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ABSTRACT: By performing density functional theory (DFT)  adsorptionmoden o
calculations for geometric optimization in conjunction with the g%"ﬁ?/"ﬁt’“”&""ﬂx — %f—).,/ (/_)), ){;/ aé’,‘,"%?:’,‘,?l
artificial bee colony algorithm for cluster (ABCluster) global search : " N2 wMyﬂ L N15’* 2ratom
approach, the ground-state structures of the neutral, anionic, and ”@{ LB U P Sl
dianionic ZrSn,” />~ (n = 4—17) nanoscale compounds are ) W e | vewe ,"'%“"”ia_p \ 1 N16
obtained. Their structural growth evolution, spectral information, ' ol e =
and electronic and thermochemical properties are investigated. = A et > Z
Regarding the architectural evolution of the neutral, anion, and /é) Nl | — =
dianionic species, ZrSn,, W= (n = 4—17) compounds possess two = i A 12 g
dlﬁerent stages of adsorptlon patterns in which, when n = 4—7 and @ /\{&,\/\/\\/ Nl b

= 8-17, ZrSn4°/ =/~ and ZrSng W=2= compounds as the basic A;:’r‘ . c Wb~ =" Gl
motlf adsorb Sn atoms to become the larger clusters, respectively. Mode = Y.

The simulated photoelectron spectra (PES) of anionic compounds

are in good agreement with the available experimental PES. The infrared and Raman spectra can be summarized as follows: under
infrared vibrational modes, the sealed cages of ZrSnnO/ == compounds belong to the deformation mode, and under Raman
vibrational modes, they belong to the breathing mode of the Sn cage framework. The density of states (DOS) spectra and natural
population analysis (NPA) indicate that the interaction between the Zr atom and Sn,, frameworks of capsulated compounds has been
developing stronger than for unsealed compounds. The results of thermochemical properties, molecular orbital shell (MOs) analysis,
and ultraviolet—visible (UV—vis) absorption spectrum indicate that the neutral ZrSn,; nanoscale compound possesses not only both
thermodynamic and chemical stability but also far-infrared sensing and optoelectronic properties and hence, is the best building
block motif for new multipurpose nanoscale materials.

1. INTRODUCTION development and wide application of nanotechnology, atomic
clusters serve as a bridge between the microscopic atomic
molecules and macroscopic condensed matter. In particular,
transition metal (TM)-doped tin alloys are used in the atomic
energy industry, aviation industry, superconducting materials,
spacecraft manufacturing, and other cutting-edge technology
fields.

Introducing transition metal atoms to tin clusters has
attracted many studies due to the fact that the interaction
between the transition metal atom and the tin cluster can range
from strongly covalent all the way to cases where the metal is
simply trapped inside the cage by virtue of the strong Sn—Sn
bonds, with little or no direct bonding. These specific bond
types are used to develop unusual structural architectures and

Since the discovery of the buckminster fullerene C structure
of the carbon group, the unique geometries, analogous and
diverse physicochemical and structural properties of the heavy
congeners of carbon Si, Ge, Sn, and Pb, as well as their wide
range of applications in nanotechnology and electronics
industries have resulted in their being surprisingly hot spots
for nanoscale research in cluster science.'”'" Especially, the
stannum element shows the a-phase (gray diamond cubic
structure having a covalent nature) and f-phase (white body-
centered tetragonal structure with a metallic nature), existing
as a transition from semiconductor to metal in the carbon
group. These unique characteristics of the transition endow the
stannum element with a low melting point, nontoxicity, high
corrosion resistance, good ductility, and wettability, leading to
its wide application in industries such as electronics, electrical
appliances, metallurgy, machinery, building materials, chemical
engineering, and others. As a result, researchers have studied
the composition, atomic arrangement, and cluster size of tin
clusters to investigate the effect of tin clusters on their physical
and chemical properties."””"” Furthermore, with the rapid
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evolution, and spectroscopic and magnetic properties.'® As a
result, there are many studies investigating the ground-state
configurations of TM-doped Sn clusters, and their structural
growth behavior, electronic structures, as well as spectra and
stability properties to understand the construction units of
tunable functional materials and devices. For instance, on the
theoretical aspect, the ground-state structures of FeSn, (x = 1—
8) small clusters and their magnetic properties were
investigated using the PBE scheme,'® from which it was
concluded that the presence of the Fe impurity modifies the
most stable geometries and the spin state of the free Sn
clusters. The structural and electronic properties of TiSn,~/%*
and AlSn,%* (x = 1—10) small clusters were calculated using
B3PW91 and B3LYP density functional theory, respec-
tively.””*" The equilibrium geometries and electronic proper-
ties of TM,Sn, (TM = Fe, Co, Nij x + y < 5) clusters were
investigated at the PBE level by Sosa-Hernandez et al,”*~**
who reported that the most stable structures of these clusters
prefer motifs with high coordination and differ from those of
the pure clusters, and that all of the clusters exhibit a magnetic
behavior independently of the TM concentration. The
TMX,,""%~ (TM = Cu, Ag, Au; X = Ge, Sn, Pb) and the
ZnSn, (x = 1-12) clusters were studied using B3LYP and
CCSD(T) theory by Tai et al,”>~*” and it was found that the
enhanced stability of CuX;,*, AuX,,*, ZnSn;;, and ZnSn,,
magic clusters can be rationalized by the three-dimensional
aromaticity. Recently, Au@X;, (X = Ge, Sn, Pb) and their
anions were explored using the B3LYP scheme by Zhang et
al,”® who found that Au@Sn,, and Au@Pb,, clusters possess
the perfect icosahedral structure and high chemical stabilities
because of their spherical aromaticity. On the experimental
aspect, the mass abundance spectra of binary TM-doped
semimetal (SM) TMSM,, (SM = Si, Ge, Sn, Pb, and TM = Cr,
Mn, Cu, Zn) clusters were recorded by Neukermans et al,”
who interpreted the enhanced abundance of several sizes on
the basis of the peculiarly stable dopant-encapsulated
structures. A mass spectrometry and molecular beam magnetic
deflection experiment for manganese-doped tin clusters was
performed by Rohrmann et al.,*” who found that the size of the
smallest Mn-encapsulated Sn, configurations is x = 10, and that
the magnetic dipole moments for Mn@Sn;, are in close
accordance with the spin quantum number S = 5/2 predicted
by theoretical computation.”’ This conclusion was also
confirmed by later electron beam deflection and magnetic
double deflection experiments.””*> The magnetic response of
the Fe@Sn;, cluster in the magnetic beam deflection
experiments was investigated by Rohrmann et al,”* who
concluded that in contrast to Mn@Sn;,, the molecular beam of
the Fe@Sn,, cluster does not show superatomic paramagnetic
response due to Jahn—Teller induced distortions of the Sn
cage. Recently, the geometric and electronic structures of
AuSn, and CuSn, (x = 6—16) nanoalloy clusters were studied
using a molecular beam magnetic deflection experiment
combined with a genetic algorithm based on density functional
theory by Gleditzsch et al,”>*® who confirmed that the size of
the smallest Au- and Cu-encapsulated Sn, configurations is x =
9. The photoelectron spectra (PES) of anionic TMGe, (TM =
Sc, Y, Ti, Zr, Hf, V, Nb, Ta, and Lu) and TMSn, (TM = Sc, Y,
Ti, Zr, and Hf) were recorded by Nakajima and co-
workers®”*® to investigate their structural and electronic
properties outside of the molecular beam magnetic deflection
experiment.
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Albeit the photoelectron spectroscopy of anionic ZrSn, for
specific sizes such as n = 15—17 species recorded by Nakajima
and co-workers,>”*® at present there is still a lack of theoretical
studies on the ground-state geometry and electronic character-
istics after introducing Zr atoms into small- and medium-sized
stannum clusters. The four main sections in this article aim to
tackle several challenges in order to investigate Zr-doped
stannum clusters: (i) It is a big challenge to find the reliable
global minimum structures from the initial geometry without a
global search technique, even for small clusters. The various
properties of Zr-doped Sn clusters can hardly be interpreted
without understanding the conformational growth model.
Thus, the ABCluster technique, a trustworthy approach for
searching complete initial isomers, is used as the foundation,
and subsequently, the optimizing calculation scheme is used to
verify the applicability and correctness by comparing with
experimental data. Moreover, unlike Si or Ge clusters, spin
multiplicities of TM-doped Sn clusters are needed to consider
all possible spin multiplicities since the TM atom is introduced
into the Sn-sealed cage and the TM-Sn bonds probably range
from rarely interacting all the way to strongly covalent.'® (ii)
Up to now, there is no existing experimental method to
directly analyze the ground-state structure of clusters. As a
result, through a comparison of computed and experimental
spectra for indirectly obtaining the structural information and
proving the computational method reliable, such as PES,
infrared, or Raman spectra, the global minimal structures can
be indirectly assessed effectively for indirectly providing the
structural information for the future experimental researches
about this species. (iii) Exploring the interaction between Zr
atom and Sn clusters in the small and medium-sized ZrSn
clusters, such as total density of states (TDOS) and partial
(PDOS) density of states and charge transfer, is essential to
understanding the structural evolution of clusters since the
electrical structure of clusters, which is the deciding element
for their physical and chemistry characteristics, is directly
related to their geometric configuration. (iv) From the small-
and medium-sized Zr atom-doped stannum cluster system, a
material building block with great symmetry and stability that
can be employed as a novel multifunctional material is
retrieved. So, all said, in this work, the ABCluster global
search approach coupled with density functional theory (DFT)
was employed for the structure optimization of ZrSn,” />~ (n
= 4—17) clusters with the objective of determining their
structural evolution, exploring their electronic structures and
properties, obtaining insight into their bonding characteristics,
and furnishing substantial information for in-depth research on
other transition metals’ doping with semiconductor clusters.

