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ABSTRACT

Bottom-up constructing all-metal functional materials is challenging, because the metal clusters are prone to lose their original
structures during coalensence. In this work, we report that closed-shell coinage metal superatoms can achieve direct chemical
bonding without losing their electronic properties. The reason is that the supermolecule formed by two superatoms has the same
number of bonding and anti-bonding supermolecular orbitals, in which the bonding orbitals contribute to bonding and the anti-
bonding orbitals with anti-phase orbitals delocalized over each monomer to maintain the individual geometric and electronic
structural properties. Further analysis indicates the interactions between two superatoms are too weak to break the structure of
monomers, which is confirmed by the first-principles molecular dynamics simulations. With these superatoms as the basic units,
a series of robust one-dimensional and two-dimensional nanostructures are fabricated. Our findings provide a general strategy to
take advantage of superatoms in regulating bonding compared to natural atoms, which paves the way for the bottom-up design

of materials with collective properties.
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1 Introduction

The coinage metal (CM) clusters are widely used to construct
functional materials and devices owing to the unique electronic
properties [1-6]. To ensure their structural integrity and assembly,
complex ligands are normally needed [7-13], because the pristine
CM clusters usually coalescence as bringing together [14-16].
However, the coating ligands will change the electronic structures
of pristine metal clusters and block active sites towards
applications, i.e., catalysis [17-21]. Therefore, there is an urgent
need to directly assemble clusters without ligands to preserve the
structure and properties of each cluster, which is the key for the
bottom-up fabrication of the functional materials. To achieve this
object, CM clusters with extremely high stability and weak
interactions with each other should be employed. During the past
decades, despite numerous efforts have been devoted [22-27], this
task is still challenging, which becomes the major hurdle for the
development of functional materials. Surprisingly, as a special
cluster with electronic structure similar to atoms, superatoms can
exhibit relatively stable valence shell electronic properties [28-33].
Thus, can stable superatoms formed by CMs be direct bonding?
Past research pointed out superatoms can obtain unique
properties by adjusting their size, shape, and composition [1, 34],
thereby achieving functional applications in many aspects such as
single molecule recognition and detection, etc [35-37]. As
structural units, whether it is atoms or superatoms, bonding is the
basis for forming materials and even devices [38,39]. At the
atomic level, the bonding between atoms is closely dependent on
their electronic structure [1,40,41], which provides important

potential support for realizing the bonding of superatoms. As we
all know, atoms with closed-shell electronic shells cannot form
chemical bonds in the natural environment. Compared with a
noble atom, a coinage metal superatom is composed of atoms and
gives rise to collective behavior, with superatomic molecular
orbitals delocalizing the entire system and exhibiting atom-like
orbital symmetry. Besides, unlike noble gas atoms, coinage metal
atoms on the outer shell are highly chemically active, leading to
exhibit rich bonding properties [39]. Therefore, the closed-shell
superatoms may be ideal units to realize the non-coalesce
assembly of the CM systems.

In this work, by using the sixth subgroup metal (including Cr,
Mo, and W) to embed inside the first subgroup CM cages
(including Cuyp,, Ag;,, and Aup), a series of closed-shell
superatoms are constructed, which can achieve direct bonding
without breaking framework among the superatoms.
Furthermore, using W@Au;, as a model, we explain the
mechanism of bonding and construct a variety of assembled
structures in which electronic structure properties are similar to
the monomer. This research provides a reference for constructing
materials or devices while maintaining the properties of CM
superatoms.

