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The core—shell structure significantly impacts multiple material properties, yet systematic investigations
into the enhancement of third-order nonlinear optical properties in metal-encapsulated clusters are still
lacking. This paper explores the influence of the core-shell structure on enhancing the third-order
nonlinear optical (NLO) properties of materials, focusing on the M@Sne?~ series compounds.
By employing theoretical calculations and excited-state analysis, it is revealed that the introduction of a
core—shell structure effectively improves the third-order NLO performance, with specific metals as the

core demonstrating superior NLO responses due to enhanced electron transfer pathways and three-
4—
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Accepted 9th October 2025 dimensional aromaticity. Notably, Pd@Sng"~ exhibits a superior third-order nonlinear optical response,
which is an order of magnitude greater than that of Sne*~. These findings offer a theoretical basis for

optimizing third-order NLO performance in inorganic cluster systems, with potential implications for
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Introduction

Nonlinear optics has progressively emerged since the advent of
laser technology and has become one of the most dynamic
research areas in modern science.? Initially, research primar-
ily concentrated on the second-order nonlinear optical proper-
ties of crystals. A diverse range of materials, including both
organic and inorganic compounds, have found widespread
application.>® Furthermore, with rapid advancements in opti-
cal research, third-order nonlinear optical materials have gra-
dually gained prominence, demonstrating broad application
prospects in optical switches, optical limiting, ultrafast photo-
nics, and other fields.”**

The core-shell structure exerts a significant influence on
multiple properties of materials, including photocatalysis,
thermal catalysis, and optical characteristics."®"* In particular,
the incorporation of the core-shell structure plays a crucial role
in enhancing third-order nonlinear optical responses. Wang
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advanced optical materials development.

Jun’s research group utilized a one-step solvothermal method
to synthesize MoS,/CNT nanocomposite materials with a core-
shell structure. Studies have shown that the third-order non-
linear optical properties of the composites are significantly
enhanced compared to those of pure MoS, or carbon
nanotubes.'® In Zhuw’s work,'® the core-shell structure was
successfully implemented to enhance the optical limiting effect
of metal-oxygen clusters through a combination of theoretical
and experimental approaches. This study demonstrated that the
core-shell structure serves as an effective strategy for improving
the optical properties. Breakthroughs have been achieved
recently in the experimental synthesis of endohedral all-metal
clusters. The research group led by Zhongming Sun has suc-
cessfully synthesized a series of transition-metal-embedded
plumbaspherenes and stannaspherenes. In collaboration with
theoretical chemists, they have conducted in-depth investiga-
tions into the stabilization mechanisms and formation path-
ways of these novel compounds.’®™® In 2023, a significant
milestone was reached with the successful synthesis®® of the
first all-metal fullerene cluster [K@Au;,Sb,]> . Remarkable
progress has been made in the study of main-group Zintl ion
clusters, where d- or f-block metal atoms can be encapsulated
within cage-like structures composed of p-block (semi)metals.>"**
However, systematic investigations into the structure-property
relationships regarding the enhancement of third-order nonlinear
optical properties through the core-shell structure in metal-
encapsulated clusters are still lacking.
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Zintl phase compounds have garnered significant attention
due to their unique electronic structure and physical-chemical
properties.>*** These compounds typically consist of metal
cations and complex nonmetallic anions, exhibiting diverse
structural and performance characteristics.>>*® Recently,
M@Sn,*~ series compounds with a core-shell structure have
been synthesized by incorporating transition metal elements
into Zintl phases, thereby expanding their potential applica-
tions. These compounds not only retain the inherent stability
of Zintl phases but also modulate the electronic structure
through the introduction of central atoms, thus showing pro-
mising application value in catalysis, photoelectric conversion,
and other fields.”””® In this work, we aim to thoroughly
investigate structure optimization, third-order NLO performance
calculation, excited-state analysis, and aromaticity analysis of
M@®@Sn," "~ series compounds, providing a theoretical foundation
for optimizing their third-order nonlinear optical performance
and expanding their applications.

