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Abstract This chapter describes two superatoms, each comprising a central atom
and a silicon or aluminum cage. Binary nanoclusters (NCs) at optimized mixing
ratios are key components in designing the functionalities relevant to their electronic
properties. To form chemically robust functional NCs, it is important to design the
cooperatively synergistic effects between the electronic and geometric structures
because these stabilize the individual NCs not only against charge transfer into the
corresponding cations or anions but also against structural perturbations in their
assemblies. Among binary NCs, synergistic effects are particularly expected when
one central atom encapsulating cage structure completes a specific electron shell
because electronic and geometric factors can operate simultaneously. Although the
term “superatom” is widely used when the valence electrons in NCs complete an
electron shell, more synergistic effects appear when the superatom adopts a close-
packed structure, such as a highly symmetric cage as a binary cage superatom.
Representative examples are given for one central atom encapsulated by silicon
and aluminum cages, M@Si;¢ and X@Al,,, their formation and characterization
are described, and a large-scale synthetic approach is established for M@Si¢. The
perspectives for binary cage superatom assembly are discussed in terms of theoretical
calculations.

Keywords Nanocluster - Superatom - Binary cage superatom - Silicon cage *
Aluminum cage, superatom salt + Dimeric superatom * Superatom assembly

7.1 Introduction

Aluminum (Al) and silicon (Si) are elements adjacent to each other in the periodic
table. However, their electrical characteristics are distinctly different; Al is highly
conductive, while Si is semiconductive. Both are found abundant on the earth, and
they are indispensable elements for technological civilizations in modern society.
Si element has greatly contributed to modern society as an excellent semicon-
ductor electronic material from the mid-twentieth century, in terms of innovative
progress in informationalization. Particularly, photolithographic cycles for patterning
circuits on Si substrates have allowed the development of highly integrated electronic
devices by large-scale integration (LSI). Moreover, LSI has been continuously down-
sized with shorter wavelength lithography until the twenty-first century according to
Moore’s law [1]. Even though the miniaturization is finally approaching a physical
limit of a scale of several nanometers, Si element still plays a central role as the main
electronic material in modern society. In contrast to the top-down approach such as
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fine photolithography toward bulk Si, it is also crucial to explore electronic materials
by a bottom-up approach using Si atoms.

Beyond the physical limit of several nanometers, creating nanoscale Si compounds
can provide novel functionalities, including luminescence and thermoelectric prop-
erties [2-5]. Above all, nanoclusters (NCs) of several to hundreds of atomic aggre-
gates allow us to develop the potential for promising Si compounds for exploring
the bottom-up Si nanotechnology. When fullerene Cgy was discovered in a NC beam
from carbon vapor [6], much attention was also focused on creating nanoscale Si
species having the same cage structure as elemental Si [7, 8], because they belong
to the same group in the periodic table. Although further development was required
to establish caged Si NCs compared to the progress with Cg, recently these showed
rich chemistry between the gas phase and the condensed phase [9-13].

A study on the cage structure of Si atoms was reported in 1987 [7]. Based on
the mass spectrum, Dr. Beck reported that when one molybdenum (Mo) atom was
mixed with Si vapor, MoSi;s™ and MoSi;¢* cations were generated. He deduced that
a Mo atom was contained in a Si cage, which was inferred from analogous met-
allofullerenes in which metal atoms are contained inside the hollow cage of a car-
bon fullerene [14]. Although experimental and theoretical studies were extensively
performed [15-25], it was not easy to distinguish new nanoscale Si compounds,
including a Si cage.

On the other hand, Al element is a low-density metal that is resistant to corrosion,
so it is widely used as a building material in the aerospace industry. Al element forms
alloys with various elements, widening the diversity of physical properties in various
materials. When miniaturizing Al to form NCs, an emerging feature is an electron
shell structure [26-28], which was found in NCs consisting of alkali or coinage
metals. Particularly, Alj3~ affords a 40 electron-completing 2P shell together with
anicosahedral close-packed structure, and this is known as a “superatom”, mimicking
the atomic configuration in the periodic table [29-33]. The novel electronic properties
of Al superatoms are intriguing with respect to fabricating nanostructured functional
materials.

This chapter describes two binary cage superatoms (BCSs) of metal-atom-
encapsulating Si (M@Sig) [9-13] and heteroatom-encapsulating Al (X@Al;,)
[34-40] (Fig. 7.1); M = group 3-5 transition metals and X = boron (B), Si, phospho-
rus (P), scandium (Sc), and titanium (Ti). To form chemically robust functional NCs,
it is important to design the cooperatively synergistic effects between electronic and
geometric structures because these stabilize the NCs individually not only against
charge transfer into the corresponding cations or anions but also against structural
perturbations in their assemblies. The synergistic effect is particularly expected for
BCSs in which one central atom encapsulating cage structure completes a specific
electron counting because electronic and geometric factors can then work simultane-
ously, retaining their structural symmetry. Although the term “superatom” is widely
used when the valence electrons in NCs complete an electron shell [29-33], more
synergistic effects appear when the superatom takes a close-packed structure such
as a highly symmetric cage as a BCS [13, 38, 39]. For representative examples of
M@Si ¢ and X@Al,,, which have T; and I;, symmetries, respectively, the formation
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Ti@Sisg Ta@Si1s Si@Al,,

Fig. 7.1 Binary cage superatoms (BCSs) of M@Sij¢ (M = Ti and Ta) and Si@Al;,. Reprinted
with permission from Ref. [13]. Copyright 2017 American Chemical Society

and characterization are described and a large-scale synthetic approach is established
for M@Si4 [12, 13]. The perspectives for the binary cage superatom assembly are
discussed in terms of theoretical calculations [39, 41-43].

