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Oxidative reactivity of alkali-like superatoms of
group 5 metal-encapsulating Si;¢ cage nanoclusters

Masahiro Shibuta® ', Toshiaki Kamoshida?, Tsutomu Ohta, Hironori Tsunoyama@® 2 & Atsushi Nakajima® "2

It is crucial to control the reactivity of surface silicon atoms for applications in miniaturized
silicon-based nanodevices. Here we demonstrate that reactive silicon atoms are made
unreactive by forming a Si;¢ cage that encapsulates a metal atom. Specifically, group 5 metal-
encapsulating Siig nanoclusters (M@Siig: M =V, Nb, and Ta) exhibit alkali-like superatomic
behavior on n-type Cgq substrates, where charge transfer between M@Si;g and Cqq satisfies
the 68-electron shell closure as M@Sii™. The oxidation properties of M@Sii¢T are inves-
tigated by X-ray photoelectron spectroscopy, revealing that the chemical stability of the
caged silicon surface towards oxygen is enhanced by a factor of 104 compared to a crystalline
silicon surface, and that M@Si¢ are oxidized stepwise from the outer Si;¢ cage to the central
metal atom. While the nanoclusters share a common Si;¢ cage, their chemical robustness
depends on a superatomic “periodicity” (Ta@Sii¢ > V@Sitg > Nb@Siyg) which is explained by
the electron density distributions of M@Siy¢ investigated by DFT calculations.
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modern technology. The demands of the latest functional

devices (e.g. to be lightweight, flexible, energy saving, etc.)
make it especially important that the functional units are con-
structed to be as small as possible, on the nanometer scale!2.
Since miniaturization of functional units with conventional pat-
terning methods like photolithography has almost reached its
limit3, it is urgent that we discover methods to construct Si-based
low-dimensional functional nanomaterials (e.g. silicon nanodots,
nanowires, nanosheets) that are fabricated with bottom-up
technologies utilizing fine synthesis methods in the gas and
liquid phases*~, where each silicon nanomaterial is regarded as a
building block of functionality. Furthermore, from a material
science perspective, the chemical stability of the fabricated silicon
nanomaterials is also very important because the surface oxida-
tion reaction in the nanomaterials often changes their original
functions. Therefore, strategies to make Si-based nanomaterials
chemically robust are indispensable. In particular, chemical
reactivity towards reactive oxygen gas is a common issue in the
development of practical nanodevices and is also worth com-
paring to that of naked Si crystalline surfaces that exhibit an
extremely reactive dangling-bond of Si atoms.

Silicene, a counter part of graphene, is a two-dimensional (2D)
functional nanomaterial with Si atoms, achieving high in-plane
conductivity combined with flexibility?~13. Although the Si atom,
unlike the C atom, preferably forms sp> hybridized chemical
bonds, the 2D conformation of silicene forces it to make sp-like
Si—Si bonds, resulting in a nonflat 2D network (buckling struc-
ture)®~12. In spite of the structural deviation from the ideally flat
sp? conformation (cf. graphene), an enhancement of chemical
robustness towards oxygen has been reported for silicene, which
reaches a factor of 10> as compared to that of sp> bonded crys-
talline Si'l!2. To make a stable Si compound with “zero
dimensional” nanostructure, by analogy with Ce, fullerene, one
can assume that a rounded silicene will have stable caged surface.
From this viewpoint, much experimental and theoretical research
on the simplest Si caged materials have been conducted, including
Sigo!*~17. However, such a stable caged Si compound has not so
far been clearly identified, although the Si compound is highly
expected to work in harmony with well-established Si
nanotechnology.

Making a nanoscale rounded Si surface, i.e. caged Si, with metal
encapsulation is one promising approach to realize chemically
stabilized Si-based functional compounds'®-36. Here the central
metal atom enhances the electronic stability of the Si cage by
sharing their valence electrons to form a superatom3%-33-3¢, In
fact, transition metal-encapsulating Si;¢ nanocluster superatoms
(M@Si;6) can be synthesized in the gas phase, exhibiting a magic
number behavior like a Cg, fullerene?>27. Since their chemical
properties can be tuned by choosing a different metal atom in the
center of the geometrically close-packed M@Si, the assembly of
a series of M@Si;¢ could be a pathway to building Si-based
nanomaterials.

