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The controlled assembly of superatomic nanocluster ions synthesized in the gas phase is a key techno-

logy for constructing a novel series of functional nanomaterials. However, it is generally difficult to

immobilize them onto a conductive surface while maintaining their original properties owing to undesir-

able modifications of their geometry and charge state. In this study, it has been shown that this difficulty

can be overcome by controlling the donor–acceptor interaction between nanoclusters and surfaces.

Cations of Ta-atom-encapsulated Si16 cage nanoclusters (Ta@Si16) behaving as rare-gas-like superatoms

are synthesized in the gas phase and deposited on conductive surfaces terminated with acceptor-like C60

and donor-like α-sexithiophene (6T) molecules. Scanning tunneling microscopy and spectroscopy have

demonstrated that Ta@Si16 cations can be densely immobilized onto C60-terminated surfaces while

retaining their cage shape and positive charge, which is realized by creating binary charge transfer com-

plexes (Ta@Si16
+–C60

−) on the surfaces. The Ta@Si16 nanoclusters exhibit excellent thermal stability on

C60-teminated surfaces similar to those in the gas phase, whereas the nanoclusters destabilize at room

temperature on 6T-terminated surfaces owing to the loss of electronic closure via a change in the charge

state.

1 Introduction

The ability to create solid-state materials from atomic elements
using a bottom-up method such as epitaxial growth, alloying,
or chemical synthesis plays a crucial role in today’s science
and engineering. The controlled assembly of nanoclusters1–9 is
expected to be a novel material-processing methodology pro-
viding hierarchical nanostructures with tailored dimensional-
ity and functionalities such as ultrathin heterojunctions
exhibiting electrical rectification, photoelectric conversion,
ferroelectricity, and high catalytic reactivity. Gas-phase-
synthesized Si16 cages encapsulating a single metal atom
(M@Si16) are potential building blocks for such nanocluster
assemblies, because their physicochemical properties are
tunable while retaining the symmetrical cage shape by chan-
ging the type of metal atom and the charge state.10–16 For

instance, experimental and theoretical studies on M@Si16
nanoclusters in the gas phase have revealed that neutral Si16
cages including group-4 metals, such as Ti@Si16 and Zr@Si16,
behave as rare-gas-like superatoms because of their geometric
and electronic shell closure,10–15,17,18 whereas halogen- and
alkali-like superatom characteristics emerge upon encapsulat-
ing metal atoms from group 3 (e.g. Sc@Si16 and Lu@Si16) and
group 5 (e.g. V@Si16 and Ta@Si16), respectively.13,14,18 Since
their halogen- and alkali-like nature originates from the elec-
tronic open shell owing to the deficit and surplus of a single
valence electron, they complete electron shells by adding and
removing one electron, respectively.13–18 These rare-gas-like
M@Si16 anions and cations are selectively synthesized in the
gas phase while exhibiting chemical and thermal stability.13,14

Although this feature is advantageous for hierarchical nano-
structuring on solid surfaces without losing the identity of
each nanocluster building block, there is no knowledge about
the properties, stability, and geometry of M@Si16 ions on solid
surfaces.

The surface immobilization of M@Si16 ions without chan-
ging their original geometry and charge state is the key to
M@Si16-based nanostructuring. So far, the guiding principle
for nondestructive nanocluster immobilization is a soft
landing,19–24 namely the deposition of cluster ions with
sufficiently lower kinetic energy (Ek) than their interatomic
binding energy. However, most nanocluster ions are neutral-
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ized on conductive substrates in the conventional soft landing,
which undesirably modifies their original properties. Our strat-
egy toward overcoming this issue is to immobilize rare-gas-like
M@Si16 cations and anions on conductive surfaces functiona-
lized with acceptor- and donor-like species, by which the posi-
tive and negative charges in the nanoclusters are expected to
be retained by a donor–acceptor interaction,25,26 respectively.
In this study, we demonstrate by scanning tunneling
microscopy and spectroscopy (STM/STS) that monolayers of
Ta@Si16 cations are formed by densely immobilizing Ta@Si16
cations on conductive surfaces terminated with acceptor-like
C60 molecules, in which each Ta@Si16 nanocluster covalently
connects to a single C60 molecule while maintaining the
cage shape and positive charge by forming binary charge
transfer complexes (Ta@Si16

+–C60
−). In contrast, Ta@Si16

cations destabilize on metallic surfaces terminated with
donor-like α-sexithiophene (referred to as 6T) molecules
owing to the loss of electronic closure via a change in the
charge state.