7.2 Experimental Methods for Gas Phase Nanoclusters

7.2.1 Dual-Laser Vaporization Nanocluster Source

Figure 7.2 shows a schematic of the NC source of face-to-face laser plasma mixed
with pulsed helium (He) carrier gas [44, 45]. An Even-Lavie pulsed valve with a high
stagnation pressure of 60—100 atm. [46] was used at a repetition rate of 10 Hz, which
was suitable for the effective formation of MSi*"”~ and XAI'’"~. Intense supersonic
He gas pulses were operated to recombine and cool the laser-ablated metal vapor.
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The optimum laser fluence required to maximize the NC intensities depends on the
properties of the target under investigation; specifically, the dual-laser vaporization
method allows control of the elemental mixing ratio.

The NC source was modified to be “face-to-face” so that the NCs could be more
effectively generated [44]. In the primary NC source, two target rods were laterally
separated by 4-5 mm, and two lasers independently vaporized their front surfaces.
The two lasers then irradiated the two rods with a delay of about 5 s in synchro-
nization with the speed of the He carrier gas. Hence, in addition to binary mixed
NCs, individual NCs consisting of each single element were generated, because the
time lag between the vaporization and cooling processes significantly reduces the
formation efficiency of the binary NCs.

The focusing positions of the two vaporization lasers were then shifted toward
each other by 1.5-2 mm and moved off the front surfaces of the target rods. The
shift in the focusing positions facilitated vaporization of the curved surface of the
sample rods in a face-to-face manner [47]. The effective mixing of the hot sample
plasmas allowed efficient formation of the binary NCs when the two rods were almost
simultaneously vaporized, within a few hundred nanoseconds (ns). The simultaneous
vaporization enabled us to form binary NCs with one pulsed laser to vaporize the two
independent rods, although optimization of the laser fluences became more complex.
The mixed vapor formed binary NCs, and their reactivity was examined by exposing
reactant gas in the downstream reaction room [48], as shown in Fig. 7.2. The binary
NC:s passed through a source exit and expanded into a differentially pumped chamber
through a skimmer.

7.2.2 Spectroscopic Methods for Nanoclusters

The electronic and geometric structures of the binary NCs were investigated by
mass spectrometry, anion photoelectron spectroscopy (PES), and photoionization
spectroscopy (PIS). Mass analysis of the neutral binary NCs ionized with an ArF
(193 nm; 6.43 eV) or F, (157 nm; 7.90 eV) laser and of the charged binary NCs was
performed using time-of-flight (TOF) mass spectrometry. For cationic and anionic
NCs, the beam was directly accelerated with a pulsed voltage approximately 2 keV,
while neutral photoionization with the ArF/F, laser was applied in a static electric
field of 2 keV. To achieve the appropriate conditions for one-photon ionization of the
NCs with the F, laser, the laser power dependence was measured by changing the
flow rate of He gas toward the laser path tubing between the laser exit and the CaF,
window of the chamber. A laser fluence below 1 mJ/cm? was used, where the ion
intensity was linearly dependent on the laser power. For the PIS measurements of the
binary NC neutrals, photoionization efficiency curves were measured with a tunable
photoionization laser (5.2-6.4 eV) of an optical parametric oscillator (OPO), and
the ionization energy was determined from the threshold energy. The laser fluence
(typically around 300 pJ/cm?) was monitored during the measurements to normalize
the ion intensities [49].
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For the PES measurements of the binary NC anions, a magnetic-bottle-type TOF
electron spectrometer was used [S0-52]. After mass selection in their TOF with
pulse acceleration at 900 eV, their kinetic energy was considerably reduced with a
pulsed electric decelerator before they entered the photodetachment region. The fifth
harmonic (213 nm, 5.83 eV) of a pulsed Nd**:YAG laser was then used to irradiate
the mass-selected NC anions to detach photoelectrons. The electrons were guided by
a strong, inhomogeneous magnetic field with an Nd—Fe—B-based permanent magnet
[53], and subsequently by a weak guiding magnetic field produced with an electric
current (2-3 A), and detected with a microchannel plate (MCP). Their kinetic energy
was analyzed from their TOF and calibrated using the Au~ (?Sy» < 'Sp) transition
[54, 55]. The photoelectron signal was typically accumulated over 20,000—40,000
laser shots.

7.3 Silicon (Si)-based Binary Cage Superatoms (BCSs)

7.3.1 Mass Spectrometry for Si Cage Compounds

In contrast to Cg, stable nanoscale compounds comprising only Si atoms have not yet
been discovered, but we found that a Si NC containing one metal atom was strongly
distributed in the mass spectrum as a magic number by systematically changing the
metal atom (M) [9, 44, 45, 56]. To explore the binary M—Si formation, we used the NC
source with dual-laser vaporization (Fig. 7.2) to enhance the mixing of hot atomic Si
and M vapor, and the NCs produced were mass-analyzed using the TOF spectrometer.
The magic number behavior featured with a specific composition coupled with the
charge state [9, 45]. Figure 7.3 shows mass spectra for an M—Si NC beam obtained
by mixing metal atom M vapor of Sc, Ti, and vanadium (V) of groups 3-5 with Si
atoms in the dual-laser vaporization source in cationic, neutral, and anionic charge
states. In some TOF mass spectra, the magic number (black arrow) appeared when
one M atom is mixed with 16 Si atoms. In nine spectra in Fig. 7.3a—c, the mass
spectra in which the magic number appears move from the lower left to the upper
right due to the combination of the metal element and charge state [9, 45].