In the literature, there are two electron counting rules for
“superatoms”26:28:29:34.36 and “18-electrons”1%21:2>30 o explain
the electronic properties of M@Sin. Including a charge state, the
electronic stabilities of M@Si;6 (M = Sc, Ti, and V) are governed
by their superatomic nature and exhibit a shell-closure of 68
electron (16 x4 e~ (S)+4 e (M)=68 e)26:28:293436 p
addition, the extended 18-electron rule can contribute to form
M@Si, (n = 12, 14, and 16)19:21:2530_In the DFT calculations for
Ti@Si; ¢4, its Kohn—Sham orbitals demonstrate that the 3s and
3p orbitals of the Si atoms are delocalized into superatomic
orbitals, where the 68-electron shell closure, (15)2(1P)¢(1D)10(1F)
14(28)2(1G)18(2P)°(2D)10, governs their enhanced stability as
found experimentally in gas phase?’-?8. In addition, a part of
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electronic states in the calculated Kohn—Sham orbitals can also
be described by 18-electron filling to the 4s, 4p, and 3d orbitals of
the central Ti atom. Since the two electron counting rules of
“superatoms” of 68 electrons and “18-electrons” for a transition
metal atom are not exclusive to each other, both may contribute
to stabilizing the M@Si;¢ superatoms.

Since the group-5 transition metals V, Nb, and Ta possess five
valence electrons, the M@Si, 4 superatom (M =V, Nb, and Ta) is
stabilized as cationic species as M@Si;¢ ™ to satisfy the 68-electron
shell23:2734:36-41 "and therefore the M@Si; ¢ neutrals are classified
as alkali-like superatoms. In addition, the Si cages that include a
group-3 atom (M =Sc, Y, and Lu) or a group-4 atom (M =Ti,
Zr, and Hf) exhibit halogen-like and rare gas-like behaviors in a
superatom periodic table?327-34:36,

We previously reported the chemical characterization of
Ta@Si,6 deposited on a graphite substrate as a demonstration of
the use of X-ray photoelectron spectroscopy (XPS) to element-
specifically clarify the local electronic structure of the caged Si
atoms®’, although the analysis of the chemical reactivity was
qualitative and the species were limited to Ta@Si,¢ in an alkali-
like superatomic family.

Here we provide chemical characterization of alkali-like
superatoms, including group 5 central atoms, to demonstrate
periodicity in a superatom periodic table together with quanti-
tative kinetic analyses for oxidation reactions which suggest
metal-dependent superatom chemistry. The degree of chemical
robustness of these M@Si,s superatoms, which is about 10*
higher than a naked crystalline Si surface, depends on the central
metal atom: Nb@Si;¢ is the most reactive owing to the electron
density spreading outside the Si;¢ cage, as suggested by DFT
calculations.

Results

Generation and deposition of M@Si;¢". Figure 1 shows the
mass spectra of cationic M—Si binary nanoclusters (Fig. la, M =
V, Fig. 1b, Nb, and Fig. 1c, Ta) generated with a magnetron
sputtering (MSP) method34342, In the mass region of 400—700
mlz, a series of M;Si,™ ions are predominantly observed.
Although the series of Si,* and M,Si," are observed as minor
products especially for M =Nb (as marked in the figure) those
species are almost negligible around the M@Si;¢" region. Opti-
mizing the production conditions of Ar and He flows and sput-
tering power, the M@Si ™ signals prominently appear as magic
numbers;  V@SijgT =500m/z, Nb@Sij¢" =542m/z, and
Ta@Siyet = 630 m/z. Although the MSP method usually gen-
erates cold nanoclusters with less magic number behavior com-
pared to those made with a laser vaporization method?3-27:34.36:42,
the typical ion currents of generated M@Si ¢ were larger than
500 pA with enhanced ion currents compared to their neighbors,
as shown in Fig. 1. The flux of 3x10° clusters/s (at 500 pA) can
deposit an amount of 1 monolayer (ML) on a substrate within 4
h, where the coverage is defined by the total ion current, and the
amounts in the deposition area are consistent with those eval-
uated with step-by-step XPS measurements for C 1s and ultra-
violet photoelectron spectroscopy (UPS) for Ceq derived signals
(Supplementary Figures 1 and 2). For XPS measurements, the
peak profiles derived from the core levels of Si and M elements
remain the same for coverages in the range of 0.3—1.4 ML, while
the increase in their intensities show saturation behavior at >1
ML (Supplementary Figure 3), and M@Si,¢* is typically depos-
ited to 0.6 ML in all XPS analyses.

Chemical environment of M@Si;¢ on Cg. Figure 2 shows the
XPS spectra for V@Siy6, Nb@Siy¢, and Ta@Si;¢ deposited on the
Cgo substrate (photon energy (hv)=1253.6eV), where the
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Fig. 1 Mass spectra of M,,,Si,, binary nanocluster cations. The mass spectra
for a V,,,Sip, b Nb,,,Siy,, and ¢ Ta,,Si, cations show that the series of M;Si,*
ions (marked in the figures for n=10—20) are mainly generated with a
magic number behaviors of M@Si;¢™*. The vertical scale bars represent ion
currents of 500 pA, and all M@Si;™ are larger than 500 pA. While Si, ™
and M,Si,* are also resolved for M = Nb and Ta with minor products,
those are negligible around the M@Sii¢™ region