2 Materials and methods

All experiments were carried out under vacuum conditions.
Highly oriented pyrolytic graphite (HOPG), Si(111)7 × 7, and
Si(111)√3 × √3R30°-Ag [referred to as Si(111)√3-Ag] were pre-
pared as substrates. These substrates were functionalized with
monolayered films of C60 and 6T molecules by respectively
depositing these molecules at room temperature (RT) under
ultrahigh vacuum (UHV). HOPG surfaces were cleaned by
thermal annealing at 770 K in UHV prior to the deposition of
molecules. Si(111)√3-Ag surfaces were prepared by depositing
1 ML (7.83 × 106 atoms μm−2) of Ag atoms on a Si(111)7 × 7
surface at 873 K. C60 molecules were deposited at RT by the
thermal evaporation of C60 powder (purity: 99.95%) from a Ta
crucible while maintaining a deposition rate of 0.03 ML
min−1, where 1 ML of C60 corresponds to 1.15 × 106 molecules
μm−2. 6T molecules were also deposited at RT by the thermal
evaporation of 6T powder from a Ta crucible while maintain-
ing a deposition rate of 0.015 ML min−1, where 1 ML of 6T
molecules corresponds to 0.62 × 106 molecules μm−2.

TanSim nanoclusters with various charge states were pro-
duced in gas aggregation apparatus with a direct-current mag-
netron sputtering source27,28 from a Ta–Si mixed target.
Ta@Si16 cations were selectively created by the fine-tuning of
synthesis conditions, similar to previous studies using the
laser vaporization method.13,14 The Ta@Si16 cations were
mass-selected from the cationic TanSim species using a quadru-
pole mass spectrometer and were deposited onto substrates at
∼90 K with a typical deposition rate of ∼2.6 × 103 ions μm−2

min−1. Ek for the Ta@Si16 cations was controlled to as low
as possible by applying an appropriate positive voltage to
the substrate during the deposition. The samples were trans-
ferred into an analysis chamber while maintaining the
vacuum condition and were evaluated by STM/STS at RT under
UHV.

3 Results and discussion

Fig. 1a and b respectively show wide- and molecular-scale STM
images of a C60/HOPG surface obtained after depositing a
small amount of Ta@Si16 cations with an Ek of ∼0.01 eV per
atom. Dot-shaped structures were uniformly created on the
surface. The surface was densely covered with dots by continu-
ously depositing cations for a long period (Fig. 1c). Our results
indicate that each dot corresponds to an individual Ta@Si16
nanocluster, as discussed below. In the histogram of dot
heights (hd) measured for the high-density dots (Fig. 1f), a
peak appears at a hd of ∼0.8 nm. This value is close to the
theoretical size of isolated Ta@Si16 cations, which lies in the
range of 0.89–0.95 nm for the isomers with C3v and D4d sym-
metry (Fig. 1e). Although the values of hd shown in Fig. 1 were
measured from STM height profiles obtained at a tip bias

Fig. 1 Stable immobilization of Ta@Si16 nanoclusters onto C60-termi-
nated surfaces. (a)–(d) STM images of C60/HOPG surfaces obtained after
depositing Ta@Si16 cations. (a) Wide- and (b) molecular-scale images
obtained after the initial deposition. (c) and (d) Surfaces densely covered
with dots before and after annealing at 493 K, respectively. (e) Geometri-
cal models and sizes of C3v and D4d isomers of Ta@Si16 cations. (f ) and
(g) Histograms of the dot heights measured in (c) and (d), respectively.
(h) Wide- and (i) molecular-scale STM images of the Ta@Si16

+-deposited
C60/Si(111)7 × 7 surface obtained after annealing at 773 K. The imaging
conditions (Vtip and It) are −2.3 V and 2 pA for (a)–(d), 2.2 V and 5 pA for
(h), and 1.8 V and 5 pA for (i).
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voltage (Vtip) of −2.3 V, the typical hd of ∼0.8 nm does not
change with the value of the negative Vtip (see section 1 in the
ESI†). The dots larger than the theoretical cluster size are con-
sidered to originate from the direct adsorption of Ta@Si16
cations onto preexisting nanoclusters. On the other hand, the
formation of smaller dots with hd < 0.8 nm is attributed to the
diversity in the adsorption sites of Ta@Si16 nanoclusters. In a
simple model using hard spheres with diameters of 1 nm for
C60 molecules and 0.95 nm for Ta@Si16 nanoclusters, the
apparent heights of Ta@Si16 nanoclusters adsorbed on the
hollow and bridge sites in the C60 film are ∼0.19 and
∼0.14 nm lower than those on the atop sites, respectively. In
fact, there is a small peak at hd ∼ 0.6 nm in the height histo-
gram (Fig. 1f). Note that even smaller dots with hd < 0.45 nm
were dominantly created by depositing Ta@Si16 cations with
an intentionally larger Ek of ∼1.25 eV per atom (Fig. S3a and
S3b†), which is considered to come from the deformation and/
or fragmentation of Ta@Si16 nanoclusters on the surface,
because such small values of hd cannot be explained by the
adsorption of Ta@Si16 nanoclusters. These small dots are
minor products in the current deposition, as shown in Fig. 1f.
These results suggest that the Ta@Si16 cations are immobi-
lized without marked disintegration, which is further sup-
ported by evaluating the thermal stability and electronic
structure of the dots.