Computational details

All the calculations were performed using Gaussian 16.>°
Geometry optimization, third-order NLO properties, and excita-
tion energy calculation were realized by DFT and time-dependent
DFT (TD-DFT). The geometry optimizations and analysis of
nucleus independent chemical shift (NICS),>**' iso chemical
shielding surface (ICSS),**** and adaptive natural density parti-
tioning (AANDP)** were performed using the Perdew-Burke-
Ernzerhof (PBE0)* functional and def2SVP***” basis sets with
D3 dispersion correction of Grimme.*® The static third-order
nonlinear polarizability calculations were performed using the
CAM-B3LYP*® functional and def2SVPD*® basis sets with D3
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dispersion correction of Grimme. The excited-state calculations
were performed using the cam-B3LYP functional and def2SVP
basis sets with D3 dispersion correction of Grimme. The
frequency-dependent NLO hyperpolarizabilities were calculated
by the Coupled Perturbed Kohn-Sham (CPKS)*® method. To gain
a deeper understanding of the wave function, Multiwfn 3.8(dev)-
code*" and VMD software*” were used to analyze the electronic
structures, hyperpolarizability, excitation characteristics, and
aromaticity.

Results and discussion
Electronic structure analysis

Zint] anions react with organic halides or organometallic com-
plexes to form inter-metalloid and heterometallic clusters,
driven by their unique electronic structures and potential
applications. Binary inter-metalloid clusters of group 14 elements
are synthesized by treating Zintl phases with organometallic
complexes, yielding deltahedral or non-deltahedral structures.
Deltahedral clusters, resembling boranes, are rationalized using
Wade-Mingos rules and include 9-vertex cages™ like M@Sno"~
To investigate the core-shell structure of M@Sny*~
pounds on the third-order nonlinear optical properties in detail,
we constructed a series of M@Sn,"~ series compounds with
different cores based on the experimental Ni@Sno"~ structure.
The structure of M@Sn,"~ in Zintl compounds was investigated,
with a transition metal element selected as the central atom for
substitution (Fig. 1a). Through structural optimization, nine
closed-shell stable configurations were obtained (M = Ti, Fe, Ni,
Zr, Ru, Pd, Hf, Os, and Pt), and it was observed that the point
groups of these structures changed post-optimization (Fig. 1c
and Table S1). The Ni@Sny*~, Pd@Sn,* ", and Pt@Sn,"*~ induce
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(a) The structure of M@Sng*~
shell and the nine M@Sny*~

Fig. 1
values of the Sng*~
M@Sno*~ structures.
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(M =Ti, Fe, Ni, Zr, Ru, Pd, Hf, Os, and Pt) in Zintl compounds. (b) The HOMO, LUMO, and HOMO-LUMO energy gap
structures. (c) The configurations, HOMO, LUMO, and point groups of the Sng*~

shell and the nine
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a transformation from the original Cy, configuration of Sn@Sny*~
to a higher-symmetry D;;, configuration, while Fe@Sn," ™ retains
the C,, configuration of Sny*~. Meanwhile, the symmetry of other
structural configurations is reduced. In Fig. 1b and c, the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) of the Sny*~ shell and the nine
M@Sn,"~ structures are illustrated,*’ along with the calculated
HOMO-LUMO gap which serves as a preliminary indicator for the
electronic excitation energy. It has been observed that clusters
with a small HOMO-LUMO energy gap possess good third-order
NLO properties,**™*” thus tuning this gap is also a strategy we have
focused on. From Fig. 1b, it is evident that the introduction of the
central atom significantly affects the frontier molecular orbitals of
M@®@Sns* ", leading to varying degrees of decrease in both HOMO
and LUMO energies, with a more pronounced effect on the
LUMO. Comparative analysis reveals that except for Ni@Sny"' ™,
all M@Sn,"~ clusters exhibit reduced energy gaps relative to the
Sne"~ cluster. Notably, the most significant reduction is observed
in Os@Sny*~, which demonstrates a remarkably narrow energy
gap of 1.90 eV. Table 1 lists the natural population analysis (NPA)
charges for ten structures, including the net charge of the central
atom M, the range of net charge variation for the shell atoms Sn,
and the difference in charge variation. Notably, the introduced
central atom can function either as positive or negative charge
centers. For instance, the central atom in Ti@Sne'~ and
Hf@Sn,"~ exhibits positive charge center behavior (0.19, 0.18),
whereas the others in Pd@Sny*~ and Pt@Sn,"~ serve as negative
charge centers (—1.13, —1.29). This phenomenon may be attrib-
uted to differences in electronegativity. Ti, Zr, and Hf tend
to lose electrons more readily compared to Sn, while Ru, Os,
Pd, and Pt gain electrons from Sn more easily (Fig. S1). These
findings highlight the significant influence of central metal
atoms on the structural symmetry, electronic properties, and
charge distribution of M@Sny*~ clusters, providing a founda-
tion for further exploration of their third-order nonlinear
optical responses and the design of advanced functional
materials.