2. COMPUTATIONAL METHODS

All calculations were employed in the Gaussian 09 program
package.” There are three phases for searching the global
minimum structures. The first phase involves collecting a large
amount of initial configurations from the three approaches that
were performed to obtain a large amount of initial
configurations, to avoid missing the true global minima of
ZrSn,” > (n = 4—17) compounds. First, the ABCluster
global search approach,”*™* which possesses important
functions such as its unique “artificial bee colony” algorithm
to perform the global optimization with proper potential
energy functions and its role as a random generator when
combined with the Gaussian 09 code, was utilized for
searching 100 isomers when n = 4—6, 300 isomers when n =
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Figure 1. Most stable geometries of neutral ZrSn, (n = 4—17) species and structural evolution.
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Figure 2. Most stable geometries of anionic ZrSn,~ (n=4-17) species and structural evolution.
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Figure 3. Most stable geometries of dianionic ZrSn,”~ (n = 4—17) species and structural evolution.

7—10, and 400 isomers when n = 11—17 by the PBE0"
functional associated with the relativistic effective core
pseudopotential basis set cc-pVDZ-PP for Zr atoms and the
effective core potential basis set LanL2DZ*** for Sn atoms.
The “substitution geometries” was the second approach, used
to replace one Sn atom in the Sn,,; compound with the Zr
atom. The third approach that was executed selects the
configurations that have already been published in the previous
literature as supplements.”~*'*~** For the second phase, these
initial isomers were then further optimized at PBEO,*
B3LYP,***” and CAM-B3LYP*® functionals, respectively,
which provided reliable results.”” ™' Considering the high
computational costs and accuracy,”” >* we chose the triple-{
LANL2TZ**° basis set for the Zr atom, which is provided
with a quasi-relativistic effective core potential, and the cc-
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pVTZ-PP°** basis set for the Sn atom, which is provided with
a relativistic effective core pseudopotential. Symmetry
constraints were not presented during this process. Meanwhile,
it is essential to calculate their harmonic vibration frequencies
along with the optimizing process, because their positive value
of frequencies can ensure the generation of low-lying structures
corresponding to the true local minima. After completion of
the geometry optimization through the second phase, low-lying
structures of ZrSn,” >~ (n = 4—17) compounds were
generated for single-point energy calculations for the third
phase in order to further refine the energy at PBEO,"
B3LYP***” and CAM-B3LYP*® functionals coupled with
LANL2TZ** for Zr and aug-cc-pVTZ-PP***’ for Sn. To
calculate PES based on the generalized Koopmans’ theo-
rem,”®* infrared and Raman, NPA, DOS, and the stability of
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the lowest-energy configurations of ZrSn,” (n 4-17)
compounds at PBEO functional were investigated, and the
PES calculated at PBEO, B3LYP, and CAM-B3LYP functionals
for n = 15—17 were compared with the experimental spectra.
The results obtained by PBEO, B3LYP, and CAM-B3LYP
functionals (see Supporting Information) for the ground-state
structures, the energy order of the low-energy structures, and
simulated PES compared with the experiments were in
coincidence with each other, and the discussion below is
only based on the PBEO functional. The simulated PES, DOS
curves, and ultraviolet—visible (UV—vis) spectra were used to
analyze the wave functions by Multiwfn code,”” and the global
and local minimum structures, MOs, and vibrational modes
were visualized using the VMD®' software. For ZrSn,% />~
with n = 4—17, the spin multiplicities of singlet and triplet for
neutral and dianion were taken into account, and those of
doublet and quartet for the anion; those that resulted from the
ground states of Sn, with n = 4—17 were predicted to be
singlet.” Our results revealed that the ground state of the anion
with n = 4—17 is doublet, that of neutral is singlet except for n
=5, 8—10, and that of dianion is singlet except for n = 4 and 6.