binding energy regions encompass the core levels of Si 2p (Fig. 2a
—c) and central metal atoms (Fig. 2d; V 2p, 2e; Nb 34, and 2f; Ta
4f). Since all XPS signals derived from Si and M increase linearly
with the deposition up to 1 ML (Supplementary Figure 3), all
M@Si,¢ are nondestructively immobilized on the Cgy substrate
without forming three-dimensional aggregates, consistent with
scanning tunneling microscopy (STM) observations37-38. Using
an instrumental broadening (Voigt peak function; full width at
half maximum (FWHM) = 1.09 eV with Lorentzian and Gaussian
widths of 0.56 eV and 0.75 eV, respectively), the peaks of Si 2p
core level are deconvoluted into two components which are due
to spin-orbit splitting (2p,132) with a known peak separation
(0.608 eV) and branching ratio of 2j+1 (1:2)%3. As seen in Fig. 2,
the peak reproductions of Si 2p for all M@Si,¢ indicate that the
chemical environment of Si atoms composing M@Si; is uniform
within the energy resolution of the XPS measurements; this
implies that the surrounding Si atoms are almost equally dis-
tributed around the central metal atoms. Compared to the
binding energy of Si 2ps/, for bulk Si (99.5eV)*, the Si 2ps,
peaks for all M@Si;¢ at 99.6—99.7 eV indicates that the charge
states of the surrounding Si atoms are close to that of bulk Si (Si%).
Note that a small extra-component at a higher binding energy is
seen for the Si 2p peak for Nb@Si;¢, which is presumably caused
by partial oxidation due to lower chemical robustness of Nb@Si;¢
compared to V@Si,s and Ta@Si,¢, as discussed later on.

For the central metal atoms of V, Nb, and Ta, a couple of XPS
peaks are distinctly observed due to the spin-orbit splittings of
core levels (V: 2py/2,3/2, Nb: 3d35,5/, and Ta: 4fs,,7/,). Similarly to
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Fig. 2 XPS spectra for M@Si;¢ superatom deposited on a Cgg substrate. The
binding energies are around core levels of Si 2p for a V@Siis, b Nb@Siyg,
and ¢ Ta@Siye, and metal core levels of d V 2p for V@Siye, @ Nb 3d for
Nb@Siyg, and f Ta 4 f for Ta@Siye. Reference binding energies of Si 2ps , for
bulk Si (5i9), and M (V 2p,/3, Nb 3ds,», and Ta 4f;,,) for MO and M2+ are
marked by vertical bars. Their binding energies show zerovalent Si and
monovalent M+

Si 2p, the peaks are reproduced by a single component using the
spectroscopic parameters of energy separations and branching
ratios of 2J+1; 7.5 eV, 2:1 for V 2p*>, 2.8 eV, 3:2 for Nb 344, and
1.915 eV, 4:3 for Ta 4 f¥. Strictly speaking, both V 2p and Nb 3d
peaks show a slight asymmetry with tailing components at a
higher binding energy, whereas the Ta 4f peaks can be accurately
fitted with a symmetric peak function. The tail structures in XPS
spectra are seemingly caused not by a partial oxidation of the
sample but by a photoelectron energy loss with a subsequent
electron-hole excitation*$, which occurs more effectively at low
photoelectron kinetic energy, Ey (higher binding energy). In fact,
(1) an XPS spectrum for a standard sample of an Ag crystal,
which has 3d derived core level at around 370 eV in binding
energy (Ey = 880 eV), shows asymmetric features (Supplementary
Figure 4), and (2) the XPS spectra taken with the Mg Ka line for
the clean surfaces of V, Nb, and Ta have similar spectral widths
for V 2p (Ex = 740 V) and Nb 3d (E; = 1040 eV) core levels but
not for Ta 4f (E = 1230 eV)*6:490, Therefore, the XPS spectra in
Fig. 2 indicate that the chemical environments of both V and Nb
in M@Si,¢ are also uniform, similarly to Ta@Si,s, showing that all
M@Si;¢ superatoms deposited preserve the original metal
encapsulating Sij¢ cage structures on a Cgy substrate. From a
theoretical perspective, Sen et al. recently calculated the structure
of neutral Ta@Si;¢ attaching to a graphite substrate, where all Ta
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—Si distances are similar (2.85—2.97 A), thereby resulting in a
single and uniform chemical component of Si 2p and Ta 4f core
levels*!. The calculation reasonably supports the above conclu-
sion in the present Cg substrate.

To compare the uniformity of chemical environments with a
“nonencapsulating” metal-silicon nanocluster, we chose TaSig™;
eight Si atoms insufficient to encapsulate a Ta atom>l
Accordingly, TaSig™ cations were deposited onto a Cy substrate
(Supplementary Figure 5), using MSP conditions that slightly
enhance TaSig™ cation formation (Supplementary Figure 6). For
the TaSig deposited film, indeed, the XPS peaks for Si 2p and Ta
4f are fitted by broader peak functions (1.66 eV for Si 2p and 1.36
eV for Ta 4f in FWHM, see Supplementary Figure 5), which is
1.52—1.25 times broader than those of Ta@Si;s. Together with
the shift of the peak position towards a higher binding energy, the
peak broadenings show inhomogeneous chemical environments
of Si and Ta atoms due to the nonencapsulating structure of
TaSig. In other words, the uniform chemical environment in
M@Si; on a Cgy substrate reveals the presence of the symmetric
metal-encapsulating feature of the Si;¢ cage.