Third-order nonlinear optical properties

It was found that the introduction of a core-shell structure in
an inorganic-organic cluster system effectively improved the
third-order nonlinear optical properties of compounds in the

Table 1 The NPA charges for the Sng*~ shell and the nine M@Sng*~
structures. 4 charge (Sn) refers to the charge difference (max—min) among
the Sn atoms

Net charge (M) Net charge (Sn) A charge (Sn)

Sny*~ — —0.57 to —0.37 0.20
Ti@Sne*~ 0.19 —0.74 to —0.35 0.39
Zr@Sny*~ —0.16 —0.67 to —0.29 0.38
Hf@Sny"*~ 0.18 —0.73 to —0.32 0.41
Fe@Sny* ™~ —0.18 —0.55 to —0.37 0.18
Ru@Sny*~ —0.67 —0.46 to —0.32 0.14
Os@Sny* ™ —0.72 —0.45 to —0.28 0.17
Ni@Sne*~ —0.16 —0.40 to —0.49 0.09
Pd@Sny*~ -1.13 —0.42 to —0.27 0.15
Pt@Sne*~ —1.29 —0.39 to —0.25 0.14

© 2025 The Author(s). Published by the Royal Society of Chemistry
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previous cooperation.'>"” Our research focuses on the influ-
ence of metal-metal interactions on third-order nonlinear
optical properties, with particular emphasis on metallic aro-
matic systems, which have demonstrated exceptional third-
order nonlinear optical performance.*® Our findings reveal that
cyclic Sn, clusters exhibit superior performance due to metallic
aromaticity compared to their linear and conical counterparts.
Herein, we place significant emphasis on investigating the
applicability of this phenomenon in purely inorganic cluster
systems. To further elucidate the relationship between core-
shell structures and third-order nonlinear optics, we employed
the coupled perturbed Kohn-Sham (CPKS) method to calculate
the static third-order nonlinear polarizability (y) for ten
structures.*® As illustrated in Fig. 2a, the introduction of a
central atom into the Sny*~ shell results in an increase in the
third-order nonlinear polarizability, indicating that the imple-
mentation of a core-shell structure in inorganic systems is
advantageous for enhancing third-order nonlinear optical prop-
erties. Notably, the third-order optical properties exhibit an
improving trend as the group number of the elements
increases. Table S2 compares the . values of Sny"~ (4.93 x
10°): Ni@Sne*~ (1.12 x 10°), Pd@Sn,*~ (1.17 x 10°), and
Pt@Sny*~ (9.74 x 10°) for the 10th group elements; Fe@Sny*~
(1.05 x 10°), Ru@Snys"*~ (8.66 x 10°), and Os@Sny"~ (7.94 x
10%) for the 8th group elements; and Ti@Sn,*~ (5.83 x 10°),
Zr@Sne"~ (6.49 x 10°), and Hf@Sny*~ (6.63 x 10°) for the 4th
group elements. These numerical results further demonstrate

CMicient y/y, ,

Static 77ll'rtl-nrtl"r NLO
NLO coe

(b)

1.50x10°

- 3.00

1.00x10° -

- 2.00

Energy gap/eV

500x10°4

Static Third-order NLO propertics y/a.u.