Fig. 1d shows an STM image obtained after annealing the
surface shown in Fig. 1c at 493 K. No marked changes in the
density and spatial distribution of the dots were induced by
annealing. In addition, there was no obvious change in the dot
height distribution after the annealing, as confirmed from the
height histograms measured before and after the annealing
(Fig. 1f and 1g, respectively). To examine the thermal stability
at higher temperatures, Ta@Si16 cations were deposited onto a
C60-terminated Si(111)7 × 7 surface. This surface has high
thermal durability owing to the covalent bonding between C60

molecules and the Si(111)7 × 7 surface,29 while C60 molecules
start to desorb from HOPG surfaces at ∼510 K. Surprisingly,
the dots remained after high-temperature annealing at 773 K
(Fig. 1h and i).

The high thermal stability of the adsorbates on C60 films is
consistent with the robust cage structure of Ta@Si16 cations
with an interatomic binding energy of ∼4.45 eV.16 In addition,
the present results strongly indicate that the thermally acti-
vated diffusion and desorption of the adsorbate are inhibited
by the strong adsorbate-C60 interaction compared with pure
van der Waals forces. This consideration provides us with a
reasonable explanation for the reduced typical dot height
(∼0.8 nm) compared with the theoretical size of isolated
Ta@Si16 cations (0.89–0.95 nm). The reduction of ∼0.1 nm is
similar to the difference between the van der Waals radius of
Si atoms (0.211 nm) and the covalent radius in the Si–C bond
(e.g. 0.094 nm in SiC crystals). In other words, a binary
complex is locally created by the covalent bonding between the
Ta@Si16 nanocluster and the C60 molecule. Fig. 2 shows three
theoretical motifs of neutral Ta@Si–C60 complexes (see section
3 in the ESI†). Ta@Si16 nanoclusters are interconnected with

each C60 molecule via one or two covalent bonds without
impairing the cage shape. The theoretical height differences
between Ta@Si16 nanoclusters and C60 molecules are within
the range of 0.76–0.85 nm, in good agreement with the typical
dot height. Further evidence for such one-to-one covalent con-
nection between Ta@Si16 nanoclusters and C60 molecules is
given as follows. It has been found that Ta@Si16 nanoclusters
change their adsorption position from the bridge or hollow
sites to atop sites when C60 films sparsely covered with
Ta@Si16 nanoclusters (e.g., Fig. 1a) are thermally annealed.
Although the one-to-one covalent connection allows the
Ta@Si16 nanocluster to locally change their position among
the neighboring adsorption sites via thermally activated pre-
cessional motion, it is considered to hardly occur for Ta@Si16
nanoclusters covalently connected to multiple C60 molecules
at bridge and atop sites; in other words, our result suggests
that Ta@Si16–(C60)2 and Ta@Si16–(C60)3 are minor products.

The stability of the deposited Ta@Si16 cations strongly
depends on the surface. Fig. 3a shows an STM image of a
6T-terminated Si(111)√3-Ag surface obtained after the initial

Fig. 2 Examples of theoretical motifs of neutral Ta@Si16–C60

complexes.