The origin of the magic number is that the NC affords a total valence electron
number of 68, and in the Jellium model for NCs with uniform charge distribution
[26-28], the 68 electrons correspond to the number of closed shell electrons, up to
the 2D shell. Furthermore, the most distinct magic number behavior appears with
tantalum (Ta) atoms and in their cations (Fig. 7.3¢); TaSi;¢* ions are predominant
compared to their neighbors [44, 45, 56]. This appears attributable to the interplay
between electronic and geometric structures; the TaSij¢* cations afford the total
valence electron number of the closed shell and are also stabilized by the size of the
Ta atom being most suitable for the inner diameter of the Si ¢ cage. Similarly, TiSij¢
neutrals are exclusively produced among neutral forms. Therefore, we structurally
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Fig. 7.3 Mass spectra of cations, neutrals, and anions for M—Si NC beam (M = scandium (Sc),
titanium (Ti), and vanadium (V)), together with those of niobium (Nb) and tantalum (Ta) cations
mixed with Si. Black arrows show magic number peaks, while white arrows show non-magic number
peaks. Reproduced from Ref. [45] with permission from The Chemical Society of Japan

evaluated metal-encapsulating Si-based BCSs by further spectroscopic characteriza-
tion coupled with large-scale synthesis of Ta@Si;¢ and Ti@Si 6.

To quantitatively evaluate the electronic properties of M@Si ¢, anion PES was
used [9]. Figure 7.4 shows the photoelectron spectra for Sc@Sis~, Ti@Si;¢~, and
V@Sis using 266 nm (4.66 eV) and 213 nm (5.82 eV) detachment lasers. The
binding energies of Sc@Si;4~ and V@Si 4~ reach 3 eV or more, whereas that of
Ti@Si4" is small at around 2 eV. This shows that the electronic stabilization is large
due to the pairing energy when the total number of valence electrons in the anion is
an even number, while an odd number makes the anion unstable.

The threshold binding energy corresponds to the EA of the corresponding neutral,
and the EA is shown in Fig. 7.4. Moreover, since Sc@Si s~ possesses 68 electrons to
complete the 2D shell, Ti@Si;¢~ has one excess electron, and thus the peak labeled
X in the Ti@Si;¢~ spectrum appears to be an additional peak to that of Sc@Si 4.
To confirm that peak X corresponds to a singly occupied molecular orbital (SOMO),
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Fig. 7.4 Photoelectron spectra of BCS anions of Sc@Sij¢~ a, b, Ti@Si¢™ ¢, d, and V@Si6~
f, g at 266 nm (4.66 eV; top three spectra) and at 213 nm (5.82 eV; bottom four spectra). Com-
paring the photoelectron spectrum of Ti@Si¢~ with that of Ti@Si;F~ e enables us to assign the
HOMO-LUMO gap. Reprinted with permission from Ref. [9]. Copyright 2005 American Chemical
Society

Ti@Si;cF~ was generated by adding an F atom to Ti@Si;4~ and the photoelec-
tron spectrum was obtained [57-59]. As shown in Fig. 7.4e, peak X disappears
for Ti@Si;¢F~ while the spectral features in the higher binding energy region are
retained.

This is because the F atom (with one electron deficient) effectively accommo-
dates one electron into a deeper MO. The spectral change enables us to assign peak
X as the SOMO and to evaluate the gap between the highest occupied MO (HOMO)
and the lowest unoccupied MO (LUMO) to be 1.90 eV, as shown in Fig. 7.4d. The
HOMO-LUMO gap is considerably larger than that of Cgy (1.57 €V) [60], demon-
strating the high stability of the Ti@Si;c BCS. As suggested by theoretical calcula-
tions [61], cage “aromaticity” might be an important determinant of the electronic
stability of the BCSs.

7.3.2 Development of Intense Nanocluster Source
with Magnetron Sputtering

The dual-laser vaporization source is very powerful to allow investigation of binary
NC formation by changing the combinations of two different elements. However,
structural analysis methods, such as nuclear magnetic resonance (NMR) and Raman
spectroscopy, often require enhancement of the total number of NCs. Furthermore,
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for well-controlled soft-landing, it is necessary to reduce the kinetic energy distri-
bution of the beam, because a wide energy distribution might cause dissociation
of the NCs in collisions with the substrate to which a bias voltage is applied [62].
Based on the production amount and narrow kinetic energy distribution, compared to
laser evaporation, it is advantageous to use a magnetron sputtering method in which
larger targets are available and NCs are formed in a steady flow of inert cooling
gas, as shown in Fig. 1.14 [63, 64]. To form binary NCs, two choices are available:
dual magnetron sputtering with two targets or single magnetron sputtering with a
mixed target. Since the targeted BCSs of M@Si,¢ have a specific composition, it
is convenient to use a mixed target to produce a stable beam from merging nascent
atomic vapor. Considering the sputtering rates of each element, the mixing ratios of
the target are optimized for generating M@Si;s BCSs.

Particularly, size-selective soft-landing is performed only for charged NCs exclud-
ing neutrals, and then the NC ion density should be enhanced to efficiently accumulate
the selected NCs on a substrate. For magnetron sputtering, high-power impulse mag-
netron sputtering (HiPIMS) [65-67] with a pulsed power supply increases the ion
density while maintaining the average output. The HIPIMS NC source can provide
2-10 times higher ion density compared to conventional magnetron sputtering using
a static DC power supply.