0.00 T T T T T T T T T T
Sn,*  Ti@Sn,* Zr@Sn,* Hf@Sn,* Fe@Sn," Ru@Sn,* Os@Sn,* Ni@Sn,* Pd@sn," Pt@sn,*

Fig. 2 (a) The static third-order nonlinear polarizability (y) for the Sno*~
shell and the nine M@Sne*~ structures. (b) The relationship between Egap
and third-order coefficient (pior).
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the correlation between the central metal atoms’ group number
and the enhancement of the third-order optical properties.

In the original inorganic-organic system, a smaller HOMO-
LUMO energy gap is often empirically associated with larger
third-order nonlinear optical coefficients, making energy gap
engineering a common strategy for enhancing performance.**™*
The denominator of the polarizability expression includes
excitation energy, which is related to the energy difference
between the two orbitals that dominate electron excitation.
Generally, a smaller E,,, indicates a smaller energy difference
between occupied and unoccupied orbitals, leading to lower
excitation energy and higher polarizability. In the case of the
M@Sn,"~ series Zintl structures, the correlation between the
HOMO-LUMO energy gap and the third-order polarizability (y)
is weak (Fig. 2b). This indicates that for these Zintl clusters,
other factors, such as structural symmetry and the specific
nature of the central metal atom, play a more dominant role in
determining their NLO performance than the HOMO-LUMO
gap alone. According to previous analyses, there is a strong
correlation between polarizability and the symmetry of the
structural point group. Structures with higher point group
symmetry (Dsp,), such as Ni@Sn,y*~, Pd@Sny* ", and Pt@Sny"~,
exhibit superior performance in third-order nonlinear optical
responses. These results demonstrate that the core-shell struc-
ture improves the third-order nonlinear optical response
of Sny*”. The enhancement of third-order nonlinear optical
properties in M@Sno"~ clusters is predominantly governed by
structural symmetry and the choice of central metal atoms,
rather than energy gap engineering, highlighting the unique
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potential of purely inorganic core-shell systems for advanced
optical applications.

Analysis of excited states

Electronic excitation research is a pivotal area within quantum
chemistry, encompassing the study of electronic transitions
between energy levels and the mechanisms by which these
transitions influence the properties of materials. Through the
analysis of the excited state properties of the structure, it is
observed that the introduction of the central atom generally
results in a redshift of the ultraviolet absorption wavelength
(Fig. 3a), which aligns with previous research findings.*®
Although the molar absorption coefficient of M@Sn,*~ com-
pounds is generally lower than that of Sny*~, PA@Sne”~ exhi-
bits the best third-order nonlinear optical response, along with
a more intense UV-Vis absorption profile than its analogues
(Fig. 3a). It is hypothesized that the presence of the central
atom may introduce an increased steric hindrance within the
shell structure, thereby impeding the penetration of ultraviolet
light and consequently reducing its absorption efficiency. This
phenomenon has been documented in the literature, where
bimetallic MOFs with different metal ions show enhanced
third-order NLO properties, but the UV absorption efficiency
remains unaffected due to steric hindrance.*’