Fig. 3 Destabilization of Ta@Si16 cations on surfaces. STM images
obtained after initial deposition of Ta@Si16 cations on (a) 6T/Si(111)√3-
Ag and (b) HOPG surfaces. The imaging conditions (V tip and It) are −1.6 V
and 5 pA for (a) and −2.2 V and 2 pA for (b). (c) and (d) Histograms of
dot heights measured on surfaces similar to those shown in (a) and (b),
respectively. The dot heights in (c) were measured from STM line
profiles obtained at various Vtip values of +1.7 V, −1.4 V, −1.5 V, −1.6 V,
−1.8 V, and −2.0 V. The dot heights in (d) were measured from STM line
profiles obtained at Vtip of −2.0 V and −2.2 V.
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deposition of Ta@Si16 cations. Small dots with a hd of
∼0.3 nm are created, as shown in the STM image and the dot-
height histogram (Fig. 3c). This value does not sensitively fluc-
tuate with the value of Vtip (see section 1 in the ESI†) and is
close to the size of a single Si atom covalently bound with the
surface, suggesting that the deposited Ta@Si16 cations disinte-
grate into atoms and react with the 6T-teminated surface.
Similar disintegration has been reported for Ag309 nanoclus-
ters immobilized onto C60 monolayers formed on Au(111) sur-
faces, which is induced by the attractive force acting between
the Ag309 nanoclusters and the substrate.23 On the other hand,
islands of dots with a disordered arrangement are formed
by depositing Ta@Si16 cations on HOPG surfaces (Fig. 3b).
The height histogram of the dots/HOPG has the main peak
at a hd of 1.0–1.2 nm (Fig. 3d), suggesting that the marked
disintegration of Ta@Si16 nanoclusters, as observed on
6T/Si(111)√3-Ag, does not occur. However, the disordered
arrangement of dots/HOPG is not improved by annealing, at
least up to 493 K, also suggesting that the Ta@Si16 nanoclusters
aggregate via a strong interaction such as covalent Si–Si bonding.
These results strongly indicate that the chemical reactivity of
Ta@Si16 cations is much greater on the 6T/Si(111)√3-Ag and
HOPG surfaces than in the gas phase13,14 and on C60-termi-
nated surfaces. The thermal and chemical stability of rare-gas-
like M@Si16 ions in the gas phase are interlinked with their
simultaneous shell closure in the geometric and electronic
structures.10–18 Considering that the geometrical destruction
of nanoclusters upon their collision with surfaces hardly
occurs in the soft-landing scheme, particularly for the present
deposition with a small Ek of ∼0.01 eV per atom, the observed
destabilization of Ta@Si16 cations may be triggered by the loss
of electronic closure via a change in the charge state. Paradoxi-
cally, the excellent thermal stability of Ta@Si16/C60 implies
that Ta@Si16 cations were immobilized onto C60-terminated
surfaces while retaining their charge state, which is supported
by the following STS results.

Fig. 4a and b show normalized dI/dV spectra recorded on
dot/6T and dot/HOPG surfaces, such as those shown in Fig. 3a
and 3b, respectively. Positive and negative Vtip correspond to
the filled and empty states of samples, respectively. In these
spectra, peaks of the electronic density of states (DOS) appear
near the Fermi level (EF; Vtip = 0 V), as indicated by
black arrows. The peak separations of ∼0.6 eV for dot/6T
and ∼0.7 eV for dot/HOPG are clearly smaller than the theore-
tical energy gap between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) of isolated Ta@Si16 cations (2.44 and 1.76 eV for C3v

and D4d isomers,16 respectively). In contrast, the spectrum
recorded on dot/C60 with a hd of 0.76 nm shows a large energy
gap of ∼2.1 eV between DOS peaks P1 and P2 (Fig. 4c), which is
close to the theoretical HOMO–LUMO gap of the isolated
Ta@Si16 cations. Note that HOMO–LUMO gaps in dI/dV
spectra are sometimes measured to be larger than the actual
values, because Coulomb repulsion and attraction via electron
and hole injections sometimes locally increase and decrease
the potential energy of samples, respectively.30,31 However,

such an increase in the energy gap is greatly suppressed in STS
measurements of adsorbates strongly bound with a surface,
such as Ta@Si16 nanoclusters deposited on 6T- and C60-termi-
nated surfaces. Actually, a small energy gap of ∼0.6 eV is
observed for dot/6T as shown in Fig. 4a. Furthermore, the
difference in the energy gaps shown in Fig. 4a–c is qualitatively
explained by the geometry and static charge state of Ta@Si16
nanoclusters on surfaces without considering the energy-

Fig. 4 Electronic structures of Ta@Si16/surfaces. Normalized dI/dV
spectra measured on (a) dot/6T, (b) dot/HOPG, (c)–(e) dots/C60, and (f )
bare C60 molecules. (g) Series of non-normalized dI/dV spectra of dots/
C60 with various hd values, which are focused to investigate the behavior
of P3. Each dI/dV datum was numerically derived from the respective
tunneling I–V curve obtained by averaging almost 100 original curves.
The set points (Vtip and It) of the I–V measurements were −1.5 V and 80
pA for (a), −1.9 V and 80 pA for (b), and −1.4 V and 150 pA for (c)−(f ). (h)
Schematic potential diagram of the tip/gap/Ta@Si16

+/C60
−/substrate

junction.
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gap modification in the STS measurements, as discussed
next.