2 Computational methods

The dispersion-corrected density functional theory (DFT-D3) at
Perdew-Burke-Ernzerhof (PBE) level was used in this work
[42,43]. The scalar relativistic (SR) has been taken into account
through zeroth-order regular approximations (ZORA) [44]. A
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triple-{ with polarization functions (TZP) Slater basis set was
employed, with a [1S-2p°] frozen core for Cr and Cu, a [1S-3d"]
frozen core for Mo and Ag and a [1s*-4d"] frozen core for W and
Au. The nine monomers and nine direct bonded dimers were
optimized and analyzed with vibration frequency calculations at
the same level to avoid imaginary frequencies. Because of the high
demand for computing resources for heavy elements and big
systems, the trimer and tetramer were only optimized at the same
level. The energy decomposition analysis (EDA) was used to
analyze interactions quantitatively [45,46]. The energy
decomposition formula can be expanded as follows

AEim = AEPauli + AEorb + AEe]s!a! + AEdisp

The Pauli repulsion term Ey,,; represents the energy size term
for interorbit destabilization; the orbital term E,,, represents the
term caused by the intermolecular mixing of fragments; E.y
represents the magnitude of the classical electrostatic interaction
force of the system; and the dispersion term E,,, represents the
dispersion correction energy in the weakly interacting system.
Above calculations were performed using the Amsterdam Density
Functional (ADF) package [47].

For better analyze the electron density and the composition of
orbitals of W@Au,,-W@Au,,, and the interaction between two
W@Au,,, the single-point energy  calculation  for
W@Au,, W@Au,, (the structure was obtained by ADEF) is
performed by Gaussian 09 package [48] using PBE functional as
well as the Stuttgart-Dresden (SDD) pseudopotential and basis set.
Further, the electron density and the composition of
supermolecular orbitals (SMOs), as well as bond critical
points (BCPs) and independent gradient model based on
Hirshfeld partition of molecular density (IGMH) analyses are
performed [49].

Then, in order to study the thermodynamic stability of the
assembled structures, the first-principles molecular dynamics
simulation (FPMD) was performed for W@Au,,-W@Au,, and
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W@Cu,,-W@Cuy, [50]. The simulation time was set to 15 ps, and
the time step was 1 fs. FPMD implemented constant atomic
number N, volume V, and temperature T (NVT) in cp2k [51].

3 Results and discussion

By embedding sixth subgroup metal elements (including Cr, Mo,
and W) into the first subgroup CM cages (Cuy,, Ag),, and Auy,),
Cr@Cuy, [52], Cr@Ag), [53], Cr@Auy, [54], Mo@Cu,, [54],
Mo@Ag,, [53], Mo@Au,, [55], W@Cu,,, W@Ag,, [53], and
W@Au,, [55,56] can be formed and the structural representation
is listed in Fig.1(a). Their geometric structures all show I
symmetry. Meanwhile, the six valence electrons of the sixth
subgroup elements and the twelve valence electrons of the CM
metal cages add up to eighteen valence electrons. Thus, these
embedded structures all exhibit the 1S’IP°1D" closed-shell
superatomic configuration, which can improve the stability of
superatoms [57]. The embedded CM superatoms with high
symmetry and high stability shown above may be ideal units for
assembly. Among them, the structures of W@Au,,-W@Au,, had
already been studied [27], and the most stable bonding mode has
been investigated [58]. Based on this, we achieve direct bonding to
form nine homodimers, which are W@Au,,-W@Au,,, W@Ag,,-
W@Ag,, W@Cu,-W@Cu;,, Mo@Au,,-Mo@Au,,, Mo@Ag,-
Mo@Ag;;, Mo@Cu,,-Mo@Cu,,, Cr@Au,-Cr@Au,,, Cr@Ag,-
Cr@Ag),, and Cr@Cu,,-Cr@Cu,,, their geometric structures are
listed in Table S1 in the Electronic Supplementary Material (ESM).

To investigate whether the M@CM,, superatoms can be stable
assembled, we first study the interaction between superatoms in
dimers using binding energy (E;,), which can be defined as:

E+E+-+E,—Er
n

(1)

Ebinding =

where E, E,, ..., E, is the energy of fragments marked from 1 to #,
E; is the total energy, and n is the number of fragments divided.
The binding energies of monomers and dimers were shown in
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Figure1 The structural diagram of M@CM,, (M = Cr, Mo, and W; CM = Cu, Ag, and Au) and stability analyses of (M@CM,),. (a) “VI B” and “I B” represent the
sixth subgroup and the first subgroup. (b) The E, between superatoms and the HOMO and the LUMO gap of M@CM,, and (M@CM),,),. The HOMO and LUMO

are marked as H and L, and the monomer and dimer are marked as mon and dim.
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Fig. 1(b). The results show that the binding energy between two
units is between 1.46-2.38 eV, which is smaller than the binding
energy per atom (the energy of the superatom relative to the
individual atoms) of 2.53-3.25 eV, indicating the interaction
between two superatoms is too weak to destroy the original
structures [38], ensuring the stability of the assembled dimers.

