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Abstract

The structures and properties of the NbSis ™ cluster have been studied using density
functional theory (DFT) and the CASPT2 method. The ground states of the negatively charged
and neutral clusters were established as the *A; and ?B; states of a tetragonal bipyramidal isomer
with Cs symmetry. The adiabatic and vertical detachment energies (ADE and VDES) of the
transition from the anionic ground state to the neutral ground state were found to be 2.72 and
2.74 eV, respectively. A vibrational progression with three peaks at a frequency of 212 cm™’ was
observed for this transition in the Franck-Condon factor simulation. Furthermore, the VDESs of
the transitions to the excited ?Bs, 1°A, 1°E, 2°E, and 22A; states were computed as 3.10, 3.32,
3.77, and 4.67 eV, respectively. The recorded photoelectron spectrum of the NbSis~ cluster was
elucidated by the transitions to the 2By, 1%A;, 1%E, and 2°E states.
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NbSis™: CAU TRUC VA NANG LUQNG TACH ELECTRON

Tran Van Téan

Truong Sw pham, Truong Dai hoc Pong T hap,
783-Pham Hiru Lau, Phuong 6, thanh pho Cao Lanh, tinh Dong Thap, Viét Nam
Tac gia lién hé, Email: tvtan@dthu.edu.vn
Lich su bai bao
Ngay nhan: 17/02/2025; Ngay nhdn chinh sva: 19/3/2025; Ngay duyét dang: 24/3/2025

Tém tit

Cdu triic va tinh cht ciia cdc cum nguyén tir NbSis "’ di dwoc nghién ciru bang phirong
phap Iy thuyét ham mdt do va phuong phap CASPT2. Trang thai co ban cua cum nguyén tir
anion va trung hoa dwoc xdac dinh lan lwot la A1 va ®Bi ciia dong phan hinh luong thap tam
giac véi doi ximg Ca. Ning luong tach electron ADE Va VDE ciia qud trinh chuyén tir trang
thai co ban ciia cum nguyén tir anion sang trang thai co ban cua cum nguyén tir trung hoa lan
lwotla 2,72 va 2,74 7eV. Buoc tien dao déng voi ba dinh o tan so ’2] 2 em™! da dwoc ghi nhan
cho qua trinh chuyén electron nay trong ket qua mé phong hé so Franck-Condon. Hon nita,
nang luong tach electron VDE cua cdc qud trinh chuyén electron den cdc trang thdi kich thich
2By, 1%A4, 1°E, 2%E va 2%A; ¢6 gia tri lan luot lc? 3,10; 3,32; 3,77 va 4, 677 eV’. Phé quang electron
ciia cum nguyén tir NoSis~ dwroc gidi thich bang cdac qud trinh chuyén dén cac trang thai By,
1%A1, 1°E va 2°E.

T khéa}: Cdu triic hinh hoc, hé sé Franck-Condon, nang luong tach electron, nang
luwong twong doi, trang thdi electron.
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1. Introduction

Incorporation of niobium into silicon clusters has attracted considerable scientific
interest due to their potential applications in cluster-assembled materials. Previous studies
have demonstrated that niobium-doped silicon clusters can adopt stable cage structures,
making them promising building blocks for nanomaterials (Koyasu et al., 2007, 2008; Lu et
al., 2016; Xia et al., 2016). The geometrical and electronic properties of small niobium-doped
silicon clusters have been investigated using both theoretical and experimental methods
(Gunaratne et al., 2013; Hamrick & Weltner, 1991; Koyasu et al., 2007, 2008; Lu et al., 2016;
Oakley et al., 2021; Sevy et al., 2017; Tran, 2023; Wu & Su, 2006). Researchers have
employed various techniques such as density functional theory (B3LYP functional), coupled
cluster with single, double, and perturbative triple excitations [CCSD(T)], and photoelectron
spectroscopy to explore the electronic structures and properties of NbSis° clusters.(Lu et al.,
2016) The recorded photoelectron spectrum of the NbSis™ cluster, measured at a photon energy
of 266 nm, exhibited distinctive features, including a low-intensity peak at 2.74 eV, a shoulder
peak at 3.13 eV, a broad and intense peak at 3.35 eV, as well as several partially resolved
peaks ranging from 3.7 to 4.3 eV. Computational calculations conducted at CCSD(T)/cc-
PVDZ/Silaug-cc-PVDZ-PP/Nb and B3LYP/6-311+G(d)/Si/LanL2DZ/NDb levels revealed that
the anionic and neutral ground states corresponded to the *A; and 2B; states, respectively, in a
C.y tetragonal bipyramidal isomer. The adiabatic and vertical detachment energies (ADEs and
VDESs) associated with the transition from the anionic *A; ground state to the neutral ?B;
ground state were computed as 2.71 and 2.74 eV, respectively. These calculated values align
well with the experimentally determined values of 2.50 and 2.74 eV for the first peak.
Additionally, the simulated density of state spectrum was investigated as part of the analysis.