We concentrate on PA@Sn,”* ", which exhibits superior third-
order performance compared to other M@Sn,"~ compounds.
By analyzing the orbital transitions between Sn,*~ and
Pd@Sny"~ (as illustrated in Fig. 3b-e), it is evident that sig-
nificant metal conjugation is involved in the electron transfer
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Fig. 3 (a) Normalized UV-vis absorption of the Sng?~ shell and the nine M@Snq*~
Sne*~. (c) Normalized UV-vis absorption and emission spectra of Pd@Sng*~
Pd@Sng*.
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process. It is important to distinguish between the first excited
state (S;), which defines the HOMO-LUMO energy gap (Egap),
and the states responsible for this intense absorption feature.
Our analysis focuses on the latter, as transitions with high
oscillator strength are major contributors to the nonlinear
optical response. Detailed orbital transition data are provided
in Tables S4 and S5. The characteristic peak of Sny*~ is located
at 186.89 nm, with a contribution of 40.19% attributed to the
excited state Sp-S;4;. Among the excited states contributing to
the characteristic peak, the predominant orbital transitions
include HOMO—2 (H-2) — LUMO+15 (L+15), HOMO—2
(H-2) —» LUMO+14 (L+14), HOMO—3 (H—3) — LUMO+15
(L+15), HOMO-3 (H—3) — LUMO+13 (L+13), HOMO—4
(H—4) —» LUMO+14 (L+14), and HOMO—4 (H—4) — LUMO+13
(L+13). Notably, the primary components of these orbitals are
p-orbitals, implying that the p-orbitals of Sn atoms are pre-
dominantly involved in the excitation process. The charac-
teristic peak of Pd@Sn,’~ is observed at 228.29 nm, with
contributions of 22.99% and 22.88% from the excited states
So-S144 and Sg-Sy43, respectively. In the case of PA@Sn," ™, the
dominant orbital transitions are H—1 — L+17, H—1 — L+16,
H—-10 — L+4, and H—10 — L+3, with Pd contributing to the
composition of the H—10, L+4, and L+3 orbital components.
In Pd@Sny* ", not only does the Sn shell participate in electron
transfer, but the Pd core also plays an important role, thereby
enriching the electron transfer pathways and enhancing the
third-order performance of the structure. The same phenom-
enon is observed in other M@Sn,*~ compounds.

To gain a deeper understanding of the molecular structure
and electron excitation modes, the electron-hole distribution
elucidates the conditions of electrons and holes corresponding
to different excited states (Fig. 4 and Table $6).*"**>" A higher
electron-hole overlap Sr (with an upper limit of 1.0) indicates
that the distribution characteristics of holes and electrons in

(a)
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(®)

Pd@Sns* core shell

heatmap

Hole  Electron Overlap | Hole  Electron  Overlap
I
{
- —
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So-S13s 19.41% 3221% 25.01% | 80.59% 67.79% 73.91%

So-S1a3 16.07% 41.83% 25.92% | 83.93% 58.17% 69.88% | *

So-Saa 16.10% 41.71% 2591% | 83.90% 58.29% 69.94%

So-S152 57.82% 23.13% | 90.74% 42.18% 61.87% |*

So-S1s3 58.17% 23.18% | 90.76% 41.83% 61.62% |°

Fig. 4 (a) The centers of electron—hole in Pd@Sne*~. (b) Composition of
electron—hole in Pd@Sne*~ core—shell structure.
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Pd@Sny"~ are nearly identical. Among the five primary excited
states corresponding to the characteristic peaks of Pd@Sns*~,
the values of Sr range from 0.815 a.u. (S¢—S;5,) to 0.870 a.u.
(So—S13s)- Conversely, a smaller hole-electron separation ¢
(significantly less than 0) suggests that the holes and electrons
in Pd@Sny"~ are not substantially separated. Across these five
primary excited states, the values of ¢ range from —2.016 A (So-
S138) to —1.532 A (So=S15,). Specifically, holes are predominantly
located in the Sny*~ shell region, while both the core and shell
contribute to the distribution of holes and electrons (Fig. S2).
Further interfragment charge transfer (IFCT) analysis (Table S7)
confirmed a bidirectional electron transfer between the Pd core
and the Sny*~ shell, involving both charge transfer (CT) and
local excitation (LE).*">* As a result of this transfer, the Pd core
acquires electrons from the Sny*~ shell. In summary, electronic
excitation research within quantum chemistry reveals that the
introduction of a central atom in M@8Sny*~ compounds influ-
ences the ultraviolet absorption properties, often resulting in a
redshift. Among these compounds, Pd@Sn,*~ exhibits superior
third-order nonlinear optical performance, with its electronic
transitions involving significant metal conjugation and contri-
butions from both the Sn shell and Pd core. Detailed orbital
transition analysis and electron-hole distribution studies elu-
cidate the complex electron transfer pathways and interaction
mechanisms, confirming bidirectional charge transfer between
the core and shell, thereby enriching the understanding of
electronic excitations in such structures.