7.3.3 Immobilization and Characterization of Si-based BCSs
on Solid Surface

Using a quadrupole mass filter, only Ta@Si;¢* BCS ions formed in the developed NC
source were selected, and these were deposited and immobilized on a solid substrate
[10, 68]. During the selective deposition, the Ta@Si ;¢ produced is deposited under
soft-landing conditions (kinetic energy below 1 eV per atom) to avoid destruction
when colliding with the substrate. When the deposited TaSi;¢ was characterized by
X-ray photoelectron spectroscopy (XPS) (Fig. 7.5) [11, 69, 70], both Si 2p and Ta 4f
exhibit sharp peaks, showing (1) the preserved 1:16 composition of Ta:Si based on
their intensity ratio and (2) a single chemical environment for each element based
on their peak envelopes. These results can be explained by the Ta atom being encap-
sulated by the Sij¢ cage, because other structures, such as linear, two-dimensional
planar ones would have provided broader XPS peaks due to different chemical envi-
ronments for Si and Ta atoms. When the deposited substrate is heated to 350°C,
although TaSi ¢ reacts slightly with residual oxygen, its oxidation initially occurs at
Si atoms (Fig. 7.5, bottom), while Ta is not oxidized [11]. Generally, since naked Ta
is more easily oxidized than Si [71, 72], the Ta atom must be encapsulated inside the
Sijg cage (hereafter referred to as Ta@Sij¢). In this soft-landing method, Ta@Si ¢
can be deposited on the substrate to form several layers, but it is highly desirable to
construct a more efficient synthesis methodology for further nanomaterial science as
well as developing detailed structural analyses.
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Fig. 7.5 XPS spectra of Ta@Si¢ BCS deposited on HOPG around a Si 2p and b Ta 4f core levels.
The fitted results (red line) and spin-orbit contributions (orange dotted line and green dash-dotted
line) are superimposed in (a) and (b). Background-subtracted XPS spectra of the Ta@Si;¢ BCS
film for (¢) Si2p and (d) Ta 4f before and after heating (720 K, 16 h) are shown by blue and red
lines, respectively. Reprinted with permission from Ref. [11]. Copyright 2015 American Chemical
Society

7.3.4 Dispersion Trapping of Si-Based BCSs in Liquid

To identify the structure of the metal-atom-encapsulating Si; cage, a new apparatus
was designed and constructed, as shown in Fig. 7.6, in which species generated in
the beam with HiPIMS are dispersed in liquids by a direct liquid embedded trapping
(DiLET) [12, 13]. The DiLET is based on the idea that chemical isolation toward
liquids trapping all beam species is much more efficient than the size-selective depo-
sition, because (1) neutral NCs can also be captured by liquids and (2) the ion
transmittance in the mass selection is as low as 20%. Since the NC source operates
under vacuum, a liquid with a low vapor pressure must be used to achieve a vac-
uum of around 1072 Pa, and thus NCs are injected into polyethylene glycol dimethyl
ether (PEG-DME) liquid. During injection, a fresh liquid surface must be prepared to
prevent aggregation of various NCs, and then the liquid is stirred vigorously during
beam injection. Liquid trapping was applied to Ti@Si ¢ as well as Ta@Si ;¢ using a
Ti or Ta mixed Si disk target. As the beam was injected into the PEG-DME liquid,
the transparent liquid became brown after about 1 h, and after about 3 h, the liquid
was removed from the chamber and treated in a glove box under reduced oxygen and
moisture. While purifying and isolating the liquid with appropriate solvents, frac-
tionation was repeated three times by changing the mixing ratio of nonpolar hexane
and large polar tetrahydrofuran (THF), and finally a fraction soluble in pure THF
was obtained.
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Fig. 7.6 Schematic of NC synthesis apparatus based on HiPIMS and DiLET. Reprinted with
permission from Ref. [12]. Copyright 2017 American Chemical Society

7.3.5 Structural Analysis of Si-based BCSs

The resulting fraction was analyzed by XPS, 2°Si-NMR, Raman spectroscopy, and
quantum chemistry calculations [12]. First, XPS was performed for the obtained
Ta—Si fraction, and the Si 2p and Ta 4f spectra were consistent with those in Fig. 7.5.
This clearly demonstrates that Ta@Si;¢ BCSs in the beam can be successfully dis-
persed in PEG-DME liquid and that Ta@Si;s BCSs can be obtained as stable species
even after both solvent extraction and ligation with PEG-DME. In fact, the isolation
of Ta@Si ;¢ BCSs was also confirmed by mass spectrometry [12]. Furthermore, in
the Raman spectra, broad peaks were observed at around 120, 300, and 450 cm™!
for both Ti—Si and Ta—Si (upper traces in Fig. 7.7a, b). Importantly, the features
of these Raman spectra are consistent with those of naked BCSs in the surface-
enhanced Raman spectra (SERS) (lower traces in Fig. 7.7a, b), which are obtained
by depositing exclusively Ti@Si;¢ or Ta@Si;¢ BCS ions on the substrate.
Furthermore, the successful synthesis of M@Si ;¢ BCSs on a 100 mg scale enables
us to apply NMR measurements; 2°Si-NMR spectra for Ti @Si s and Ta@Si exhibit
one and two peaks, respectively, between 100 and —100 ppm (Fig. 7.8). Although
these peak positions are inconsistent with the predictions obtained from quantum
chemistry calculations, the result suggests (1) the difficulty of calculation-based pre-
diction, (2) the weak coordination effect of PEG-DME, and (3) structural fluctuations
of the Sij¢ cage. Based on these spectroscopic structural evaluations, it was concluded
that both Ti@Si¢ and Ta@Si ;s BCSs are identified as tetrahedral structures of Sig
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Fig. 7.7 Raman spectra
excited at 532 nm for
isolated M@Si¢:PEG-DME
BCS and size-selected naked
M@Si;¢ BCS on the SERS
substrate
M@Si6/Ag/StTiO3); M =
(a) Ti and (b) Ta. Stick bars
represent the selected Raman
active modes calculated by
DFT for FK, dist-FK, and
f-Daq isomers. Reprinted
with permission from Ref.
[12]. Copyright 2017
American Chemical Society