While the ground states of the NbSis ° clusters have been determined using the DFT
and CCSD(T) methods, little is known about their excited states. However, understanding
these excited states is crucial for comprehending the relevant characteristics observed in the
photoelectron spectrum of the anionic cluster. To address this gap, the multiconfigurational
CASSCF/CASPT2 method, renowned for its ability to explore electronic states in transition-
metal-containing clusters, is employed (Nguyen et al., 2017, 2019; Pham & Nguyen, 2016,
2017; Thao et al., 2018; Tran & Tran, 2016; Tran et al., 2019; Tran et al., 2017; Tran et al.,
2017; Tran & Hendrickx, 2014; Tran & Tran, 2016, 2018). This method effectively accounts
for electron correlation effects, resulting in relatively accurate energy calculations for the
electronic states. In this study, we apply the CASSCF/CASPT2 method to investigate the
electronic states of NbSis ™ clusters. The obtained computational results are then utilized to
provide an explanation for all the features observed in the photoelectron spectrum of the
anionic cluster.

2. Computational Details

To optimize geometries and calculate the vibrational frequencies of electronic states in
NbSis™ clusters, a DFT approach was employed. Specifically, the BP86 functional, in
conjunction with the def-TZVPP basis sets for Nb and Si, was utilized. It is worth mentioning
that the def-TZVPP basis set for Nb included an effective core of 28 electrons. The DFT
calculations were conducted using NWCHEM 7.0.2 (Valiev et al., 2010). For obtaining single-
point energies of the electronic states, CASSCF/CASPT2 calculations were performed using
OpenMolcas 20.10 (Fdez. Galvan et al., 2019). ANO-RCC basis sets with a construction
scheme of 8s7p5d3f2glh for Nb and 6s5p3d2flg for Si were employed (Roos et al., 2004,
2005). For the CASSCEF calculations, 15 orbitals were chosen to create the active space. The
anionic cluster utilized this active space with 16 electrons, while the neutral cluster had 15
electrons within the active space. The construction of the active space considered a total of 21
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valence orbitals, including the 4d and 5s orbitals of Nb, as well as the 3p orbitals of Si. To
ensure computational feasibility, six antibonding orbitals were excluded from the active space.
It is important to note that the chosen active space of 15 orbitals is sufficient for accurately
estimating the relative energies of electronic states in clusters containing transition metals
(Nguyen et al., 2017; Tran et al., 2019; Tran et al., 2017; Tran & Hendrickx, 2014; Tran &
Tran, 2016, 2018). To study the vibrational progression of the electron detachment processes,
simulations of Franck-Condon factors were performed using the MOLFC code (Borrelli &
Peluso, 2003, 2008), based on the BP86 geometries and vibrational frequencies.

3. Results and Discussion
3.1. NbSis~

The structures of NbSis™ clusters obtained from calculations using the BP86 functional
are depicted in Figure 1. Three isomers with low energy, labeled as A-NbSis~, B-NbSis~, and
C-NbSis™, are identified. The A-NbSis™ isomer exhibits a tetragonal bipyramidal geometry,
with the niobium atom positioned axially. This isomer can belong to either the Cyy or Cay point
group, but for consistency with the CASSCF/CASPT2 method employed in OpenMolcas,
calculations for A-NbSis~ isomer were performed using the C,, point group. Notably, the A-
NbSis~ isomer consists of two symmetric planes, each containing Nb and three Si atoms. On
the other hand, both the B-NbSis~ and C-NbSis™ isomers are formed by adding a silicon atom
to the surface of a triangular bipyramidal NbSi, structure.