The charge state of the Si and central metal atoms are worth
discussing to emphasize the characteristics of the alkali-like
M@Si6. As shown in the right hand of Fig. 2, since the peaks of
metal core levels appear between metallic (M%) and divalent (M?
+) charge states*>-47°253, the charge state of each central metal
atom is assignable to monovalent (M7), although such mono-
valent compounds of group-5 transition metals are rarely seen in
the nature. Since the surrounding Si atoms are in a neutral charge
state (Si%) (Fig. 2a—c), the overall charge state of M@Sij is
characterized to be +1 (namely M@Si;¢"), which favorably
satisfies the 68 e~ shell closure for M@Si; with group 5 central
metals. On the other hand, the C 1s peak shifts towards lower
binding energy with depositing the M@Si;¢ (Supplementary
Figure 7). The results show that Ce is negatively charged due to a
high electron affinity (2.68eV) of Cqy (n-type organic semi-
conductor)®*, forming a charge transfer (CT) complex of

M@Si 6T Cgp 373840, Furthermore, the stoichiometric ratio
between M@Si;s and Cqo is 1:1 (M@SisTCeo~) because the
coverage dependence of the XPS/UPS spectra exhibits peak shift
behaviors that saturated at 1 ML (Supplementary Figures 1, 2).

Oxidative reaction of M@Sijs. As shown in Fig. 2, the extra
chemical component is observed in the Si 2p XPS signal for
Nb@Si;¢, implying that the chemical robustness of M@Si;¢ is
dependent on the central metal atom. Indeed, only for Nb@Si is
the Si 2p profile sensitive to change during the XPS measurements
which irradiate trace amount of atomic oxygen from the X-ray
source (Supplementary Figure 8). Chemical robustness is an
important issue in the characterization of the alkali-like supera-
tom family for Si-based nanomaterials. Here, we evaluate the
chemical robustness of M@Si;¢ as their oxidative reactivities
towards a reactive gas of O,, where both XPS profiles for Si 2p
and the central metal core levels are obtained after step-by-step
O, exposures at room temperature. The amount of oxygen is
defined by Langmuir (1 L = an exposure of 1.33x10~4 Pa during
1s). For every 1L exposure, an O, molecule hits the M@Si;s on
the substrate approximately two times. As shown in Fig. 3, at
1x10* L exposure, the original peak components for Si 2p and the
central metal M are mostly retained, showing the enhanced
chemical robustness of M@Si;¢ on Cgg. This compares with the
behavior of clean crystalline Si surfaces as well as those of the
central metal elements which are easily oxidized by less than 10 L
oxygen exposure®©l, In particular, the enhanced chemical
robustness of “Si surface” at M@Si,¢ is worth comparing quan-
titatively with that at naked crystalline Si, whose oxidative reac-
tivity towards oxygen has been extensively studied with many
surface science techniques® 8. Through oxygen exposure, the
multiple oxidation stages of Si atoms (e.g. Si'*—Si**) are formed
in both M@Si,¢ (see next section) and bulk Si surfaces. Here the
chemical robustness towards oxygen for M@Si;¢ is considered as
an XPS intensity ratio between unreacted Si (Si% and reacted Si
(Silt—Si*t, denoted Sil~#* in Fig. 4) after oxygen exposures.
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Fig. 3 XPS spectra for M@Siy¢ deposited on a Cgg substrate measured after different O, exposures. The XPS spectra obtained before and after O,
exposures for V@Siyg (a Si 2p and b V 2p), Nb@Si¢ (¢ Si 2p and d Nb 3d), and Ta@Sii¢ (e Si 2p and f Ta 4f), where the amounts of O, exposures are
defined as Langmuir (L). All spectra shift towards higher binding energy with oxygen exposures, indicating the M@Siy¢ are oxidized and finally proceed to
SiO, and M,Os species. Reference binding energies of oxidized Si (Si3*and Si4*) and M (M5*) are marked by vertical bars. The spectra of Si 2p are
deconvoluted into three components of initial (Si®), intermediate (Si'2+), and final (Si34+) ones. For the metals, the spectra are dominated by M+ and M>
+ components, although for Nb 3d, the spectra are deconvoluted with Nb2+ as well as Nb+ and Nb>+. For Ta 4f, an O 2s contribution is also considered in
the deconvolution. More details of the fitting procedures are seen in Supplementary Note 1
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This simple assumption is considered valid because all Si atoms in
M@Si¢ are equally exposed to oxygen in the present dispersive
immobilization on the Cgyy substrate. From an XPS study of the
oxidation of Si single crystal surfaces, it has been reported that
80% of the surface Si atoms react with oxygen by 5L O, exposure,
thereby showing oxidized Si (Si'*—Si**)-derived peak compo-
nents>>. As analyzed in the next section, for M@Si,e, it shows
only 20% (Ta@Si;s)—50% (Nb@Si;6) of the oxidized Si atoms
after 1x10*L O, exposures (Sil~4* in Fig. 4). Compared to the
case of a bulk Si surface, approximately one-fourth of the oxi-
dative reaction occurs at the Si atoms of Ta@Si,s despite 2x103
times higher oxygen dosages. By metal-encapsulation of Si;4 cage,
therefore, the chemical robustness of the Si surface towards
oxygen is enhanced by a factor of 10%