To discuss the relative weak interactions between two
superatoms, we performed the BCPs and independent gradient
model based on IGMH analysis by using “atom in molecules”
method [59-61]. First, the BCPs data can quantitatively judge the
strength of interactions. The result shows the electronic density of
BCPs in chemical bonds and center of atoms between two
superatoms are smaller than that of bonds between these Au and
W atoms (see Fig.S1 and Table S2 in the ESM), indicating the
interaction between two superatoms can not break the structure of
monomers. In addition, IGMH analysis is a powerful method in
analyzing interaction regions between fragments. In this
calculation, each W@Au,, was defined as an individual fragment,
and a thin and broad isosurface appears between two W@Au,,.
The subsurface of interfragment interaction function (8g™*)
defined by IGMH clearly exhibits the weak interaction between
the two monomers (Fig. S1 in the ESM).

The analysis of binding energy (Fig. 1(b)) also reflects the size of
interaction between CM superatoms can be arranged as: Au > Cu
> Ag, indicating the weakest interaction between Ag superatoms.
Thus, M@Ag;, (M = Cr, Mo, and W) may be ideal building
blocks. In addition, comparing the highest occupied molecular
orbital  (HOMO)-the lowest unoccupied molecular orbital
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(LUMO) gaps of all types of monomers and dimers (Fig. 1(b)), it
can be found that the HOMO-LUMO gaps of nine dimers reduce
43%-53%. This little difference of only 10% is caused by the
similar properties of nine units formed by the same group. This
also indicates that the dimers have higher chemical reactivity than
monomers.

To verify the structural stability of dimers, the FPMD was
performed for W@Au,,-W@Au,, at 300 K (see Fig.S2 in the
ESM). The results show that the dimer structures are well
maintained, small structure distortion at each monomer.
Moreover, the structural sampling indicated W@Au,,-W@Auy, is
among the lowest-energy structures of W@Au,, dimers. The
HOMO-LUMO gap of W@Au,,-W@Au,, is nearly double the
gap of other structures (detailed results are shown in Table S4 in
the ESM), indicating its higher chemical stability. The FPMD is
also performed for the dimer of W@Cu,,, and results show that it
is stable at 700 K (see Fig. S3 in the ESM). Combining the above
analyses of binding energy, BCPs and IGMH, it has been learned
that the interaction between superatoms is not enough to destroy
the structure of single superatoms.

To further reveal the direct bonding mechanism of CM
superatoms, the experimentally synthesized W@Au,, was chosen
as a model system for detailed analyses. The electronic
configuration of W@Au,, is 1S’1P°ID” and the superatomic
molecular orbitals (SAMOs) are listed in Fig. 2(a). Based on the
W@Au,;, monomer, the direct bonding structure W@Au,,-
W@Au,, is shown in Fig. 2(b). There are eight chemical bonds
between two monomers, and corresponding atoms are directly
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Figure2 Orbital analysis of W@Au,, and W@Au,,-W@Au,,. (a) The energy levels and SAMOs diagram of W@Auy,. (b) The structure of W@Au,,-W@Au,,.
(c) The electron density of TMOs, SMOs, and non-SMOs of W@Au,,-W@Auy,. The light blue dotted line in (b) and (c) represents the position of the two central W
atoms. (d) The energy levels of W@Au,, and W@Au,,-W@Au,,, as well as the diagram of the bonding SMOs (o5, op, Tp, Tp, Op, and op ) and the anti-bonding SMOs
(os*, mp*, op* Op*, mp*, and op*) of W@Au,,-W@Au,,. The value in brackets represents the energy difference between the average energy of SMOs and the average
energy of SAMOs. Part of the middle part of the anti-bonding SMOs is magnified. HOMO is marked as H.
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bonded (for details, see Fig. S4 in the ESM). In order to explore
the bonding mechanism of the superatoms with closed shells, we
first performed the electron density analysis on the orbitals of
W@Au,,-W@Au,, (Fig.2(c)). The orbitals can be divided into
three categories: total molecular orbitals (TMOs), SMOs, and non-
SMOs. It is found that at the junction, the electron density value of
non-SMOs is much higher than that of SMOs and close to TMOs.
This proves that non-SMOs play a major effect on the
combination of single superatoms.