Table 1. Relative energies (REs) and vibrational frequencies of the electronic states
of anionic NbSis™ clusters as obtained with BP86 functional

state sym. vibrational frequency (cm™) RE (eV)
A-NbSis

A Caw 173,173,212, 222, 224, 280, 280, 323, 354, 368, 368, 416 0.00

A1 Cs 165, 166, 172, 194, 250, 280, 280, 304, 338, 338, 339,414  0.77
B-NbSis~

A C: 84,111, 183, 221, 234, 280, 317, 333, 350, 391, 415, 428 0.35

A Ci1 62,114, 114, 201, 229, 253, 282, 304, 333, 399, 409, 449 1.04
C-NbSis~

A Cs 100, 178, 180, 247, 277, 285, 298, 326, 354, 382, 406, 519 0.69

A" Cs 42,168, 170, 227, 259, 287, 290, 305, 322, 372, 396, 512 1.06

Table 1 displays the relative energies and vibrational frequencies of the electronic states
of the NbSis~ cluster as computed using density functional theory. The presence of real
vibrational frequencies in all calculated electronic states indicates that these structures are
located at minima on the potential energy surface. The analysis reveals that the ground state
of the anionic cluster corresponds to the A; state of the A-NbSis isomer, with a Nb-Si bond
length of 2.461 A and Si-Si bond lengths of 2.637 and 2.468 A. The excited state 3A; of A-
NbSis~ exhibits a relative energy of 0.77 eV, with a Nb-Si bond length of 2.524 A and Si-Si
bond lengths of 2.568 and 2.471 A. Additionally, the A and 3A states of B-NbSis", as well as
the *A’ and A" states of C-NbSis-, are found to have energies above the ground state by 0.35,
1.04, 0.69, and 1.06 eV, respectively. The results obtained using the BP86 functional
corroborate previous calculations conducted with the B3LYP method, confirming the
determination of the ground state as the *A; state of a tetragonal bipyramidal NbSis~ structure
in C4v symmetry (Lu et al., 2016).
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IA" (C-NbSis™, C,) A" (C-NbSi;~, C.)
0.69 eV 1.06 eV

0.35 eV 1.04 eV

lAl (A—Nb5i5_, C4v) 3A1 (A—NbSi5_, C4v)
0.00 eV 0.77 eV

Figure 1. Structures, symmetries, and relative energies of the electronic states
of the anionic A-NbSis~, B-NbSis~, and C-NbSis~ isomers as obtained
in the geometry optimizations with the BP86 functional
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20a, (0.06) 15¢ (0.04, 0.04) 4b, (0.04)

8b, (0.07)

13e (1.93, 1.93) - 7by (1.92)
18a, (1.98) 12e (1.97, 1.97) 3b, (1 95)

Figure 2. The occupation numbers of molecular orbitals in the active space
of the A; state of the anionic A-NbSis~ isomer as obtained in the CASSCF calculation

In Figure 2, the CASSCF molecular orbitals and electron occupation numbers of the 1A,
ground state of the anionic NbSis™ are depicted. The figure reveals that the 18a;, 19a;, 12e,
13e, 7b;, and 3b, orbitals are doubly occupied, while the remaining orbitals remain
unoccupied. Notably, the figure highlights significant orbital combinations involving the 4d
and 5s orbitals of Nb and the 3p orbitals of Si. The doubly occupied orbitals exhibit bonding
character, whereas the unoccupied orbitals possess antibonding properties. Specifically, the
18a; and 19a; orbitals primarily consist of the 4d,? and 5s orbitals of Nb. The 7b; orbital is
primarily influenced by the 4d,2-,2 orbital. The 13e orbitals are primarily shaped by the 4dy,
and 4dy, orbitals, respectively. Lastly, the 3b, orbital is predominantly composed of the 4d,y
orbital.