At 5x1010L (=1 atm x 60 's), some changes in the Si 2p signal
are evident. However, the spectra of central metal M mostly retain
their original profiles, showing that the metal atom is still
protected against oxidation by the partially oxidized Si;¢ cage.
The enhanced stability by the metal encapsulation suggests that
air exposure within a few minutes lead to insignificant
degradation of M@Sijs. In fact, a “nonencapsulating” TaSig
nanocluster obviously shows substantial reactivity towards the
oxygen (Supplementary Figure 9); most of Si and Ta atoms react
with oxygen at 5x1010L,

By an extreme exposure of M@Si; ¢ to 1x1014 L (=1 atm x 40 h)
oxygen, the main Si 2p and metal core peaks completely shift
towards higher binding energies, whose charge states are Si>* or
Si*t, and M>*, respectively, as marked in Fig. 3444>>31 The
results indicate that the deposited M@Si; is finally oxidized into
SiO; and M,0s5 in the O,-rich atmosphere, where the oxidation of
the central metals is associated with the coreless structure as a
final product. The detailed mechanism of the oxidative reaction,
and the degree of reactivity of the central atoms are discussed as
follows.

Mechanism of oxidative reaction on M@Si;¢. As described
previously, the O, exposure dependences are different between
outer Si and inner central metal atoms. The surrounding 16 Si
atoms exhibit initial oxidation showing an intermediate charge
state of Si'T—Si2* (noted as Sil»2*), and finally reach an oxida-
tion state of Si*>T—Si*t states (noted as Si>*1). On the other
hand, the initial oxidation state of the metal atom (M!1) is
promptly changed into the final oxidation state of M>T. In order
to discuss the mechanism of oxidative reaction on M@Si,¢, the
XPS spectra of Fig. 3 are deconvoluted using three components of
Si%, Sib2+, and Si*** for Si 2p and two components of Mt and
M>* for core levels of M. As shown in Fig. 3, the XPS spectra can
be deconvoluted well, although for Nb@Si;s, the minor inter-
mediate component of Nb?t has to be included (see Supple-
mentary Note 1 for details).

Figure 4 shows the ratios of the Si% Sil»2*, and Si®** states,
and that of the M!* and M>* states against oxygen dosages. For
Si 2p of all M@Siys, it is clear that the oxidation proceeds as a
sequential two-step reaction via the intermediate oxidation states
of Sib?*, and then the Si*** component appears at higher
oxygen exposures. For the oxidation of the metal atom, the XPS
peaks exhibit a behavior indicating a primary reaction where the
rise of M is followed by the decay of M!*. Since the intensity
evolutions of Mt closely correspond to those for the Si34+
component, the intermediate states of Sil2* are ascribed to Si;¢
cage oxidation, keeping the metal atom protected, such as with
20 adducts via dissociative O, adsorption products (Supplemen-
tary Figure 10), and those of Si>** are resulted from the Si;s cage
collapse along with metal oxidation. Note that, for the Nb@Si;,
the minor intermediate oxidized component of Nb 4ds,, at 203.7
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Fig. 4 Area ratio of spectral components of Si 2p and core levels of M. The
initial (Si0), intermediate (Si'2+), and final (Si34+) charge states for Si 2p
for a V@Siys, b Nb@Siys, and € Ta@Siys, and initial (M) and final (M>+)
charge states for core levels of d V@Siig (V 2p), @ Nb@Siig (Nb 3d), and
f Ta@Siy (Ta 4f) are obtained from the analysis of XPS spectra in Fig. 3.
The summation of Si'2+ and Si34+ (solid pink circles) is also shown. With
increasing oxygen exposure, for Si 2p, the intermediate states of Sil:2+
(solid green triangles) increase at first, and then Si34+ (solid orange
triangles) dominates at higher O, exposures. The intensity evolutions of M>
+ (including M2+ for Nb 4d) are similar to ones for Si34+, corresponding to
Si cage collapse

€V, corresponding to the binding energy of NbO (Nb2)%0, is
extracted in the fitting procedure owing to the higher reactivity of
Nb@Si; s, where Nb oxidation seemingly progresses as the Si cage
collapses.