3. RESULTS AND DISCUSSION

3.1. Ground-State Structures and Growth Evolutions
of ZrSn,” ">~ (n = 4—17) Species. As exhibited in Figures 1,
2 and 3, the equilibrium configurations and point group of
zirconium-doped tin ZrSn,” />~ (n = 4—17) species and their
growth evolution are separately displayed in the three figures
classified as neutral, anion, and dianion. The local minimal
configurations by PBEO, B3LYP, and CAM-B3LYP functionals
are shown in Figures S1—S3. The reported configurations are
marked as Nn-x, An-x, and Dn-x, in which N, A, and D
represent neutral, anion, and dianion, respectively; n is the
number of Sn atoms and x is the number of energetic rank
from low to high. In Figures 1-3, the equilibrium
configurations are labeled as Nn, An, and Dn. For neutral
species, the most stable configuration of ZrSn, is the triangular
bipyramid configuration named N4, which can be viewed as
the Zr atom capping one face of the distorted Sn,-tetrahedron,
with C-symmetry and 'A’ electron state. N5 is the tetragonal
bipyramid configuration having C,,-symmetry and *B, electron
state, in which the Zr atom is located at the top vertex of the
chief axis, and also can be regarded as attaching one Sn atom
on the side face of N4. The ground state of NS is the triplet
state, possessing more stable energies of 0.19, 0.05, and 0.08
eV than the corresponding singlet state at PBEO, B3LYP, and
CAM-B3LYP functionals, respectively. N6 has a capping
tetragonal bipyramid configuration with C-symmetry and 'A’
electron state, and can be described as capping one Sn atom on
one face of N5. N7 can be viewed as a face-capped distorted
pentagonal bipyramid or can be served as absorbing one Sn
atom to the Sn,-quadrangle of N6, forming a five-membered
ring of N7.

Beginning with n = 8, the species form the semiendohedral
architecture. N8 is treated as attaching two Sn atoms on the
two adjacent faces of the distorted pentagonal bipyramid,
respectively (boat-like skeleton), with C,,-symmetry and °B,
electron state. It has triplet state, possessing more stable
energies of 0.13, 0.17, and 0.58 eV than the corresponding
singlet state at PBEO, B3LYP, and CAM-B3LYP functionals,
respectively. N9 is in Cy,-symmetry and has the *A; electron
state, and can be depicted as adding one Sn atom on N8. N9
possesses less energies of 0.17, 0.35, and 0.57 eV at triplet state
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than the corresponding singlet state at PBEO, B3LYP, and
CAM-B3LYP functionals, respectively. N10 possesses Cj,-
symmetry and B, electron state and can be depicted as adding
one Sn atom on N9. The triplet state of N10 has less energies
of 0.25, 0.14, and 0.86 eV than the corresponding singlet state
at PBEO, B3LYP, and CAM-B3LYP functionals, respectively.
As for ZrSn,;, the lowest-energy geometry N11 is the Zr-
centered capped antipentagonal prism (yurt-like skeleton),
which is regarded as based on N10 for one more Sn atom. It
has C,-symmetry and 'A, electron state and is the complete
cage framework because of the Zr atom at the center of the
antipentagonal prism of the yurt-like framework, whereas the
Zr atom is not completely sealed into the tin skeleton when n =
10. In other words, from n = 8 to 10, the Zr atoms become
increasingly encircled by the Sn, skeleton, and beginning with
n 11, the neutral species veritably develop sealed
architectures. Interestingly, N9, N10, and N11 can be treated
as each adding one, two, and three Sn atoms on one, two, and
three nearby faces of N8, respectively. N12, with C-symmetry
and 'A’ electron state, is the capping antihexagonal-pentagonal
prism, which can be regarded as absorbing one Sn atom to the
five-membered ring of N11, forming a six-membered ring of
N12. As for N13, the capping antihexagonal prism has Cq,-
symmetry and 'A, electron state, and can be viewed as
absorbing one Sn atom to the five-membered ring of N12,
forming a six-membered ring of N13. N14 is the bicapped
antihexagonal prism capping one Sn atom to the top of N13
and possesses C-symmetry and 'A’ electron state. Interest-
ingly, N12, N13, and N14 each attach four, five, and six Sn
atoms on N8, respectively. The tricapped antihexagonal prism
geometry (N15), with C,,-symmetry and 'A, electron state, is
sighted as one Sn atom attached to N14. It also can be sighted
as covering one capping five-membered ring and one Sn atom
on N8. N16 is the Zr-centered Sn 4 FK-cage with T;-symmetry
and 'A, electron state, and can be viewed as one more Sn atom
on N15. It also can be viewed as covering one capping six-
membered ring and one Sn atom on N8. N17 can also be
regarded as absorbing one Sn atom on the FK-cage framework
(N16) with extending distorted C,,-symmetry and 'A; electron
state. It can also be regarded as covering one capping five-
membered ring and three Sn atoms on N8. The architectural
growth pattern of the neutral species can be summarized thus:
the ZrSn, (n = 4—17) compounds possess two different types
of adsorption pattern. The ZrSn, compound as the beginning
of the basic architecture adsorbs an additional Sn atom on
different locations of the prior architecture to be the larger
cluster from n = 4 to 7, while at n = 8—17, the ZrSng cluster as
the beginning of the basic architecture adsorbs an additional
Sn atom on different locations of the prior architecture one by
one until one Sn atom gets adsorbed on the FK-cage
framework for N17.

For anions, the equilibrium geometry of the ZrSn,™ (n = 4—
17) species resembles that of their corresponding neutrals
(except n =4, 6,7, 14, and 17). A4 is the triangular bipyramid
in which the Zr atom is capped on the distorted Sn,-rhombus,
with Ci-symmetry and *A’’ electron state. A6 keeps the
pentagonal bipyramid structure in which the Zr atom is at the
top vertex of the chief axis, regarded as absorbing one Sn atom
to the quadrangle of AS, forming a pentagon of A6 with C-
symmetry and *A’’ electron state. A7 can be viewed as
attaching one Sn atom at the top face of the pentagonal
bipyramid (A6). Compared with N14, Al14 geometry is Zr-
centered into the distorted bicapping antihexagonal prism with

https://doi.org/10.1021/acsomega.3c07674
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Table 1. Theoretical and Experimental AEA (in eV) and VDE (in eV) for the Most Stable ZrSn, (n = 4—17) Species

AEA VDE
theor. theor.
n PBEO B3LYP CAM-B3LYP exp. PBEO B3LYP CAM-B3LYP exp.
N4 < A4 1.71 1.67 1.80 2.15 2.23 2.11
NS <« AS 2.47 2.52 2.48 2.65 2.65 2.68
N6 < A6 2.54 2.43 2.40 2.77 2.66 2.81
N7 <« A7 2.60 2.55 2.60 2.94 2.86 2.92
N8 <« A8 2.85 2.82 2.87 2.87 2.84 2.90
N9 « A9 2.76 2.73 2.79 2.79 2.77 2.82
N10 < Al0 293 2.93 2.97 3.00 2.99 3.05
N11 « All 2.51 2.44 2.51 2.70 2.72 2.88
N12 < Al2 2.94 2.83 2.86 3.23 3.12 3.19
N13 « Al13 2.59 2.47 2.51 2.66 2.58 2.60
N14 < Al4 3.07 2.96 3.07 3.39 3.27 343
N1S§ < AlS 2.73 2.58 2.64 2.70 + 0.05“ 292 2.79 2.87 3.11 + 0.10°
N16 < Al6 2.14 2.16 2.11 2.06 + 0.05° 2.19 221 2.16 2.25 + 0.10°
N17 < Al17 2.42 2.35 2.46 2.45 + 0.05° 2.60 2.58 2.61 4.04 + 0.10°

“The experimental data were taken from ref 38.

extended distortion, possessing C,-symmetry and *B electron
state, or can be regarded as a Sn atom attached to the pentagon
of A13. A17, with C-symmetry and *A’ electron state, can be
viewed as attaching one Sn atom to the face of FK-cage A16, in
which one Sn atom is pushed outside from the framework,
probably due to the exceeded threshold size of matching of the
two atomic sizes for one more Sn atom than A16 or one more
electron than N17.