Fig. 7.8 2°Si NMR spectra
of M@Si;6:PEG-DME BCS
dispersed in THF for M = Ti
(300 K) and for M = Ta
(318 K). Stick bars represent
chemical shifts (CSs)
calculated by ZORA-DFT
for FK, dist-FK, and f-Duq4
isomers at the PBEO/TZ2P
level. The CSs averaged over
the sites are shown with faint
colors. Reprinted with
permission from Ref. [12].
Copyright 2017 American
Chemical Society
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derived from the Frank-Kasper (FK) structure: a metal-encapsulating tetrahedral Si
cage (METS) (Fig. 7.1) [12, 13].

7.4 Aluminum (Al)-based Binary Cage Superatoms (BCSs)

7.4.1 Mass Spectrometry of Al-based BCSs

7.4.1.1 Aluminum-Silicon

Figure 7.9 shows the mass spectra of the Al-Si NC anions, neutrals, and cations
produced [38, 39]. In the photoionization of the Al,Si,, neutral, the laser power
dependence indicated that one-photon ionization occurred with the F; laser (7.90eV).
Since the mass of Si (28 u) is very close to that of Al (27 u), the mixed Al-Si NCs form
bundles of mass peaks for each n + m. Although the most intense mass peaks were
observed at n + m = 13 in the mass spectra, high-resolution TOF mass spectrometer
[73] revealed that the most abundant peak is systematically changed. The right-hand
figures in Fig. 7.9 show intensity distributions at n + m = 13, the most abundant
13-mers being Aly3~ for anions, Aly,Si for neutrals, and Aly;Si,* for cations. The

Fig. 7.9 Mass spectra of the
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charge state dependence for the most abundant Alj3~, Al;Si, and Alj;Six* shows
that the doped Si atoms function as a tetravalent atom to satisfy 2P shell closure(40 e)
in the Al to Si substitution, because both Al;,Si and Aly;Si,* NCs possess 40 valence
electrons in common in addition to Al;3~. Furthermore, a charge state dependence
is observed in the size-dependent abundance in the mass spectra. Figure 7.10 shows
the intensity distributions of the Al and Al,Si~ anions, Al,Si neutrals, and Al,Si*
and Al,Si,* cations. Some intensity distributions exhibit magic number behavior at
n + m = 13, representing the above-mentioned Alj3~, Al;;Si, and Aly;Si,*. These
results clearly confirm that the substitution of Si atoms corresponds to one-electron
addition toward the total number of valence electrons in the Al-Si binary NCs.

As reported earlier [ 15, 38], the chemical stability of the Al,, X NCs can be exam-
ined using a chemical probe method. When the adsorption reactivity of the Al-Si
binary NCs is measured toward O, reactant gas, Al;»Si neutrals show prominent
chemical inertness compared to the others [39], as shown in Fig. 7.11. In fact, Al;»Si
neutrals are favored electronically as well as geometrically. A plausible explanation is
that Al;,Si adopts a closed electron configuration when a tetravalent Si atom dopant
completes the 2P electron shell combined with the valence electrons of sp-hybridized
Al atoms [36, 37, 74, 75]. Furthermore, the diameter of a Si atom (1.18 ;\) is slightly

13-07 (e) Al
.f’é’ ... __\(a) Al Si* 12-1 (b) AlSi s (c) AlSI-
o g . /\ W ""a
S % I\. ./ 'i.\
i /l/ = LI [N / -\. l\ -’- .‘l
> u ] ‘l\ u n /.l/ ..
= o [ n
% l/ x " n ll. I l/ i iy
g n

5 10 15 20 256 5 10 15 20 25 5 10 15 20 25
112 (d) Al Si," Number of Al atoms (n) Number of Al atoms (n)
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Number of Al atoms (n)

Fig. 7.10 Intensity distributions of the Al,Si* and Al,Siy* cations, Al,Si neutrals, and Al and
Al,Si™ anions. A prominent peak appears at n + m = 13 for Al,Si>*, Al,Si, and Al,Si". Solid
arrows show the positions for Al|>Si*"~. Reprinted with permission from Ref. [38]. Copyright 2006
American Chemical Society
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Fig. 7.11 Plots of the
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smaller than that of an Al atom (1.43 A) [76], leading to geometric stabilization
owing to less distorted icosahedral structures. In order to make the icosahedral Al;3
more geometrically stable, the Alj, cage favors a smaller central atom, because the
distance between adjacent surface atoms is distortedly extended by 5% compared to
the distance between the central and surface atoms [34, 77].

7.4.1.2 Aluminum-Boron

As described in the previous section, when one Al atom is substituted with a Si atom
in the Aly3~ superatoms, the Si atom is located at a central atom in the icosahedron,
resulting in: (1) relaxation of structural distortions intrinsically relevant to the icosa-
hedral structure and (2) neutralization of the negative Al;3~ ion due to one-electron
addition with a tetravalent Si atom, forming Si@Al;, BCS. Similar structural relax-
ation is expected for boron (B), because B is a smaller atom than Al, with both
belonging to group 13.