Furthermore, the energy levels of W@Au,, and W@Au,,-
W@Au,, are shown in Fig.2(d) to clarify the contribution of
SMOs in bonding. According to the concept of the super valence
bond as well as the 151P°1D" electronic configuration of W@Au,,
[62, 63], it can be found that after the interaction of 1S SAMOs of
two monomers, a bonding orbital o5 and an anti-bonding orbital
os* are formed; after the interaction of six 1P SAMOs of two
monomers, one 0, and two T, bonding orbitals, and two 7,* and
one 0;* anti-bonding orbitals are formed; after the interaction of
ten 1D SAMOs of two monomers, two T, two Jp, and one o},
bonding orbitals, and two 7,%, two &,*, and one o,* anti-
bonding orbitals are formed, respectively. So, the number
of bonding and anti-bonding SMOs is 1:1 for W@Au,,-
W@Au,,, and its electronic configuration is
1021016214 1, 10, 174 16 107 171, * 185,10, *°. Among
them, the bonding SMOs fused by SAMOs contribute to bonding.
The anti-bonding SMOs represent the SAMOs just delocalized on
each monomer [62], due to wave functions with opposite
amplitudes at the connection become smaller after superposition.
It is accepted that the front orbitals greatly affect the chemical
bonds between units. For W@Au,-W@Au,;,, the
HOMO-HOMO-4 are all anti-bonding orbitals, which proves
that the anti-bonding orbitals of supermolecules play an essential
effect in maintaining the stability of the geometric and electronic
structure of monomers.

It is known that when two atoms bond, the same number of
bonding and anti-bonding orbitals are formed, and equal amounts
of energy are absorbed and released. This results in the inability of
noble gas atoms to form diatomic molecules in the natural
environment. Compared with noble atoms, closed-shell coinage
metal superatoms are composed of atoms with superatomic
molecular orbitals exhibiting atomic orbital symmetry, but due to
the high activity of coinage metals, anti-bonding SMOs can be
partially fused. Therefore, the formation of anti-bonding SMO
absorbs less energy than the bonding SMO releases, resulting in a
lower energy system. By comparing the energy changes of the
orbitals before and after bonding, the contribution of the bonding
and anti-bonding orbitals to chemical bonding can be further
revealed [64]. As shown in Fig. 2(d), the energy of the o5 SMO is
lower than that of S SAMO, and the energy of the o; SMO is
greater than the energy of S SAMO. P and D SMOs are also
confirming this rule. Therefore, SAMOs form an equal number of
bonding and anti-bonding SMOs that release more energy than
absorb, resulting in they can bond. And the total effects of
bonding orbitals and anti-bonding orbitals contribute to bonding.