3.2. NbSis

In Figure 3, the geometries of the electronic states for the neutral NbSis cluster are
depicted.
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AN (C-NbSis, C,)
0.27 eV 1.20 eV

2.437 478 2.439

5

2.354
2A (B_Nbsis, Cl) 4A (B—NbSi5, Cl)
0.25 eV 0.99 eV

ZBI (A—NbSI5, C4v) 4Bl (A—Nb5l5, sz)
0.00 eV 0.95 eV

Figure 3. Structures, symmetries, and relative energies of the electronic states
of the neutral A-NbSis, B-NbSis, and C-NbSisisomers as obtained
in the geometry optimization with the BP86 functional
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Like the anionic cluster, the neutral cluster identify three notable isomers: A-NbSis, B-
NbSis, and C-NbSis. Table 2 provides information on the vibrational frequencies and relative
energies of the electronic states for the neutral cluster. It is worth noting that all proposed
structures of the electronic states are deemed stable due to the presence of real vibrational
frequencies. The neutral ground state is proposed to be the 2B; state of A-NbSis in Cay
symmetry. In this state, the Nb-Si bond length is determined to be 2.479 A, and the Si-Si bond
lengths are specified as 2.613 and 2.459 A. The neutral doublet ground state is characterized
by a deficit of one electron specifically in the 7b; orbital, compared to the anionic singlet
ground state. The presence of bonding interactions between the 4d.?—,? orbital of Nb and the
3p orbitals of Si atoms in the 7b; orbital leads to the elongation of Nb-Si bonds as the cluster
transitions from the anionic ground state to the neutral ground state. The A-NbSis isomer
displays an excited state denoted as “B; in Cay symmetry, with a calculated relative energy of
0.95 eV. In this excited state, the Nb-Si bond lengths are determined to be 2.532 and 2.612 A,
while the Si-Si bond lengths measure 2.471, 2.386, and 2.618 A. Additionally, the B-NbSis
isomer exhibits the 2A and “A states, which possess relative energies of 0.25 and 0.99 eV,
respectively. Moreover, the 2A” and *A" states of C-NbSi4 isomer are higher in energy than
the neutral ground state by 0.27 and 1.20 eV, respectively.

Table 2. Relative energies (REs) and vibrational frequencies of the electronic states of
neutral NbSis clusters as obtained with the BP86 functional

RE
state sym. vibrational frequency (cm™) (eV)
A-NbSis
B, Cw 146,147,162, 212, 228, 304, 305, 310, 337, 338,355,413  0.00
By Co 68,124,161, 186, 204, 284, 295, 337, 357, 356, 372,433  0.95
B-NbSis(C»)
ZA C1 96, 105, 160, 222, 228, 274, 312, 322, 344, 414, 342,447  0.25
‘A C1 78, 129, 136, 210, 214, 271, 288, 319, 336, 409, 425,456  0.99
C-NbSis(Cs)
ZA" Cs 56, 173, 187, 232, 267, 287, 309, 335, 348,388, 418, 514 0.27
A" Cs 47,154, 156, 197, 254, 275, 287, 319, 324, 349, 405, 523 1.20

Our findings align with previous calculations that propose a doublet state as the neutral
ground state, providing consistency in the results (Lu et al., 2016). However, a discrepancy
arises in the orientation of the cluster on the Cartesian coordinate system. In our calculations,
we designate the doublet ground state as 2B, while the previous study favors the notation 2B,
for the identical state.

Figure 4 illustrates the normal modes and vibrational frequencies of the neutral 2B,
ground state of the A-NDbSis isomer, as calculated using the BP86 functional. In C4 Symmetry,
this state exhibits twelve vibrational modes, which can be categorized into three A, six E, two
B1, and one B irreducible representations. The frequencies of the A; modes are determined to
be 212, 355, and 413 cm™. The doubly degenerate E modes possess frequencies of 146 and
147, 304 and 305, and 337 and 338 cm™. The doubly degenerate E modes exhibit frequencies
that differ by 1 cm™! since the calculations were conducted in a C,y, point group. The B; modes
exhibit frequencies of 162 and 310 cm™?, while the B, mode has a frequency of 228 cm™. It is
essential to highlight that only the totally symmetrical A1 modes are allowed based on the
vibrational selection rules of photoelectron spectroscopy.
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E (146, 147) A, (212)

Figure 4. Vibrational frequencies and normal modes of the neutral ?B; ground state
of A-NbSis isomer as computed with the BP86 functional

3.3. Electron Detachment Energy

Table 3 presents the electron detachment energies of the anionic *A; ground state of the
NbSis~ isomer, as computed using the CASPT2 method.