Figure 7.12 shows a mass spectrum of Al NC anions mixed with B atoms [34].
As seen in the distributions for the number of boron atoms (Fig. 7.13; m =0, 1, 2,

Fig. 7.12 Mass spectrum of 2
the AI-B nanocluster anions & _
(Al,B;,). The most intense N Alan

mass peaks are observed at n
+m = 13-0 and 12-1 along
with some enhancements
around n + m = 23.
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Fig. 7.13 Intensity distributions of the Al,B;, anionsam=0,bm=1,¢m =2, and d m = 3).
Magic number behavior appears at n + m = 13 and 23, while it disappears at n — m = 11-2 and
10-3. Reprinted from Ref. [34] with permission from Elsevier

and 3), a distribution maximum is observed at n — m = 13-0 and similarly at 121,
where an Al atom is substituted with a B atom. However, when two B atoms are
substituted, no local maximum is observed at 11-2, showing that the second B atom
destabilizes 12—1. The results suggest that at 12—1 the B atom is encapsulated in an
Al;, cage, and that the second B atom destabilizes the icosahedral cage from Alj,
to Al;;B due to a vertex-replaced icosahedron (exohedral B@ Al;;B) with a smaller
surface B atom.

In the distributions shown in Fig. 7.13a, larger Al NC anions also exhibit magic
number behavior, particularly at n = 23, although this is less prominent compared to
n = 13. Aly;~ electronically satisfies the 3S shell closure by 70 electrons [34]. The
behavior of the Al-B distributions in Fig. 7.13b—d suggests that the local maximum
at n + m = 23 is retained with substitution of up to two B atoms but the third B atom
(m = 3) makes the Al,3 derivatives less stable. This suggests that the two B atoms
are encapsulated in the Al cage, while the third B atom becomes a surface atom. The
structure of Aly;B; is discussed below together with that of Aly;Si;.

7.4.2 Anion Photoelectron Spectroscopy for Al-based BCSs

To quantitatively evaluate the electronic properties, anion PES was used for these two
binary NCs. Figure 7.14 shows photoelectron spectra of Alj»Si~, Alj;;SiF-, Alj;,B™,
and Al3Cs™ [37, 38, 75]. In the Al Si™ spectrum, a small peak (label X) is observed
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Fig. 7.14 Photoelectron
spectra of a Al;oSi, A|128| - A (a) AI1ZB- (c)
b Al»SiF~, ¢ Al;pB~, and
d Al;3Cs™ at 213 nm
(5.82 eV). Reprinted with
permission from Ref. [38].
Copyright 2006 American
Chemical Society
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at 1.5 eV following a large peak at around 3.5 eV, and the EA is as small as about
1.5 eV. The spectral feature is attributed to one-electron addition to the 40 electron
closed shell of neutral Al;,Si, resulting in the excess electron occupying the orbital
above the HOMO of Al;,Si. In fact, the F-atom adduct of Al;»;SiF~ anion can be
selectively produced when Al-Si NC anions are reacted with fluorine (F;) gas [38,
39], which is seemingly promoted by the excess electron in Al;;Si™.

When the photoelectron spectrum of the Al;;SiF~ product is obtained, the peak
X observed in Fig. 7.14a disappears while maintaining the other features, as shown
in Fig. 7.14b. Furthermore, the spectrum of Al;;SiF" is almost the same as those of
Alj3™ and Al;,B™ (Fig. 7.14¢). Namely, by adding the F atom [57-59], the excess
41st electron is scavenged into a deeper level by the F atom, forming a combination
of Al,Si neutral and F~, as discussed for Ti@Si;¢~ and Ti@Si;¢F in Sec. 7.3.1.
The results show that the peak X of Al;,Si™ is attributable to a SOMO, with a gap of
1.53 eV between the HOMO and the LUMO for Al},Si from the two peak intervals.

Furthermore, the NC anions of both Alj3™ and Al;;,B™ satisfy 40 electron shell
closure, and they become 41st electron systems when a cesium alkali metal atom (Cs)
is added [35, 36, 38, 78]. Interestingly, as shown in Fig. 7.14d, the peak X appears
in a low binding energy region, and the photoelectron spectrum is almost the same
as that of Alj,Si™. Specifically, the Al;3Cs neutral is a 40 electron species, forming
a superatomic salt of (Al;37)(Cs*) between the halogen-like Al;3 superatom and the
alkali metal atom [35, 38].
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7.4.3 Photoionization Spectroscopy for Al-based BCSs

The E; of the neutral NCs can be evaluated by measuring the photoionization effi-
ciency curve with a tunable photoionization laser [38, 39, 49]. Figure 7.15 shows the
size-dependent E; values of Al,, Al,Si, and Al,Si, [39], and these asymptotically
approach 4.08 eV of the Al metal work function [76] as the size increases. Along
with the asymptotic E; decrease, a discontinuous change in Ej is found when crossing
the closed shell of a specific electron shell, the 40 electron boundary.

The E; values of the Al;; and Al;,Si neutrals reach 6.42 eV or more. When one
Al atom is added to these to form Alj4 and Al;3Si, their E; values drop drastically
to around 5.6 eV. A similar E; drop is observed when one Al atom in Al;»Si is
substituted with a Si atom to form Al;;Si,. These discontinuous drops in E; values
can be explained in terms of electron occupation above the 40 electron shell closure.
A local maximum/minimum in E; attributable to a similar electron shell is also
observed around 70 electrons (3S shell), the local E; maximum for Al Si and the
local E; minimum for Al,;Si,, which are treated as a closed shell of 70 electrons and
a one-electron excess of 71 electrons, respectively.
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For another Al-based binary NC doped with phosphorus (P) atoms, the substitution
of an Al atom with P adds two valence electrons because of the pentavalent P atom
[38]. The E; of P@Al,; is as low as 5.37 eV, showing a one-electron excess against
the 40 electron shell closure, and the E; is the lowest value compared with those of
similarly sized NCs. This feature is consistent with the total valence electron number
of P@Al;, of 41, causing P@Al,; to act as an alkali metal-like BCS.

