% contribution from the 3s3p hybridized
orbitals of the Si atoms. The 4d,, and 4d,, orbitals of the Nb
atom and the 3s3p hybridized orbitals of the Si atoms are
mainly included in the HOMO-3 and HOMO-4, which are two
energetically degenerate orbitals and each has 47.83% contri-
bution from the Nb atom and 52.17% contribution from the
12 Si atoms. The 4d,. orbital of the Nb atom and the 3s3p
hybridized orbitals of the Si atoms are mainly involved in the
HOMO-13, which has 4.74% contribution from the Nb atom
and 95.26% contribution from the 12 Si atoms. The LUMO
and LUMO-1 have no contribution from the 4d orbitals of the
Nb atom and the 3s3p hybridized orbitals of the 12 Si atoms.
The five 4d orbital compositions of the Nb atom and the 3s3p
hybridized orbitals of the Si atoms can also be found in the
LUMO+2, LUMO+3, LUMO+4, LUMO+10, and LUMO+11. This
suggests that the Nb 4d - Si 3s/3p antibonding character drifts
up into the vacant orbitals, and the 4d orbitals of the Nb atom
in the HOMOs are involved in bonding rather than antibond-
ing. These molecular orbitals suggest that there are inter-
actions between the 4d orbitals of the Nb atom and the 3s3p
hybridized orbitals of the Si;, cage, which is similar to the
interactions between the 5d orbitals of the Au atom and the
4s4p hybridized orbitals of the Ge,;, cage.*® The valence elec-
trons are delocalized over the whole NbSi;,~ with most of
them surrounding around the Nb atom. The delocalized Nb-
Siy, ligand interactions may contribute to the stability of the
D¢, symmetric hexagonal prism. In addition, the perfect Dgp
symmetric hexagonal prism of NbSi;,” would be electronically
stable according to the 18-electron rule,®*°™” because each Si
atom interacts with three neighboring Si atoms and the central
Nb atom, thus, each Si atom can donate one valence electron
to the Nb atom considering electron-precise bonding, with five
valence electrons of the Nb atom and the addition of the
excess electron, the total number of effective valence electrons
on the Nb atom adds up to 18 electrons.

We also analyzed the bonding properties of NbSi;,™ using
the adaptive natural density partitioning (AANDP) method
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Eighteen 2c-2e Si-Si MOs Four 4c-2e NbSi; MOs
ON=1.91 |e| ON=1.81 |e|

PR B

Two 5c¢c-2e NbSis MOs Two 7c-2e NbSis MOs One 13c-2e NbSi;; MOs
ON=1.94 |e| ON=1.91 |e| ON=2.00 [e]|

Fig. 7 Adaptive natural density partitioning (AdNDP) molecular orbitals
(contour values y = +0.038 au) of Dg,, symmetric hexagonal prism of the
NbSis,~ anion (12A, 'A;,) are obtained by using the B3LYP/AVTZ-PP//
AVTZ method. (ON = electronic occupation).

developed by Zubarev and Boldyrev.’® The total number of
valence electrons in the NbSi;,” anion (124, 1A1g) is 54, which
includes 5 valence electrons of the Nb atom, 48 valence elec-
trons of the 12 Si atoms, and an excess electron. As shown in
Fig. 7, we can approximately extract eighteen 2c-2e Si-Si
bonds including 36 valence electrons of the NbSi;,” anion.
The remaining 18 valence electrons are distributed throughout
the additional 9 delocalized NbSi, MOs. The 9 delocalized
MOs include four 4c-2e NbSi; bonds (electronic occupation is
equal to 1.81 |e|), two 5c-2e NbSi, bonds (electronic occu-
pation is equal to 1.94 |e|), two 7c-2e NbSig bonds (electronic
occupation is equal to 1.94 |e|), and one 13c-2e NbSi;, bond
(electronic occupation is equal to 2.00 |e|). We found that the
Si-Si interactions are mainly ¢ bonds, while the Nb-Si inter-
actions are prominently dominated by « bonds. This indicates
that the delocalized Nb-Si interactions and Si-Si interactions
are important for the structural stability of the Dy, symmetric
hexagonal prism of the NbSi,,™ anion.

6. Conclusions

We measured the photoelectron spectra of NbSi,” (n = 3-12)
anions and investigated the structures of NbSi,* (n = 3-12)
clusters with ab initio calculations. We found that the Nb atom
in NbSi,® prefers to occupy the high coordination sites to
form more Nb-Si bonds. For both anionic and neutral NbSi,
clusters with n = 3-7, the dominant geometries are all exo-
hedral structures with the Nb atom face-capping the Si,, frame-
works. The boat-shaped structures appear at n = 8 for both
anionic and neutral clusters and the openings of the boat-
shaped structures are still unclosed in the NbSiq_40~"° clusters.
The most stable structure of the NbSi,;~ anion is endohedral,
whereas that of neutral NbSi;; is exohedral. At n = 12, the
global minima of both the NbSi;,~ anion and neutral NbSi;,
are Dg, symmetric hexagonal prisms with the Nb atom at the
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center. The Dy, symmetric hexagonal prism of the NbSi;,~
anion is electronically stable as it obeys the 18-electron rule
and has a shell-closed electronic structure with a large
HOMO-LUMO gap of 2.70 eV. The molecular orbital analysis
of NbSi,;,” suggests that there are interactions between the 4d
orbitals of the Nb atom and the 3s3p hybridized orbitals of the
Siy, cage, and the delocalized Nb-Si;, ligand interactions may
make the Dg,, symmetric hexagonal prism of NbSi;,” stable.
The AANDP analysis shows that the Si-Si interactions are
mainly ¢ bonds, while the Nb-Si interactions are prominently
dominated by = bonds, which are important for the structural
stability of the Dg;, symmetric hexagonal prism.
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