As for dianions, the equilibrium geometry of the ZrSn,*~ (n
= 4—17) species resembles that of their corresponding anions
except the D11, D13, and D15. D11, possessing C,,-symmetry
and 'A, electron state, is viewed as attaching additional one Sn
atom with D10, and also can attach three Sn atoms linearly
covered on the top of D8, forming D11. D13, possessing C-
symmetry and A’ electron state, is viewed as attaching
additional one Sn atom with D12, which also can cover one Sn
atom and a tetrahedron on D8. D185, possessing C,,-symmetry
and 'A, electron state, is viewed as attaching an additional Sn
atom with D14, which also can cover a one-atom-capping six-
membered ring on the D8. Apart from this, the triplet state of
D4 has less energies of 0.02, 0.16, and 0.03 eV than the
corresponding singlet state at PBEO, B3LYP, and CAM-B3LYP
functionals, respectively. The ground state of D6 is the triplet
state, possessing more stable energies of 0.07, 0.01, and 0.09
eV than the corresponding singlet state at PBEO, B3LYP, and
CAM-B3LYP functionals, respectively. Concentrating on the
architectural growth pattern of anions and dianions, starting
from n = 4, anionic and dianionic clusters can be depicted as,
from ZrSn, compound as the beginning of the basic
architecture, adding an additional Sn atom on different
locations of the prior architecture to be the larger cluster
one by one until #n = 17. Furthermore, ZrSn, >~ (n = 4—17)
compounds also possess two different types of adsorption
pattern in which ZrSn,*~ and ZrSng~/*" clusters as the basic
motif adsorb Sn atoms on different locations of the prior
architecture to be the larger cluster, for n = 4—7 and n = 8—17,
respectively. Among these, ZrSng_/Z_, ZrSng_/z_, ZrSnlO_/Z_,
ZrSn;;*", and ZrSn;,”~ compounds have semiencapsulated
structures. That is to say, up to ZrSn;;” and ZrSn;3*~
compounds, the Zr atoms are completely encircled in the tin
skeletons.
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3.2. Spectral Information: PES, Infrared, and Raman.
Since a little change of the geometric and electronic
configuration clusters can result in distinctly different peak
shapes of the spectra, such as PES, infrared, and Raman,
spectral information can indirectly be validated for the global
minimal structures. The vertical detachment energy (VDE)
and adiabatic electron affinity (AEA) calculations, correspond-
ing to assessments of the location of the first peak and the
rising edge of the first peak in the measured spectrum, are two
benchmarks utilized to compare the simulated and exper-
imental PES. The other benchmark concerns the location and
number of peaks between the two types of spectra.

The AEA value is the energy difference between the global
minimal configurations of neutral and anion, and the VDE
value is the energy difference between the anionic global
minimal configuration of neutral and anion

(1)

EAEA = E(optimizedneutral) - E(optimizedanion)

)

The VDE and AEA computed at PBEO, B3LYP, and CAM-
B3LYP functionals, and experimentally measured values are
presented in Table 1. On comparing the theoretical AEA of
ZrSn,” (n = 15—17) with the available experimental values,
they are found to be consistent with each other, and their mean
absolute error is 0.047, 0.107, and 0.040 eV at PBEO, B3LYP
and CAM-B3LYP functionals, respectively. The mean absolute
error of the calculated VDE of ZrSn,” (n = 15—17) is 0.563,
0.607, and 0.587 eV at PBEO, B3LYP, and CAM-B3LYP
functionals, respectively, compared with the available measured
data. On removing the largest deviation (1.44, 1.46, and 1.43
eV corresponding to the three functionals) belonging to
ZrSn,,~, the VDE value’s mean absolute error is only 0.125,
0.180, and 0.165 eV at PBEO, B3LYP, and CAM-B3LYP
functionals, respectively. Such deviation of the VDE at n = 17
for the three DFT methods possibly may have been caused by
the technical limitations that buried the two low-intensity
peaks when the experimental spectrum of ZrSnj,” was
published in earlier years. It also can be observed from
measured PES as below. The AEA at n = 17, which estimates
the rising edge of the first peak, and the VDE at n = 17, which

EVDE = E(neutralatoptimizedanionicstructure) - E(optimizedanion)
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Figure 4. Simulated PES of the most stable anionic ZrSn,” (n = 4—17) species; experimental photoelectron spectra are taken from reference 38.
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Figure S. Infrared and Raman spectra for the ground-state structures of neutral ZrSn, (n = 4—17) species.
is the maximal location of the first peak, are located too far maximum (fwhm) of 0.25 eV. As observed in Figure 4, no
apart in the experimental spectrum. This increases the experimental counterparts of the ZrSn,” (n = 4—14) species

possibility of burying the two low-intensity peaks. All of can be provided for comparison. As for A4, the computed PES
these verify that the lowest-energy species are truly global showed four distinct peaks (X, A to C) lying at 2.15, 2.50, 3.33,
minimal architectures detected in the experiments and also and 3.77 eV, respectively. The spectrum of AS had two
verify that our computing scheme is extremely reliable. strongly resolved peaks (X and A) located at 2.65 and 3.12 eV,

The computed PES of the ZrSn,” (n = 4—17) species and respectively, and two weak shoulder peaks (B and C) located
the available experimental PES of the ZrSn,” (n = 15—17) at 3.63 and 3.85 eV, respectively. A6 had one shoulder peak