Table 3. Vertical detachment energies (VDES) of the transitions from the anionic *A;
ground state to the neutral low-lying states as obtained in the CASPT2 calculations

state leading configuration orbital VDE (eV)®
CASPT?2 expt.
A-NDbSis~
A, 18a:219a:212€*13e*7b123b,? (82%)
A-NbSIs
2B, 18a:219a:%212€*13e*7b1'3b,? (79%) 7bl 2.74 2.74
(2.72) (2.50)
12A; 18a;219a;112e*13e*7h123b? (77%) 19a; 3.10 3.13
1°E 18a:219a,212€*13e37hb123h,? (43%) 13e 3.32 3.35
22E 18a:219a:212€*13e*7b123h,? (43%) 12e 3.77 3.7-4.3
22Aq 18a;%19a:%12e*13e*7b:%3b,? (48%) 18a; 4.67

@ Values in parentheses are the adiabatic electron detachment energies (ADES).
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The photoelectron spectrum of the NbSis™ cluster exhibits four distinct peaks (Lu et al.,
2016). The first three peaks are centered at binding energy values of 2.74, 3.13, and 3.35 eV,
while the fourth peak falls within the range of 3.7-4.3 eV. The starting point of the first peak
is determined to be 2.50 eV. By utilizing the calculated electron detachment energies of the
anionic ground state, we can interpret the photoelectron spectrum of the NbSis~ cluster. In
particular, the first peak at 2.74 eV corresponds to the transition to the 2B; state, which has an
ADE and VDE of 2.72 and 2.74 eV, respectively. The second peak at 3.13 eV is attributed to
the transition to the 12A; state, characterized by a VDE of 3.10 eV. The third peak at 3.35 eV
arises from the transition to the 1°E state, with a VDE of 3.32 eV. The fourth peak within the
range of 3.7-4.3 eV is explained by the transition to the 22E state, which possesses a VDE of
3.77 eV. It is important to note that the transitions to the 22A; states with VDEs of 4.67 eV is
observed in the spectrum due to the limited photon energy of 266 nm used for electron
detachment.

0.6 7
= ®

o
w1
|

o
o

o
w

relative intensity

©
()

A, 212 cm™

o
=t

IIIIIIlIllIlIIIIIIIIIIIII

-.r.-%

200 0 200 400 600 800
vibrational energy (cm™")

o

Figure 5. Vibrational progression of the transition from the anionic *A; ground state
to the neutral ?B; ground state as obtained in the Franck-Condon factor simulation
for the totally symmetric modes

To gain insight into the vibrational characteristics of the first peak at 2.74 eV, a
simulation of the multidimensional Franck-Condon factor was performed for the transition to
the 2B; ground state. The results, depicted in Figure 5, reveal a vibrational progression
exhibiting approximately three peaks at a frequency of 212 cm™. The inset in Figure 5
highlights that the vibrational normal mode associated with this frequency belongs to the
totally symmetric A; irreducible representation. Due to the presence of a low-frequency
vibrational progression in the transition to the 2B; state, the first feature in the spectrum appears
as an unresolved broad band. To accurately resolve the fine structure of this band, it is
recommended to employ a higher-resolution photoelectron spectrometer.
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4. Conclusion

This study reports on the geometrical and electronic structures of NbSis " clusters as
determined through DFT and CASPT2 calculations. Three isomers are observed for the
studied clusters, including the tetragonal bipyramidal A-NbSis ™ and the face-capped triangle
bipyramidal B-NbSis ™ and C-NbSis " isomers. The ground state of the anionic cluster is
identified as the A state of A-NbSis~ isomers, with the A state of B-NbSis~ and *A' state of
C-NDbSis™ being 0.35 and 0.69 eV higher in energy, respectively. The neutral ground state is
determined to be the 2B, state of A-NbSis isomer, while the ?A state of B-NbSis and 2A" state
of C-NbSis are found to be 0.25 and 0.27 eV higher in energy, respectively. The ADE of the
transitions from the anionic ground state to the neutral 2B, ground state is estimated to be 2.72
eV. A Franck-Condon factor simulation for the transition to the neutral ground state reveals a
vibrational progression with three peaks at a frequency of 212 cm™. The VDEs of the
transitions to 2By, 12A1, 1%E, 2°E, and 22A, states are evaluated to be 2.74, 3.10, 3.32, 3.77, and
4.67 eV, respectively. The computational results proposed that the four peaks at 2.74, 3.13,
3.35, and 3.7-4.3 eV in the photoelectron spectrum correspond to transitions to the 2By, 12A;,
1%E, and 2%E states.
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