From the above intensity analysis, it is fair to conclude that the
surrounding Si atoms are oxidized initially preserving the caged
structure, and then the caged structure collapses, resulting in the
highest oxidation states like SiO, and M,0Os. The maximum
intensity ratio of the Si»>* component is about 30%, implying
that the number of oxygen atoms attached is 4—5 per M@Si;4
before the collapse of the Sij¢ cage. The experimental observation
is in fair agreement with the theoretical work by Sen et al., who
suggest from their calculation that: (1) in the oxidation reaction
of Ta@Si;¢ cage, the central Ta atom is protected by the
surrounding 16 Si atoms from the oxygen, and (2) six Si atoms
(38% of 16 Si atoms) in Ta@Si;e are affected by four oxygen
molecules in a possible final structure after exposure®!.

In the oxidation of crystalline Si surfaces it is well-known that
O, molecules dissociatively chemisorb on the top Si atoms at
room temperature as atomic O, which forms the oxidized surface
in a “Si-O-Si” bridging configuration®4>6-58:62-64 " Further
oxidation (formation of a SiO, film) is followed by the oxygen
penetrating deep into the Si surface, accompanying the thermal
evaporation of molecular SiO to relax lattice mismatches®>¢°, The
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M@Si;¢ superatoms are similarly oxidized by atomic oxygen
dissociatively adsorbed on the Si;¢ cage, because during initial
oxidation (1x10%L) the XPS peak of the O 1s core level shows
almost the same binding energy (532.3 eV for Ta@Si;¢ on Cep)
with that observed in the first oxidative product of SiO at
crystalline Si surfaces with O, exposure (see Supplementary
Figure 11)%2. On the crystalline Si surface, further oxidation
followed by oxygen penetration deeper into the surface results in
a slight energy shift of the O 1s core level towards a higher
binding energy by 0.55 eV (in pure Si0,)°2. In fact, the O 1s core
level for Ta@Si;¢ on Cgp (Supplementary Figure 11) consistently
shifts by 0.35eV towards a higher binding energy at an O,
exposure of 1x1014 L compared with that at 1x10% L. The results
show that the final product of the oxidized Si;s cage is mainly
SiO, compounds without any bonding to the central metal atom.

The structural dynamics in the M@Si, ¢ oxidation are discussed
from the total XPS intensity analysis of Si 2p with O, exposure.
Figure 5 displays the integrated intensities of core levels at each
O, exposure, in which the XPS signal intensity is carefully
normalized (Supplementary Figure 12). The Si 2p intensities
(Fig. 5a) for all M@Si,¢ increase with O, exposure, and the Si 2p
signals are enhanced to 125—135%. At a coverage of M@Si;¢ of
0.6 ML, the enhancement is ascribed to a cage collapse of M@Si; ¢
via an oxidative reaction, which is caused by the extension of the
mean Si surface area with relief of the attenuation of photoemis-
sion from the back half of the Sij¢ cage. In fact, as mentioned
above, the dosage dependences of Si>** and M°* in Fig. 4 are
similar to each other, and moreover their behaviors are similar
also to the dosage dependence of the total Si 2p intensities in
Fig. 5b. The results consistently show Si cage collapse at the
higher O, dosages. Concurrently, the intensity enhancement of Si
2p indicates that the oxidation of M@Si;¢ occurs without SiO
desorption, although the oxidation of bulk Si surface is
accompanied by desorption of $i0Q6-66,

Although the XPS analyses of the central metals contain some
uncertainties due to satellites (in V 2p and Nb 4d) and O 2s
contributions (in Ta 4f) (see Supplementary Figure 12), the XPS
intensities of the metals increase slightly against the O, dosage by
120% at most (Fig. 5b). The result suggests that the metal atoms
are unsealed from the Si cage, as described in detailed discussion
in Supplementary Note 2.

Periodicity of chemical stability for M@Si;s. Although the
oxidation robustness of M@Si;¢ compounds are distinct com-
pared to naked Si surfaces, the degree of robustness depends on
the central metal atom; Ta@Si;¢ > V@Si;¢ > Nb@Si 6, as seen in
Figs. 3, 4. Here we evaluate the rate constant of M@Si, 4 oxidation,
ky (M =V, Nb, and Ta), assuming that (1) the oxidation pro-
ceeds with step-by-step attachment of oxygen molecules, and (2)
the kyasizs Of each oxidation step is identical at an early stage of
oxygen exposure (1x10% L). These assumptions are known as the
Eley-Rideal mechanism®’, where gas phase molecules directly
react with adsorbed species. Importantly, the kinetic analyses are
valid when the M@Si;¢ superatoms are immobilized mono-
dispersively on a surface. In fact, the Cqy decoration makes the
M@Si;¢ superatoms individually immobilized due to local che-
mical interactions of a CT nature between M@Si,4 and Cg(, which
has been examined by STM37:38.