species are depicted in Figure 4; the former’s peaks (X) and two resolved peaks (A and B), respectively, residing at
corresponding to each orbital showed a full width at half- 2.77,3.10, and 4.06 eV. A7 had two sharp peaks (X and A) and
3680 https://doi.org/10.1021/acsomega.3c07674
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Figure 6. Infrared and Raman spectra for the ground-state structures of anionic ZrSn,~
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two weak peaks (B and C) residing at 2.94, 3.46, 3.89, and 4.56
€V, respectively. A8 had two broad band peaks (X and A) and
one distinct peak (C), situated at 2.87, 3.27, and 4.53 eV,
respectively. A9’s geometry exhibited five feature peaks,
including two sharp peaks (A and B) and three weak peaks
(X, C, and D), seated at 3.38 and 3.83 eV, 2.79, 4.30, and 5.12
eV from small to large, respectively. For n = 10, four feature
peaks (X, A to C) were observed in the spectrum, located at
3.00, 3.56, 4.05, and 4.98 eV, respectively. A1l displayed one
distinct peak (X) and five adjacent peaks (A to E) at 2.70, 3.55,
4.11, 4.66, 5.11, and 5.60 eV, respectively. The spectrum of
A12 showed three weak peaks and two sharp peaks seated at
3.23, 4.98, 5.41 eV and 3.93, 4.46 eV, respectively. In the case
of A13, there were four peaks (X, A to C) residing at 2.66,
3.90, 4.75, and 5.13 eV, respectively. In the case of A14, there
were four well-resolved peaks (X, A to C) situated at 3.39,
4.01, 4.80, and 5.29 eV, respectively. The simulated PES of
A1S can be observed as displaying one small peak (X) and two
peaks (A and B) centered at 2.92, 4.01, and 4.71 eV, which
excellently matched the experimental peaks situated at 3.11,
4.13, and 4.74 eV, respectively. It can seen that the simulated
spectrum of Al6 shows a small bump labeled as X, one
distinctly strong peak labeled as A, and four shoulder peaks
labeled as B, C, D, and E. The five peaks are centered at 2.19,
3.85, 4.47, 4.82, 5.12, and 5.60 eV, which are in excellent
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accordance with the experimental data of 2.25, 3.99, 4.48, 4.95,
5.23, and 5.69 eV, respectively. The two detailed peaks of A17
in the computed PES are centered at 2.60 and 3.04 eV (X and
A) and they have no measured counterparts. The latter three
broad simulated peaks (B to D) of A17 are located at 3.90,
4.58, and 5.30 eV, in good accordance with the experimental
peaks at 4.05, 4.67, and 5.39 eV. It can be observed that the
simulated spectra of the lowest-energy structures are more in
agreement with the experimental features as per the above
discussion. In Figure S4 in the Supporting Information,
simulated PES for the global minimum structures at PBEOQ,
B3LYP, and CAM-B3LYP functionals compared with meas-
ured spectra also are provided. It can be obviously observed
that the PES of the global minimum structures at the three
functionals are supremely similar and in agreement with the
experimental ones. For n = 17, two small peaks are detected in
the simulated spectra by all three functionals, which confirms
our above point of view that it is possibly due to the burying of
the two low-intensity peaks in previous measurements. Apart
from these, additional PES for the global and local minimum
structures (Figure SS) and their peaks’ values (Table S1) are
provided for the PBEO functional. It can be obviously observed
that the simulated PES of the local minimum structures are in
disagreement with those of the global structures, especially
with the measured spectra at n = 15—17. Therefore, the
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Figure 7. Infrared and Raman spectra for the ground-state structures of dianionic ZrSn,”” (n = 4—17) species.

simulated spectra are in satisfactory accordance with the
experimental PES, which signifies that the current ground-state
structures are the dominant species in the experiments; we
hope that our theoretical simulations will provide useful
information for further experimental research.

In Figures S, 6, and 7, the simulated infrared and Raman
spectra, which can be used to provide the spectral information
including frequencies and intensities, as well as the vibrational
modes of architectures of the neutral, anionic, and dianionic
lowest-energy ZrSn,” >~ (n = 4—17) clusters, are presented.
The gray arrows not only present the vibrational displacement
direction for each atom, but their proportion of length also
presents the proportion of vibrational displacement of each
atom. The frequencies and modes of the three species are
summarized in Tables S2—S4. In terms of neutral N4, the
highest intense infrared and Raman vibrational frequency is,
respectively, located at 82 cm™" with bending mode and at 254
cm™ with stretching mode between the Zr atom and Sn-
triangle framework along the main axis. For anion, the in-place
rocking mode located at 96 cm™' belongs to A4 with the
highest intense infrared frequency, and the symmetric
stretching mode located at 137 cm™" belongs to A4 with the
strongest Raman frequency. For the D4 cluster, among the
vibrational modes of the highest intense infrared active, the
rocking mode is located at 129 cm™. For Raman frequency,
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the stretching mode is located at 136 cm™’, perpendicular to
the distorted Sn,-rhombus. For n = 5, the strongest infrared
and Raman peaks of N5 are both situated at 211 cm™’, and so
are those of D5 both at 219 cm™, all belonging to the
stretching mode between the Zr atom and Sng framework
along the main axis. The most prominent infrared peak of AS
spectra at 104 cm™" belongs to the stretching mode for the
entire framework along the main axis, and the strongest Raman
peak situated at 214 cm ™' belongs to the stretching modes of
the Zr to Sng framework in accordance with those of NS or
DS. The strongest peak in the infrared spectra of N6 species at
185 cm™! belongs to deformation vibration, and that in the
Raman spectra of the N6 species at 218 cm™' belongs to
stretching vibration. In A6 spectra, the strongest peak with
infrared active is situated at 117 cm™" with stretching vibration
for the entire framework, and that with Raman active is
situated at 206 cm™" with the stretching mode of the Zr atom
to Sng framework, respectively. One dominant frequency in
both infrared and Raman spectra of the D6 species can be seen
at 115 cm™" with stretching vibration for the entire framework.
For N7, the vibrational mode at 181 cm™! with infrared active
is wagging vibration, and that at 173 cm™! with Raman active is
twisting vibration. The most dominant infrared vibrational
wave of A7 and D7 is, respectively, located at 111 cm™ with
scissoring vibration and at 140 cm™' with asymmetric
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Figure 8. TDOS and PDOS curves of the most stable neutral, anionic, and dianionic ZrSn,

(n=4-17) species.

stretching vibration, and the most dominant Raman vibrational
frequency of both A7 and D7 is in stretching vibration between
the Zr atom and Sn; framework, respectively situated at 183
cm ! and 185 cm™. For N8, the strongest peak in the infrared
spectra is at 67 cm ™, resulted from the asymmetric stretching
vibration, and that in the Raman spectra of N8 is at 169 cm™’,
resulted from the stretching vibration between the Zr atom and
Sng framework, which is in accordance with the vibrational
mode in the Raman spectra of D8 at 176 cm™'. The most
dominant infrared vibrational wave of A8 located at 205 cm™!
is the twisting vibration of the Zr atom parallel to the Sng
framework, which is in accordance with the vibrational mode
in the infrared spectra of D8 at 212 cm™". The most dominant
Raman vibrational frequency of A8 at 121 cm™' is the
symmetric stretching vibration of the Sng framework. For N9,
the vibration mode at the highest frequency of 215 cm™" with
infrared active is the twisting mode of the Zr atom parallel to
the Sny framework, which is in accordance with the vibrational
mode of A9 with the most intense Raman active at 220 cm™*
and the vibrational mode of D9 with the most intense infrared
active at 231 cm™'. The strongest peak of N9 with Raman
active is located at 162 cm™' with the stretching vibration
between the Zr atom and Sny framework. The strongest peak
of A9 with infrared active is located at 65 cm™ for the
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asymmetric stretching vibration of the Sny framework and the
strongest peak of D9 with Raman active is located at 146 cm™
for the symmetric stretching vibration of the Sny framework.
For N10, A10, and D10, the vibration mode at the highest
frequency with infrared active is the twisting mode of the Zr
atom parallel to the Sn,, framework, located at 205, 241, and
229 cm™!, respectively. The strongest wave situated at 141
cm ™' of N10 and at 144 cm™" of D10 is the breathing vibration
for the Sny, framework at Raman vibration. For A10, the
vibration mode at the highest frequency of 192 cm™ with
Raman active is the stretching mode between the Zr atom and
Sn;, framework.