7.4.4 Theoretical Calculations for Al-Based BCSs

These quantitative experimental evaluations allow us to clarify the electronic and
geometric properties of Al;;X and Al; X, NCs in detail using quantum chemistry
calculations [39, 40, 42, 43]. Figure 7.16 shows optimized structures of cations,
neutrals, and anions of Al;,Si, where two isomeric forms are shown; endohedral Si
in an icosahedral Al;, cage and a vertex-replaced icosahedron (exohedral Si atom)
[39]. In any charge state, Si@Al;, with a central Si atom is calculated to be more
stable than the vertex-replaced one.

When one electron is depleted or in excess to form Al;Si* or Al;,Si™, the encap-
sulated Al cage structure is unchanged, but the structural symmetry is lowered
from I, symmetry. The lowering of symmetry is caused by the Jahn—Teller effect, in
which the NCs are electronically stabilized by structural distortion associated with
the undegeneration of electronic states [76]. Retaining the cage structure against
charge exchange among Al;,Si*"~ implies that the Si@Al;, superatoms are stable
against charge transfer, indicating that these are promising BCSs for fabricating BSC
assemblies for an electronic device.

Additionally, molecular orbital (MO) diagrams are obtained from the optimized
Aly3~, AljpSiT, and Aly,SiF-, as shown in Fig. 7.17 [38, 39]. In Al;3™ and Al;,SiF-,
the HOMO-LUMO gap is large, which is consistent with the experimental results
shown in Fig. 7.14. Furthermore, in Al}»Si~, the SOMO level appears below the
LUMO level, represented by a small bump in the photoelectron spectrum in Fig. 7.14.

X@Al;; (X = B, Si, and P) BCSs behave as halogen-like, rare gas-like, and
alkali metal-like superatoms, respectively [38, 39, 79-81], where smaller atoms,
from trivalent to pentavalent atoms of main group elements, are preferred as the
central atom. To verify whether electron shell closure occurs by doping transition
metals, the electronic properties were examined for Al;;M doped with trivalent Sc
and tetravalent Ti [40]. It was found that neither Sc nor Ti atoms were encapsulated in
the Al cage due to their large atomic radius; instead, they formed a vertex-replaced
structure, exohedral Alj,M. In addition, their electronic states are described not by
40 electron shell closure, but according to the Wade-Mingos rule, in which AI@ Al
is bonded to a transition metal atom, as shown in Fig. 7.18.
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Fig. 7.16 Calculated
equilibrium structures and
energy differences between
isomers with central Si and
surface Si; a Alj2Si;™,

b Aly;Siy, and ¢ Alj2Si; .
Al and Si atoms are shown as
red and blue, respectively.
Reproduced from Ref. [39]
with permission from the
PCCP Owner Societies
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7.4.5 Size Evolution of Al-Based Nanoclusters for Assembled

Materials

In the size dependence of E; shown in Fig. 7.15, features based on electron shell
closure appear not only in the vicinity of Al;3 but also around Aly,sz; for Aly;Si,, the
local E; minimum is due to 3S shell closure (70 e). It appears reasonable that both
B and Si atoms tend to be encapsulated in Al NCs as demonstrated for B@Al;, and
Si@Alj,. Based on the icosahedral Al;, cage, a face-sharing bi-icosahedral structure
is conceivable for Al,; B, and Aly;Si, [39, 43], and then the lowest-energy isomer

can be calculated.
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Fig. 7.17 Molecular orbital diagrams of Alj3~ (Si@Al}>), Si@Alj; 7, and Si@Alj,F~. Both Al 3~
(Si@Alj3) and Si@AlF~ have large HOMO-LUMO gap, whereas Si@Alj>~ has SOMO. Repro-
duced from Ref. [39] with permission from the PCCP Owner Societies

Fig. 7.18 Equilibrium
structure of Alj»Sc™ NCs
calculated at the
PBE0/def-SV(P) level (Al
red and Sc; blue).
Reproduced from Ref. [40]
with permission from IOP
Publishing

Singlet, C;,

For Al; B, optimization from the initial structure of the face-sharing bi-
icosahedral structure affords a triangular rice-ball structure containing two B atoms
[43]. For Al,;Si,, however, it was calculated that a face-sharing bi-icosahedron is
more stable than a triangular structure for cations and neutrals [39], as shown in
Fig. 7.19. The structure shares an Al trimer on the cage surface, with a partial over-
lap of the two icosahedral Si@Al,,.