The large HOMO–LUMO gap of rare-gas-like M@Si16 ions
originates from both the highly symmetrical coordination of Si
atoms around the central metal atom and the arrangement of
valence electrons with jellium-like electronic shells.10–18 In
contrast, the energy gap of M@Si16 ions markedly decreases
upon deformation into low-symmetry isomers15,16 and their
interconnection via covalent Si–Si bonds.32 On the other hand,
it is also predicted that the electronic structure of M@Si16 ions
is modified by simply changing their charge state.11,12 For
instance, when a single extra electron is statically injected into
rare-gas-like neutral Ti@Si16 nanoclusters, an occupied mole-
cular orbital appears near EF after the splitting of the original
electronic state.11 Although similar phenomena should occur
in neutralized Ta@Si16 cations, the STS spectrum of Ta@Si16/
C60 exhibits a large energy gap between the two DOS peaks
that appear at much higher and lower energies than EF,
suggesting that the deposited Ta@Si16 cations retain not only
their cage shape but also their cationic state on C60 films.
Here, since we have observed that a positive current was the
output from the substrates during the deposition of Ta@Si16
cations, it is considered that the cation is first neutralized
immediately after adsorption by the injection of an electron
from the substrate and then cationized again by the donation
of an electron into the underlying C60 molecule. This is sup-
ported by the results of a theoretical calculation: Ta@Si16
nanoclusters and C60 molecules in the complexes shown in
Fig. 2 tend to be positively and negatively charged via spon-
taneous polarization, respectively (Table S1†).

Actually, the electron transfer from Ta@Si16 nanoclusters to
C60 molecules in the Ta@Si16/C60 system is observed in the fol-
lowing results. Fig. 4d and 4e show the normalized dI/dV
spectra measured on slightly shorter dots with a hd of 0.67 and
0.57 nm, respectively. Comparing Fig. 4c–e, the positions of
peaks P1 and P2 are constant regardless of the value of hd,
which is consistent with the preceding consideration that the
variation of hd in the range of 0.55–0.85 nm is not due to the
deformation of the Ta@Si16 nanoclusters themselves but due
to their position on the C60 film. In contrast, an additional
peak P3 with low intensity is observed near EF for the shorter
dots. A possible origin of P3 is the molecular orbital of the
underlying C60 molecule, which can be measured using STS by
directly injecting tunneling electrons into the C60 molecule
within the energy gap of the Ta@Si16 nanocluster, as schemati-
cally shown in Fig. 4h. However, its contribution to the tunnel-
ing conductance should be smaller for taller dots because of
the increased tip–C60 distance. This feature is indeed observed
in the non-normalized dI/dV spectra focused on P3 (Fig. 4g), in
which the intensity of P3 decreases with increasing hd. Here,
on C60 molecules located sufficiently far from dots, the LUMO
appears at 1.2 eV above EF (Fig. 4f), indicating their charge
neutrality.33,34 In contrast, the LUMO of C60 molecules is
known to be markedly lowered and appear slightly above EF by
donating electrons from chemically doped alkali-metal
atoms35 or from metallic surfaces.30,33 The present STS results

suggest that similar charge transfer occurs in the Ta@Si16/C60

system immediately after the neutralization of Ta@Si16
cations, which is consistent with the fact that neutral Si16
cages encapsulating a group-5 metal atom (e.g. V@Si16 and
Ta@Si16) exhibit alkali-like characteristics.

13–15

4 Conclusions

In summary, we have demonstrated that the successful immo-
bilization of gas-phase-synthesized Ta@Si16 cations onto C60-
terminated surfaces via a donor–acceptor interaction while
maintaining their cage shape and positive charge. This has
enabled us to form a heterojunction exhibiting spontaneous
polarization from two types of monolayers of superatomic
Ta@Si16 cations and C60 anions. Such an ultrathin heterojunc-
tion would be useful for the charge separation layers in
nanoscale devices such as capacitors and photovoltaic cells.
Furthermore, the present results also suggest that the con-
trolled immobilization of nanocluster ions exhibiting various
charge states would be possible by controlling the donor–
acceptor interaction between the nanoclusters and the surface,
which is expected to play a key role in the design of high-
performance catalysts, because it is known that the charge
state of supported nanoclusters is a key factor in promoting
their catalytic reactivity.36 A novel avenue for developing
nanocluster-based materials science and technology is thus
open to us.
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