All neutral, anionic, and dianionic species of ZrSn,
= 11—17) can be summarized as follows: their most intense
vibration modes with infrared active result from the
deformation mode of the Zr atom in the Sn cage framework
(the cage framework rarely moves). The most intense vibration
modes of ZrSn,”’~/*~ (n = 11—17) with Raman spectra result
from the breathing mode of the Sn cage framework (the Zr
atom rarely moves). The most intense vibration modes with
the infrared spectra of N11 to N17 are located at 237, 205,
194, 181, 186, 188, and 184 cm™, respectively, and the most
intense vibration modes in Raman spectra are situated at 138,
135, 138, 130, 125, 126, and 122 cm™}, respectively. As for

0/—/2— (n
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Table 2. NPA Valence Configurations and Magnetic Moment of Zr Atoms (in p) Calculated for the Most Stable Neutral,

Anionic, and Dianionic ZrSn,,o/ /2= (n = 4—17) Species

magnetic moment of Zr atom

species electron configuration charge (eV) Ss
N4 [core]5s"9944321 502854002 -0.16
NS [core]5s™66443 4504254004 —-0.33 0.04
N6 [core]5s7564435850485,4003 —0.62
N7 [core]5s"30443905 50525 4004 —0.63
N8 [core]5s"4944*135p0855,4006 —-1.50 0.01
N9 [core]5s™4644*685p11554007 -2.33 0.02
N10 [core]5s%46445265p1-5654008 —-3.34 0.02
N11 [core]5s"47445955p221 54007 —4.79
NI12 [core]5s™43445905 1 8354008 -3.93
N13 [core] 557434456551 7454008 -3.89
N14 [core]5s"47445125p1 975409 —4.68
N15 [core] 5548440451705 4007 —4.37
N16 [core] 557304451251 685,4007 —4.36
N17 [core]5s™30445845p13054007 —3.70
A4 [core]5s760443405p0435,40.03 —0.43 0.02
AS [core]5s"7044> 405051 54002 —0.62 0.00
A6 [core]5s*744>425p%5254005 —-0.61 0.01
A7 [core]5s"48443885p075540.06 —1.14 0.01
A8 [core]5s™4944*345p" 8654006 —-1.68 0.00
A9 [core]5s"#144*25p12354008 -2.38 0.01
A10 [core]5s™43445305p1 6854009 —3.49 0.01
All [core] 554444598 5p>0754010 —4.58 0.00
Al12 [core]5s"# 4455351995409 -3.71 0.00
A13 [core]5s™#44>565p1 6054008 —3.64 0.00
Al4 [core]5s"45445%65p1 8254008 —4.30 0.00
AlS [core]5s"47445%35p1 735400 —431 0.00
Al16 [core]5s"48448055p1535,40.10 —4.15 0.00
A17 [core]5s™48445025 14554009 —4.03 0.00
D4 [core]5s"82443105" 8154004 -0.79 0.36
D5 [core]5s% 684> 645063500% -0.97
D6 [core]5s%73443305"805 4006 —0.88 0.27
D7 [core]5s™4444*015,0805 4006 —-1.28
D8 [core]5s™#244**75p" 9854006 -1.70
D9 [core] 5538444735131 54008 —2.47
D10 [core]5s"42445285p1 6254010 —3.40
D11 [core] 5503644521 5p14254008 -3.06
D12 [core] 55738445465 15354008 —3.45
D13 [core]5s™4044>925p1 7654008 —4.16
D14 [core]5s"42445%15p1 6854008 —4.08
D15 [core]5s™#444>%45p1754008 —4.03
D16 [core]5s"464458051305 4008 -3.63
D17 [core]5s"474d>935p! 35409 —-3.81

4d Sp Sd total molecule (ug)

1.20 0.02 0.01 1.27 2
0.68 0.09 0.00 0.78

0.62 0.12 0.01 0.77

0.68 0.13 0.03 0.86

0.79 0.03 0.01 0.85 1
0.82 0.01 0.01 0.84 1
0.86 0.01 0.01 0.89 1
0.50 0.03 0.00 0.54 1
—-0.05 0.07 0.00 0.02 1
0.29 0.07 0.00 0.37 1
0.34 0.06 0.01 0.42 1
0.30 0.01 0.04 0.35 1
0.25 0.01 0.01 0.27 1
0.08 0.00 0.00 0.08 1
0.17 0.00 0.00 0.17 1
0.21 0.01 0.02 0.24 1
0.22 0.01 0.03 0.26 1
0.17 0.01 0.01 0.19 1
1.02 0.39 0.01 1.80 2
1.36 0.24 0.02 1.89 2

anion, the most intense vibration modes of All to Al7,
respectively, are situated at 243, 204, 194, 200, 184, 185, and
185 cm™' with infrared spectra, respectively. Their most
intense vibration modes are situated at 140, 138, 141, 130, 130,
125, and 120 cm™' in the Raman spectra, respectively. In the
case of dianion, the most intense vibration modes of D11 to
D17, respectively, are observed at 206, 200, 221, 192, 198, 187,
and 189 cm™' with infrared spectra. Their most intense
vibration modes are located at 140, 137, 135, 134, 130, 123,
and 121 cm™ in the Raman spectra, respectively.

The neutral, anionic, and dianionic ZrSn,” />~ (n = 4—17)
species reflect various waves of spectra from infrared and
Raman under the impact of architectural altering.t According
to infrared analysis, it is learnt that in unsealed ZrSn,% "> (n
= 4—10) frameworks, the strongest peaks favor the stretching
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mode of Zr to Sn frameworks or bending mode of Zr—Sn
bonds. Encapsulated ZrSn,” />~ (n = 11—17) configurations
show the degenerated deformation mode of Zr atom wagging
in the Sn cage framework (the cage framework rarely moves).
With Raman actives, for unsealed ZrSn,” />~ (n = 4—10)
frameworks, the stretching mode of Zr to Sn frameworks or
bending mode of Zr—Sn bonds also favors the strongest peaks.
It is the breathing mode of the Sn cage framework (the Zr
atom rarely moves) for encapsulated ZrSn,” />~ (n = 11-17)
configurations. As far as it can be observed, particularly for
anions, there are multiple absorptions at the beginning, but
they generally have fewer or only one strong peak upon
structural growth. The strongest peaks of the infrared and
Raman spectra are red-shifted from # = 11 to 17. One benefit is
that these ZrSn,” >~ (n = 4—17) species may be advanta-
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geous for far-infrared sensing devices because these vibration
waves are presented in the infrared range of these clusters in
the 400—10 cm™" far-infrared region.