By exposing oxygen molecules to deposited M@Si;, the Sijg
cage is oxidized sequentially to M@Si;60,,, where dissociative O,
adsorption plausibly produces 20 adducts as shown in Supple-
mentary Figure 10, similarly to bulk Si surface oxidation®>%4,
Along the stepwise oxidation of M@Si;s > M@Si;0, >
M@Si ;604 = ..., some of the Si 2p XPS signal shifts from Si® to
Sil->*, and the drop of the Si® component in Fig. 4 indicates the

a_ b
1gE 1 Il
| Si2p I Metal core levels
> 14| -0 V@Sig | —9@— V@Siy
3 | —@- Nb@Sisp | —9— Nb@Si
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Fig. 5 Total XPS intensities at each oxygen dosage. The XPS intensities of a
Si 2p and b metals core levels for V@Siie, Nb@Sie, and Ta@Site. The
intensity fluctuations of the X-ray source are normalized by the XPS signal
at a binding energy of 110 eV, where background signals are obtained that
only vary with the light intensity. The detailed procedures and the XPS data
are shown in Supplementary Figure 12. Error bars: the uncertainty in the
intensity analysis is estimated to be +10%, except for V 2p (£20%). The Si
2p signals for all M@Siy¢ increase with oxygen exposures, and are 1.25—1.35
times stronger at >1x10' L than that of as-deposited ones, implying Si cage
collapse of M@Siy6. The changes of the core levels of the central metals are
less significant compared to the Si 2p because M atoms are located
beneath a layer of Si

progress of oxidation reaction in units of L. Since the exposure
amount can be converted to the corresponding reaction time
under elementary reactions, the reaction rates, kyesizg, are
qualitatively evaluated by the conversion of 1L > 1s. At 1x10%L,
the ratio of nonoxidized Si atoms (Si®), Ryasites are Ryasiie =
0.73, Rnbasite = 0.54, and Ry,esiis = 0.81 (Fig. 4a—c), and thus
these ratios provide kyasiis = 1.4x10™4/s, knpasite = 2.5x1074/s,
and  kraesiie = 1.0x10~%/s (see Supplementary Note 3 and
Supplementary Figure 13 for details).

The difference in chemical reactivities, depending on the
central metal atoms, can be discussed in terms of electronic
properties of free M@Sij¢ superatoms obtained from DFT
calculations, in which an electron transfer from M@Siq
superatom to O, molecules is described as a key process in the
dissociative O, adsorption®®6364, When the second ionization
energies are calculated for M@Si;¢ corresponding to the
ionization energy (E;) of cationic M@Si ¢*, they are calculated
as: Ei(V@Silé+); 10.93 > Ei(Nb@Silé+); 10.90 > Ei(Ta@Si16+);
10.87 in eV. This energetic parameter is important for reaction
of O, as postulated for metal nanoclusters3>. Although the
delicate difference in the second E;s implies that Ta@Si,¢ is most
reactive for Ta@Si;¢2T0,~ formation, the second ionization
energy appears to be an implausible argument to explain the
reactivity difference. In terms of reaction energetics, the binding
energies for the molecular adduct of 3[M@S;6 - (0,)] and the
dissociated adduct of [M@S,s(0),] gradually decrease with
decreasing period number of the central metal (Supplementary
Figure 10), by which the nonperiodic trend for Nb@Si ¢ could
not be explained. Since the oxidation reaction proceeds through
spin-flip from the initially formed 3IM@Si;6(0,)]T to the
dissociated product of [M@Si 4(Ogis)2]" (Supplementary Fig-
ure 10), the HOMO-LUMO gaps of the nanoclusters correspond
well with spin excitation energy from the initial state is also
important?. However, the calculated HOMO-LUMO gaps for
M@Si 6T (3.99 eV for M = Ta, 3.99 eV for M = Nb, and 3.88 eV
for M =V) never correlate with the observed reactivity trend.
Since the initial step of the molecular O, adsorption on M@Si, ¢+
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Fig. 6 Isosurfaces for the difference electron density between M@Si;gt and M@Si;g2*. Those foraM =V, b Nb, and ¢ Ta are calculated with the def-TZVP
basis set, where the blue (red) region corresponds to the decrease (increase) of electron density difference (Ap) at Ap < -0.0008 e/a.u.3 (Ap >+ 0.0008
e /a.u.3). In the calculations, the geometric structure is fixed to that optimized one for M@Sis+. The decrease of Ap outside the Si cage is significant in

Nb@Siqe, as shown by circles with dotted lines

seems sensitive to the degree of electron density spreading to the
outside of the Sij4 cage, the electron density was also calculated.
For alkali metal atoms of K, Rb, and Cs, indeed, the ns electrons
spread more in higher quantum number orbitals (K (4s) <Rb
(5s) <Cs (6s)) with a lowering of E;s, and their oxidation
reactivity becomes greater with heavier alkali atoms.