The contribution of atoms at junction for anti-bonding SMOs
is listed in Table 1 (detailed contributions are shown in Fig. $4 in
the ESM and Table S5 in the ESM). Orbital diagram shows that
the 0* SMO formed by two S SAMOs completely exhibits an anti-
bonding effect. However, the atomic contribution at the junction
is small, and the superposition of the positive and negative orbital
wave functions reduces the electron density by a relatively small
amount, resulting in a partial weakening of the nuclear repulsion
between the superatoms. Thus, os* SMO has a weak anti-bonding
effect and a slightly higher orbital energy than S SAMO. The m,*
and 0,* SMOs are composed of double degenerated HOMO-

Nano Res. 2022, 15(9): 8665-8672

Table1 The contribution of atoms at connection for anti-bonding SMOs

Anti-bonding SMOs Orbitals labels Contribution (%)
op* H 33.28
Sp* H-1 30.12
op* H-2 22.08
np* H-3 22.08
np* H-4 22.22
op* H-120 46.25
p* H-121 48.38
np* H-122 48.40
os* H-136 19.34

121-122 SMOs and non-degenerated HOMO-120 SMO. These
three SMOs show that while the monomeric SAMOs are still
delocalized on the monomers, the connection is fused (see
Fig.2(d)). Higher atomic contribution of eight atoms at
connection contributes to bond, leading lower-energy of anti-
bonding SMOs. m,*, 8,*, and 0,* SMOs show more complex
bonding effects. The orbitals of atoms at the junction fused and
contributed to bonding for HOMO-4 and double degenerate
HOMO-2-3, which reduced the orbital energy. HOMO-1 exhibits
complete antibonding with 30% large atomic contribution at the
junction, and the superposition of positive and negative orbital
wavefunctions reduces the electron density relatively large,
resulting in higher energy orbitals. For HOMO, it is partially fused
at the connection, which in turn leads to more phase-opposite
orbital arrangements, resulting in HOMO has higher orbital
energy. Thus, although the anti-bonding SMOs follow the largest
negative overlap, the atomic orbitals of the Au atoms belonging to
the two monomers represent different effects depending on phase
and atomic orbital contribution. Finally, the multi-effect anti-
bonding SMOs are not only keeping the electronic structure of the
monomers basically unchanged, but also forming a link through
several atomic orbitals at the junction. This leads to a decrease in
the energy of anti-bonding SMOs, which further results in the
total energy of bonding and anti-bonding SMOs being lower than
the SAMOs.

Further, focusing on the bonding process of the dimer,
according to the distance between the central atoms of the two
monomers, five structures were selected from far to near to study
the changes of systems’ geometric and electronic structures. As
shown in Fig 3, they are marked as initial structure, middle
structure 1 (M1), direct bonded structure, middle structure 2
(M2), and terminal structure, respectively. In these structures, the
distances between the central atoms are 11.0, 9, 6.27, 5, and 4 A,
respectively. The energy curve shows that as the monomers
approach, the energy of the system first decreases and then
increases, and the energy of the direct bonded structure is the local
minimum, indicating that its energy is smaller than the coalesced
structure. This confirms that the closed-shell CM superatoms can
be directly bonded without destroying the structure of monomers.

To visually analyze the charge behavior between superatoms,
the charge density difference (CDD) analysis was used to study the
charge transfer with the change of the distance between two
monomers (in Fig.3), and then to understand their bonding
behavior. The results show that the charge transfer of the five
structures is not the same: In the initial structure, because the two
monomers are too far apart, there is no charge transfer; in M1,
two monomers are about to bond, and the charges begin to
concentrate at the junction; for the direct bonded structure, the
overall exhibits more charge transfer, and more charges
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Figure3 Analysis of energy, CDD, and EDA during superatomic bonding. Two monomers form five structures from far (right) to near (left), which are initial
structure, M1, stable structure, M2, and termination structure. The horizontal axis represents the distance between two central W atoms. The yellow dashed line
corresponds to the structural energy on the y-axis on the right. The blue and red around structures’ diagrams indicate the accumulation and dissipation of electrons.
The left axis corresponds to the percentage of each item in the energy decomposition analysis. Eor, Eeisa, and Eaigp Tepresent orbital, electrostatic, and dispersion

interactions, respectively.

accumulate at the junction. This behavior of charges gathering at
the junction proves that two W@Au,, monomers can be bonded.
For M2 and terminal structures, the charges are no longer mainly
transferred to the junction, which also confirms that two
monomers coalesce together.