3.3. Electronic Properties: DOS, NPA, and Charge
Transfer. In order to analyze the electronic configuration
information on the ZrSn,” /%~ (n = 4—17) clusters, the TDOS
of neutral, anionic and dianionic clusters, and PDOS were
calculated, which could yield some important information like
the contributions of atoms or fragments of molecules, and the
interactions in the orbital. The DOS of valence shell molecule
orbits is depicted in Figure 8. The Gaussian function with a
fwhm of 0.30 eV was used for broadening the molecular orbital
energies to yield the DOS curves. As for neutral and anionic
ZrSn,%~ clusters, when n = 4—10, the molecular orbits are
dominantly contributed from the p electrons of the host of Sn,,
skeletons near the highest occupied molecular orbital
(HOMO), while the contributions of the s electrons of Sn,
and the d electrons of Zr atom are relatively less. But when n =
11—17, in addition to the above electrons, the molecular orbits
are also obviously contributed from the p electrons of the Zr
atom. The molecular orbits obviously comprise the contribu-
tion of the p electrons of Zr atom for dianionic clusters, which
happens when n = 4—12 and when n = 13—17. The boundary
is consistent with the geometry evolution for the transition
between exo- and endohedral patterns. Their overlapping
indicates that spd hybridization is a dominant contribution to
formatting the molecular orbits. From Figure S6, it can be
observed that there is a distinct profile difference between a-
TDOS and B-TDOS, illustrating that the spin polarization is
extremely significant.

Apart from that, NPA was further done to comprehend the
interaction between the Zr atom and the Sn, skeletons,
including the valence electronic shell configurations (Ss, 4d,
Sp, and Sd state) on the Zr atom and total magnetic moments
of Zr atom and clusters, listed in Table 2. The results of NPA
indicate that the valence electronic configuration of the Zr
atom of the ZrSn,” />~ (n = 4-17) clusters is
5503670824 43106124 ,028-221540.02-0.10 The valence electronic
configuration of the Zr atom indicated that the s, p, and d
orbits have got or lost some charge. Aside from the PDOS in
Figure 8, the TDOS profile is composed of the PDOS
including s, p, and d orbits, which reflects the contributions of
the fragments. The two approaches confirm that the valence
orbits of Zr atoms constitute spd hybrid orbits in the clusters,
matching with the DOS analysis. The interaction between
these hybrid orbits and the valence orbits of the Sn atoms
results in the clusters remaining in a stable state.

Furthermore, charge transfer was investigated for the
bonding interaction between the Zr atom and the host of
the tin clusters; its alteration for ZrSn,” /2~ (n = 4—17)
clusters actually correlates with the geometric evolution, as
shown in Figure 9. The charge transfer chart indicates that Zr
atoms always serve as electron acceptors in clusters. It can be
seen from the figure that the variation tendencies of charge
transfer in neutral, anionic, and dianionic clusters are
consistent in total, except for ZrSn;;*~ and ZrSn;,*”. When n
= 4 to 7, the charge transfer increases slowly from the Sn,
framework to the Zr atom ranged from —0.16 to —1.28 €V,
suggesting that the characteristics of bonding between Zr and
tin nanoalloys may be mixed with ionic bonds and covalent
bonds. Starting from n = 7, the charge transfer increases
considerably, ranging from —1.50 to —4.79 eV from tin clusters
to Zr atoms along with the increment of the number of Sn

3685

—@—2Zr atom of ZrSn,,
—@—Zr atom of ZrSn

—@—2r atom of ZrSn, >
—

(%]
1

H
1

w
1

N
1

=
1

o
1

T T T T T T T T T T T T T
7 8 9 10 11 12 13 14 15 16 17
Number of Sn atom (n)

Charge Transfer on Zr Atom (eV)

Figure 9. Size dependences of charge transfer on the Zr atom (eV) for
the most stable neutral, anionic, and dianionic ZrSn,% >~ (n = 4—
17) species.

atoms, suggesting that the characteristics of bonding between
Zr and tin nanoalloys may be mixed with ionic bonds and
covalent bonds. Until reaching the maximum charge transfer
(about 4 eV) at n = 11 for neutral and anion, as well as at n =
13 for dianion, the nature of the bonding between Zr atoms
and tin nanoalloys is metallic bonds. The charge transfer from
tin cage frameworks to Zr atoms is maintained at —3.63 to
—4.68 eV. As a result, the electronic structure and properties
indicate that the interaction between the Zr atom and Sn,
frameworks of capsulated compounds has been developing
stronger than for unsealed compounds following the geo-
metrical evolution.

3.4. Thermodynamic and Chemical Stability. The
relative stability of ZrSn,” 7>~ (n = 4—17) species, including
dissociation energy (DE), second energy difference (A’E), and
energy difference between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) (i.e., the HOMO-LUMO gap) (E,,), was
investigated to apprehend the cooperation effect of the
geometric and electronic structural factors of the three species,
as depicted in Figure 10.

The DE values were determined from the equations for the
Zr atom and tin skeleton bonding stability, which are the
following

Epp(ZrSn,) = E(Zr) + E(Sn,) — E(ZrSn,,) (3)
Epg(ZrSn,”) = E(Zr) + E(Sn,”) — E(ZtSn,") (4)
Epp(ZrSn,*”) = E(Zr) + E(Sn,>”) — E(ZrSn,*") (3)

where E(Zr), E(Sn,,), E(Sn,”), E(Sn,>”), E(ZrSn,), E(ZrSn,”),
and E(ZrSn,>”) present the total energies of the respective
atom or species. As plotted in Figure 10a, the DE curves of the
three species all have a rising tendency due to the Zr atom
being connected with more Sn atoms, while the three species
interestingly race each other. The maximum DE values of
neutral, anion and dianion types are situated at n = 16, 16, and
15, respectively. This indicates that neutral ZrSns anionic
ZrSn,s~, and dianionic ZrSn;;*>~ have the best enhancement
stability effect on doping Zr atoms into tin clusters. Among all
of them, N16 has the best inherent stability.
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Figure 10. Size dependences of (a) DE; (b) A’E; and (c) E
most stable neutral, anionic, and dianionic ZrSn,” /%~ (n
species.

The A’E, which versus the corresponding cluster size is
plotted in Figure 10b, is associated with its two directly
adjacent ones, conventionally calculated as follows

NE(ZrSn,) = E(ZrSn,_,) + E(ZrSn, ;) — 2E(ZrSn,)
(6)
NE(ZrSn,”) = E(ZtSn,_,”) + E(ZtSn, ")
— 2E(ZrSn,") (7)
AZE(ZrSnnZ_) = E(ZrSnn_lz_) + E(ZrSnnHz_)
— ZE(ZrSnnZ_) (8)

It can be found that five remarkable peaks appear for the
neutral type at n =6, 9, 11, 13 and 16, and for the anion type at
n =8, 10, 12, 14 and 16; for the dianion type, the peaks appear
at n = 8, 11, and 14. Among all of them, N16 has the best
relative stability.
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E

cp 18 an important physical parameter, larger values of
which indicate better photochemical stability. Baerends et al.*
expounded that the E,, calculated via pure DFT numerically
fits the real optical gap instead of hybrid DFT. It is based on
the fact that the energies of HOMO and LUMO predicted by
Kohn—Sham molecular orbital approximations go through a
similar quantity upshift as a whole, while Hartree—Fock (HF)
functional moves the LUMO up to much higher energy levels
than the HOMO. Therefore, PBE functional was engaged to
evaluate the Eg,, of the ZrSn,” />~ (n = 4—17) species. As can
be seen in Figure 10c, the E, of the ZrSn,% ">~ (n = 4—17)
species is assessed at PBE functional. The Eg, curves of
neutral, anionic, and dianionic types range from 0.61 to 1.54
eV, from 0.10 to 1.11 eV, and from 0.12 to 1.49 eV,
respectively. The neutral, anionic, and dianionic type denotes
local maximum values located at n = 10, 13, and 16, n = S, 7,
10, 12, and 14, and n = §, 11, and 14. Among all of them, N16
has the best chemical stability, at 1.54 eV, which matches with
the experimental value (1.64 eV) of Nakajima et al.>” From all
of these, it can be concluded that the neutral ZrSn,4 nanoscale
compound possesses both thermodynamic and chemical
stability.