Figure 6 shows the calculated difference of total electron
density (Ap) between monocationic M@Si; ¢!t and dicationic
M@Si 2t for M= (a) V, (b) Nb, and (c) Ta. The blue and red
regions show the increase (Ap > 40.0008 e~/a.u.3) and decrease
(Ap < —0.0008 e/a.u3) of electron density, respectively, by
changing the charge state from M@Si;¢!t to M@Si;s2t, where
the geometric frameworks are fixed to the optimized mono-
cationic species. Since the charge distributions approximately
correspond to an electron transfer channel to form an O,~
adduct, the distribution seems relevant to the oxidation
reactivity. Although the spatial shapes of Ap distribution are
similar to each other, it is clear that the electrons in Nb@Si,¢
spread further outside the Si frame (marked by a dotted line)
compared to V@Si;¢ and Ta@Si;e. This is presumably because
the central metal’s d-orbitals contributing to the superatomic
molecular orbitals of M@Si;4 are distinctly delocalized over the
Sije cage, seemingly resulting in the higher chemical reactivity.
The results show that the chemical properties of M@Si;s
superatoms are governed not only by the electron counting rule
(68 e7) but also by the species of the central metal hybridized
with the Si;¢ cage.

Discussion

Our results demonstrate that the oxidation reactivities of alkali-
like M@$Si;¢ nanocluster superatoms deposited on a Cg, surface
are characterized for M =V, Nb, and Ta using XPS spectra. The
nanostructured metal—atom encapsulation makes Si atoms in a
gas or a surface compound much less reactive with oxygen
molecules by a factor of 10%, particularly when M@Si, forms a
charge transfer complex with a Cg, molecule as M@Si 6T Ceo ™,
where M@Si,¢" satisfies an electronically closed superatom of 68
e~. The oxidation proceeds stepwise via the oxidation of the Si;q
cage and finally results in fully oxidized SiO, and M,O5 with the
collapse of the cage. The chemical reactivities of M@Si,¢ depends
on the central metal atom; Nb@Si;¢ > V@Si; > Ta@Si;6, which is
explained by the degree of electron density spreading outside the
M@Si;¢ obtained by the DFT calculation. Since the nature
revealed as a periodic dependence in a superatom periodic table is
closely related to a transfer integral in their aggregates, this per-
iodic variation in chemical and physical properties may inspire

scientists to design assembled functional nanomaterials consisting
of naked M@Si;¢ superatoms.

Methods

Nanocluster generation and deposition. M@Si; nanoclusters were generated
by an MSP technique, whose detailed experimental configuration has been
described elsewhere3”-40. Briefly, M—Si alloy targets were sputtered and clus-
terized in an aggregation cell with a cooled He flow. The cationic nanocluster
beam involving M@Si, " was introduced to a quadrupole mass filter through ion
optics. The M@Si; superatoms were deposited on to the substrate of 2 ML Cqq
film formed on highly oriented pyrolytic graphite. The collision energy of
M@Si;6 ™" to the substrate was set to as low as possible by applying the voltages to
the substrate (soft landing condition), which was typically less than 2 eV per
cluster. The amount of deposition was monitored with a pico-ammeter and was
controlled to be 2.9x10'3 nanoclusters except for the coverage dependence
experiment, which is equal to 0.6 ML coverage, assuming a deposition area of 6
mm in diameter and the size of M@Si; (0.8-0.9 nm diameter)3”. The deposited
samples were transferred to the photoelectron spectroscopy system connecting
with the MSP nanocluster deposition system while keeping ultrahigh vacuum
conditions. The morphology of the M@Si;s™ deposited surface was confirmed by
STM, where the Ta@Si;s™ nanoclusters are independently immobilized on the
Cyo surface37-38,

Photoelectron spectroscopy. XPS measurements were performed using an Mg
Ko (hv =1253.6 eV) X-ray source. Photoelectrons emitted from the sample were
collected with a commercial hemispherical electron analyzer (VG SCIENTA, R-
3000), where the detection angle was 45° from the surface normal. In the XPS
analysis, the peak fittings were performed using an instrumental broadening as a
Voigt function (FWHMSs amounted to 1.09 eV, for which Gaussian and Lorentzian
components equaled 0.75 and 0.56 eV, respectively), after a subtraction of the
Shirley background. The sample temperature during all XPS measurements was
kept to room temperatures.

Calculations. All geometries of M@Si;s* (M =V, Nb, and Ta) nanocluster cations
and their oxygen adducts of [M@Si,c0]" and [M@Si,60,]* were optimized by the
density functional incorporated in the Gaussian09 program® until no imaginary
frequency was found. The hybrid exchange-correlation functional of PBE0®® and
triple-zeta valence basis function of def-TZVP7? were utilized in the calculations.
Difference electron density isosurfaces were visualized with GaussView5 based on
the difference between the total electron density for M@Si; " (optimized structure)
and M@Si; 2t (same structure with monovalent cation).

Data availability. All experimental and calculated data generated during the
current study are available from the corresponding author on reasonable request.
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