EDA is an effective method to quantitatively analyze the
interaction between units. In Fig. 3, the result shows that the
attractiveness of the initial structure is weak, mainly from the long-
range dispersion interaction. For the M1 structure, as the distance
between the monomers decreases, electrostatic interaction begins
to take up the main contribution. For the direct bonded structure,
electrostatic interaction accounts for more than 66% of the total
attractive force, and orbital interaction and dispersion interaction
account for 29% and 5%. Therefore, electrostatic force plays a
leading role in bonding. This weak interaction helps to achieve
assembly while maintaining the structure of monomers. For M2
and the terminal structure, due to the coalescence of monomers,
the orbital interaction increases. Although the two central W
atoms approach during the coalescing process, the overall spatial
position of the golden cage does not change significantly.
Therefore, the composition of the interaction is similar to the
stable structure.

The above analysis shows that W@Au,, has the potential as a
self-assembly unit. Thus, the one-dimensional (1D) and two-
dimensional (2D) structures are further assembled (Fig.4). The
results of geometric optimization show that the bond length of the
monomers has just slightly changed after assembly (see Table S6
in the ESM), which can maintain its structural framework. In
order to compare the electronic structure properties before and
after assembly, the density of states analysis (DOS) analysis was
performed on monomer, dimer, trimer-1D, trimer-2D, tetramer-
1D, and tetramer-2D, as shown in Fig.4. The overall trend of
these DOS curves is the same, but the peak has a slight shift. This

shows that the electronic structure of the assembled structure is
similar to the monomer, which can also be inferred that they have
similar chemical properties. Their HOMO-LUMO gaps are also
listed, which can be used to measure chemical stability. The results
show that the HOMO-LUMO gap of monomer, dimer, trimer-
1D, trimer-2D, tetramer-1D, and tetramer-2D reach 1.75, 0.93,
0.82, 0.65, 0.74, and 0.74 eV, respectively, and the HOMO-LUMO
gap decreases with the increase of the number of units, and finally
tends to be flat. Among them, the trimer-2D has the smallest
HOMO-LUMO gap due to the largest deformation. The change
of HOMO-LUMO gap with the number of units helps to achieve
different functional applications.

Evidently, materials with new properties can be designed using
CM superatoms as building blocks. Although many assembly
strategies, including ligand passivation, and sharing of atoms
[65,66], have been proposed to change material properties by
regulating the type of ligands and the number of shared atoms, the
delicate and precise tuning their atomic structures and properties
based on the individual nanoclusters (CM superatoms) are
impractical. In contrast, the mechanism of direct bottom-up
assembly of closed-shell CM superatoms allows the design of
material properties and functions while maintaining monomeric
properties. Therefore, the controllable design of the nanomaterials
with collective properties using the monomers as the Lego blocks
and avoid the negative effects of introducing ligands is feasible.

4 Conclusions

In summary, we demonstrated that the sixth subgroup elements
(including Cr, Mo, and W) embedded in CM (Cu, Ag, and Au)
cages are closed-shell superatoms. The extremely high stability and
the small interaction between superatoms guarantee the direct
chemical bonding between theses CM superatoms without losing

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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their original structures. The calculations show that the bonding
nature can be attributed to the effect of an equal number of
bonding SMOs and anti-bonding SMOs, which causes the
interaction between superatoms to be weaker than the interaction
within superatoms. For W@Au,, superatom, a series of assembly
structures were built based on the bottom-up strategy. Besides, the
DOS analysis shows that the bonded structure has similar
electronic structure properties to the monomer. These results can
complement the assembly of CM clusters that are restricted by
instability and ligands.

The direct bonding between the embedded CM superatoms has
shown great application prospects in the assembly field, hoping to
contribute to achieving collective properties and even
revolutionary applications. Our research shows that the closed
shell CM superatoms are promising units to construct different
dimensional materials for different potential applications by
changing its number. The new understanding of superatomic
bonding established in this work is expected to realize non-
coalesced assembly while maintaining their own properties, and
provide a reference for future experimental design.
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