3.5. Neutral ZrSn,; Nanoscale Compound: MO
Analysis and UV—Vis Spectra. MO analysis was performed
to further study the chemical bonding nature of the neutral
ZrSn,4 compounds, which possess outstanding stability. Based
on the foundation of the spherical jellium model, the 68 magic
number valence electron shell model of ZrSn4 is
[1S1PS1D"1F*28*1G'*2P°1G*2D'"], resulting in the most
stable geometrical and electronic configuration with high T
symmetry, as shown in Figure 11.
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Figure 11. MOs maps and energy levels of the highest and higher
occupied molecular orbital of the neutral ZrSn,s compound.

The UV—vis spectra were simulated to further comprehend
the optical properties of ZrSn,4 clusters. The 120 excited states
were calculated to satisfy the accuracy and sufficiency of
excited states of the object of study via LANL2TZ and aug-cc—
PVTZ-PP basis sets for Zr atom and Sn atoms, respectively, at
time-dependent DFT (TDDFT) with PBE functional. With a
fwhm value of 0.20 eV, the discrete lines corresponding to each
transition mode (absorption peaks) are broadened. The
oscillator strength is represented by the gray straight lin, and
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the transition strength is interpreted by the height of the line.
From Figure 12, the underlying characteristic of the total UV—
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Figure 12. Calculated UV—vis spectrum of the neutral ZrSn)q
compound; solid curves and lines represent the absorption spectra
and oscillator strength, respectively.

vis spectrum (black curve) of ZrSn;¢ neutral is very clear,
which produces four absorption bands, including three
strongest absorption peaks positioned at 391, 423, 465, and
569 nm in the visible region respectively, and one positioned at
734 nm in the near-infrared region. The first absorption band
is from 360 to 403 nm. The first peak is at 391 nm. The second
peak is at 423 nm and its absorption band is from 403 to 450
nm. The third absorption band, with the strongest peak at 465
nm, is from 450 to 517 nm. The fourth absorption band having
the range of 517—639 nm has the most intense peak at 569
nm. The firth absorption band, with the strongest peak at 734
nm, is from 639 to 869 nm. The summit of 391 nm is
composed of S, = S;;¢ transitions with the contribution of
96.17%. The summit of 423 nm has two parts composed of S,
— Sip0 and Sy — Sy, transitions with contributions of 72.94
and 22.29%, respectively. The peak of 465 nm is composed of
three sections, Sy = Ss¢, Sy = S¢p and Sy — S, transitions
with contributions of 71.04, 13.61, and 9.69%, respectively.
The summit of 569 nm is made of S; — S, transition with the
contribution of 98.35%. The last peak of 734 nm is attributed
to the two transitions of S, — S, and S, — S, with
contributive rates 79.01 and 20.99%. In addition to the infrared
region, the visible-light belt (380—700 nm) accounts for
78.31% of the total area and can be excited by natural light,
especially with solar energy as the photocatalyst. At the same
time, UV—vis spectra were calculated using TDDFT with PBE,
PBEO, B3LYP, and CAM-B3LYP functionals, in order to
analyze the transitions in 120 excited states, which are enough
to describe the characteristics. Figure S7 shows that the
strongest absorption bands are situated in the near-ultraviolet
regions. Meanwhile, the other three peaks are positioned in the
visible-light region. In other words, the ultraviolet—visible
spectra formed by the four functionals are very similar to each
other. The FK-cage polyhedral ZrSn 4 with high T,; symmetry
can be further explored as a possible optoelectronic material to
be potentially used in optoelectronic devices or solar energy
converters.

4. CONCLUSIONS

The global minimal architectures of ZrSn,” />~ (n = 4—17)
nanoscale compounds were investigated by performing the

ABCluster global search approach coupled with PBEO, B3LYP,
and CAM-B3LYP functionals. Regarding the architectural
growth pattern of the neutral, anion, and dianion species, the
ZrSn,” > (n = 4—17) compounds possess two different
stages of adsorption pattern. When n = 4—7, the ZrSn,” />~
cluster as the basic unit adsorbs Sn atoms to be the larger
cluster, and when n = 8—17, the ZrSnso/ /2= (luster as the
basic unit adsorbs Sn atoms one by one. Among these, at n =
8—10 for the neutral and anion species, as well as at n = 8—11
for the dianionic species, the compounds belong to semi-
encapsulated structures. That is to say, and up to ZrSn;;”~ and
ZrSn 3>~ compounds, the Zr atoms are completely encircled in
the tin clusters. The simulated PES including ZrSn;s~ and
ZrSnys~ are in excellent agreement with the available
experimental ones, as well as ZrSn;,” agrees partially with
the experimental ones, which signifies that the current ground-
state structures are the dominant species in the performed
experiments. According to infrared and Raman analysis, it was
learnt that for unsealed ZrSn,” />~ (n = 4—10) frameworks,
the strongest peaks favor the stretching mode of Zr to Sn
frameworks or bending mode of Zr—Sn bonds. The
encapsulated ZrSn,” >~ (n = 11—17) configurations
generated a deformation mode of Zr atom wagging in the Sn
cage framework (the cage framework rarely moves) with
infrared actives and a breathing mode of the Sn cage
framework (the Zr atom rarely moves) with Raman actives.
The results of electronic structure and properties indicate that
the interaction between the Zr atom and Sn, frameworks of
capsulated compounds develops stronger than for the unsealed
compounds following the geometrical evolution. The analysis
of thermodynamic and chemical stability showed that the
neutral ZrSn;s nanoscale compound possesses the most
preferable stability. Furthermore, the results of MOs analysis
and UV—vis spectrum showed that the neutral ZrSnq
nanoscale compound possesses preferable optoelectronic
properties to be potentially used in optoelectronic devices or
solar energy converters as the best building block motif for new
multipurpose nanoscale materials.
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DFT, density functional theory; ABCluster, artificial bee
colony algorithm for cluster; PES, photoelectron spectra;
DOS, density of states; TDOS, total density of states; PDOS,
partial density of states; NPA, natural population analysis;
MOs, molecular orbital shell; UV—vis spectrum, ultraviolet—
visible absorption spectrum; VDE, vertical detachment energy;
AEA, adiabatic electron affinity; fwhm, full width at half-
maximum; HOMO, highest occupied molecular orbital; DE,
dissociation energy; A’E, second energy difference; Egapr
energy difference between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) (ie, the HOMO—LUMO gap); HF, Hartree—Fock
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