Aromatic analysis

Nuclear independent chemical shift (NICS) is a widely used
measure of aromaticity,>*?" and the shielding value in aromatic
systems is usually positive, that is, NICS is negative. The ring
current generated in the conjugated rings in the aromatic
system generates an induced magnetic field, which shields
the external magnetic field to some extent. NICS(1),, refers to
the negative value of the shielding tensor component perpendi-
cular to the ring plane direction 1 A. NICS(1),, mainly measures
T aromaticity. By comparing the NICS values of each Sny*~ shell
and Pd@Sn,"~ in Fig. 5a and b, NICS(1),, are —65.88 ppm and
—137.50 ppm. This comparison reveals that the NICS(1),, value
becomes significantly more negative upon the introduction of
the central Pd atom, indicating that the Pd@Sno’~ system
possesses enhanced aromaticity compared to the Sny*~ shell.
This conclusion is also applicable to other M@Sny*~ systems
(Table S8). After the introduction of the central atom, the
surface of the increased central atom has a negative NICS value,
which increases the aromaticity of the whole structure.
Iso-chemical shielding surfaces (ICSS) is a method to study
NICS on a three-dimensional level, ICSS principle is the
same as NICS principle, and ICSS,, is equivalent to NICS,,
iso-surface.®**° The prominent green isosurface in Fig. 5b
indicates that there is a strong magnetic shielding effect in
the internal region of the structure, which enables the freely
moving 7 electrons to generate magnetic induction ring currents
within the structure that offset the external magnetic field, thus
further confirming the aromatics. Electron localization function

Mater. Adv., 2025, 6, 9043-9050 | 9047
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Fig. 5 (a) NICS(0) and NICS(1),, of the Sng*~ shell. (b) NICS(0) and NICS(1),, of Pd@Sng*~

the Sno*~ shell and Pd@Sng*.

(ELF) is shown in Fig. 5c, the more blue the color is, the better the
delocalization is.>*° It can be seen that the introduction of the
central atom enhances the delocalization of the electrons and
weakens the bond formation between Sn-Sn to a certain extent.
At the same time, adaptive natural density partitioning (AdNDP)
analysis (Table S9) found that the structural bonding changes
after the introduction of the central atom, the bonding modes are
more diverse and the dissociation is stronger.*® Moreover, in
Pd@Sn," ", more polycentric electronic bonds are formed between
Pd-Sn than Sn-Sn. In summary, the consistent enhancement of
aromaticity, as evidenced by NICS, ICSS, ELF, and AANDP ana-
lyses, is identified as a contributing factor conducive to improving
the third-order nonlinear optical response performance of the
M@Sn,"~ structure.

Conclusions

In summary, we have conducted a thorough investigation into
the structure optimization, calculation of third-order nonlinear
optical (NLO) performance, excited-state analysis, and aroma-
ticity analysis of the M@Sn,"~ series compounds. It has been
demonstrated that the core-shell structure represents an effec-
tive strategy for enhancing the third-order NLO properties of

ny"~ based compounds. By investigating the M@Sn," ™~ series,
we have shown that the enhancement of these properties is
predominantly governed by structural symmetry and the choice
of the central metal. Notably, Pd@Sny*~ exhibits a superior
third-order nonlinear optical response, which is an order of
magnitude greater than Sny*~, while simultaneously main-
taining a better UV-Vis spectral response compared to other

9048 | Mater. Adv., 2025, 6, 9043-9050

-83.40ppm
-96.95ppm

1496

.(c) ICSS and ICSS,, of the Sng*~ shell and Pd@Sny”~. (d) ELF of

M@Sn,' compounds. Furthermore, the introduction of the
central atom leads to a change in aromaticity, as evidenced
by the NICS values, which further supports the enhancement
of third-order nonlinear optical properties. These findings
provide a theoretical foundation for optimizing the third-
order nonlinear optical performance of inorganic cluster
systems and have potential implications for the development
of advanced optical materials.
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