More interestingly, it was found that the superatomic orbital (SAO) of Aly;Si,
can be represented by superposing two Si@ Al,, superatoms. Figure 7.20 shows the
energy diagrams of the Aly;Si, bi-icosahedron, which shares an Al trimer between
two Si@Alj,. Using a linear combination of SAOs (LCSAO) [39], a MO picture for
dimeric superatoms (di-SAs) is obtained similar to linear combinations of atomic
orbitals (LCAOs); the 2Po* LCSAO-MOs for Al,;Si>* cations and Aly;Si, neutrals
are vacant and SOMO, respectively, while up to the 1F3* LCSAO-MO the MOs are
occupied. For di-SA, the orbital shapes of the SAOs allow wavefunction overlap at
closer distances between the two superatoms compared to that between the atomic



216 A. Nakajima

(a) Bi-icosahedron (b) Triangular

cation

EWE]

AE=0.0eV

Fig. 7.19 Calculated equilibrium structures and energy differences between two isomers of a bi-
icosahedron and b triangular form for cationic and neutral Aly;Si, with PBE1PBE/6-311+G*. The
experimental ionization energy is reproduced by the bi-icosahedrons. Reproduced from Ref. [39]
with permission from the PCCP Owner Societies

orbitals of homonuclear diatomics. This feature gives an orbital stability of di-SA in
the order of 0 < T < d < ¢, because the nature of the LCSAO-MOs is closer to the
united (super)atom limit than that of the homonuclear diatomics (LCAO-MOs).
Furthermore, the electronic properties of the superatom dimers of
X@Al,-Y@Al;; (X-Y = Si-Si, B-P, Al-P), hetero-assemblies of endohe-
dral Al-based BCSs, are theoretically predicted, where the optimized dimers
are obtained by facing the sides of the monomers in a staggered fashion [42].
When the electronic absorption spectra are calculated for the B@AI,-P@Al,,
and Al;3—P@Al;, heterodimers (a combination between halogen-like and alkali
metal-like superatoms), a CT band from B/Al@Al;, to P@AIl;; is found in the
visible region. The charge distributions in the heterodimer of B@Al,-P@Al,,
are unchanged by inserting Si@Al;, between the two superatoms, and the dipole
moment of the heterotrimer (3.89 D) is larger than that of the heterodimer (2.38 D).
Similarly, a heterodimer and trimer comprising Si-based BCSs, M@Si;s (M = Sc,
Ti, and V), are predicted to exhibit electronic excitation involving CT states; this
is characterized as electron transfer from V@Sig to Sc@Si;¢ in the heterodimer
of V@Si;4—Sc@Si ¢ with a dipole moment of 7.63 D [41]. When the Ti@Si
BCS is inserted between the V@Si4—Sc@Si;¢ dimer, the linear heterotrimer of
Sc@8Si4-Ti@Si;4—V@Sij¢ has a larger dipole moment of 15.6 D and one or more
localized frontier orbitals compared to the dimer. These dimers and trimers are
the smallest assembled BCSs, and the theoretical insight allows combination of
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Fig.7.20 Calculated energy diagram of a icosahedral Si@ Al; and b bi-icosahedral Aly; Sis neutral
using the linear combination of SAOs (LCSAO) of the dimeric Si@Al;, superatom. With face
sharing of Als, nine electrons are subtracted in the Al Sip neutral compared to two Si@Alj,. Solid
lines show filled or half-filled states, whereas dotted lines show unoccupied states. The LCSAO-MO
of 2P o* is a SOMO for the Aly;Si» neutral, while the LCSAO-MO of 1F §* is a HOMO for the
Aly; Siy cation. Reproduced from Ref. [39] with permission from the PCCP Owner Societies

different BCSs having various central atoms to create new nanoscale materials [82,
83], which will establish a new area in the field of NC science.

7.5 Conclusions

The metal-atom-encapsulating Sij¢ cage (METS) is a novel nanostructure that was
synthesized in the gas phase, and the structural properties were successfully charac-
terized in 2017 after a long research period of over 30 years [12]. The BCS formation
features synergistic generation from Si and M atomic vapor. In the highly symmetri-
cal Tq structure, in which 16 Si atoms form a spherical outer shell, the total number
of valence electrons is controlled by replacing the central metal atom. M@Si is
regarded as a representative “superatoms” in which 17 atoms in total behave as a new
“atom”. For example, Ta@Si is a superatom with one excess electron, which is like
an alkali-metal atom such as Li and Na. By replacing the central metal atom with var-
ious metal atoms, the electronic properties are designed while retaining the structural
motif, and then their aggregates and hetero-interface exhibit distinct chemical and
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physical properties. Furthermore, chemical ligation would modify their properties to
form designer nanomaterials. The BCS nanomaterials will show novel optical and
conduction properties, and M@Si;s BCS itself exhibits new bonding features. The
BCS might enable a paradigm shift in Si-based nanoscale material to overcome the
integration limit of current top-down Si electronics together with M@Ge¢ BCSs
[61, 84].

For Al-based BCS, X@Al;, (X = B, Si, and P) BCSs behave as halogen-like,
rare gas-like, and alkali metal-like superatoms, where small atoms are preferred as
central atoms from trivalent to pentavalent atoms of main group elements. Since
Si@AIT"~ BCSs retain the cage structure by charge exchange from the Si@Al,
neutral in I, symmetry, the Si@ Al;, superatoms are stable against charge transfer,
affording promising BCS assemblies for an electronic device. The theoretical analysis
showed that the SAO of bi-icosahedral Aly;Si, can be represented by superposing
two Si@Al;, BCSs. Using the LCSAO, a MO picture for di-SAs is obtained similar
to the LCAO.

Finally, the BCS assembly can apparently create new nanoscale materials; hetero-
assembly of an M@Si 4 or X@Al;; BCS comprising different central atom BCSs
is theoretically predicted to show an electronic transition relevant to charge transfer.
Beyond M@Si ¢ and X@Al;, BCSs themselves, these BCS assemblies will further
widen a rich diversity to fabricate nanoscale functional materials, and along with that
superatom periodic table would evolve from these BCS family members.
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