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ABSTRACT: Exploration of multiple bonds between superatoms remains
uncharted territory. In this study, we present the synthesis and characteriza-
tion of Na-type superatomic molecules featuring triple bonds between two
superatoms. The successful synthesis of MoAuwi7 (M = Pd, Pt) nanoclusters -
hinged upon the photo-induced fusion of MAui, superatoms, achieved
through sequential electron transfer and detachment of [AuPRs]* species.
Solid-state structures were confirmed via X-ray crystallography, while their
electronic structures were elucidated through density functional theory
(DFT) calculations. Analysis of electronic absorption properties, coupled
with time-dependent DFT calculations, unveiled a symmetry-dependent

-type superatom
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electron transition nature between superatomic molecular orbitals, akin to those observed in conventional molecules.

= INTRODUCTION

Ligand-protected gold nanoclusters exhibit unique properties de-
pending on the ligand type, number of atoms, and overall structure.'”
*They have gained considerable attention as functional materials in
catalysts, photosensitizers, luminescent materials, etc. In particular,
a “cluster of clusters” with an Auis core as the building block often
has an electronic structure similar to that of conventional molecules,
owing to the formation of superatomic molecular orbitals (SAMOs)
originating from the linear combination of superatomic orbitals
(SAOs) under the supervalence bond model*"* Such gold
nanoclusters are called superatomic molecules and display attractive
physical properties and reactivity. Two kinds of gold nanoclusters,
Auss(SR)247" and [Auo(PPhpy:)10CL]CL,'* are recognized as Fo-
type superatomic molecules bearing a single bond between the su-
peratoms, because their 14 valence electrons in the (Aus)® and
(Auz)®* cores are accommodated in the SAMOs to form an electron
configuration of (1Z,)*(1Z*%)*(1Tpspy)*(12;2)*(1Tmpy )*. Based on
the formation of Fa-like SAMOs in Auss(SR)24, Pd- or Pt-doped
MaAuss(SR)24** were also expected to be Oa-type superatomic
molecules due to their 12 valence electrons in the (MAua1)* core.
However, a recent study by Tsukuda based on single-crystal X-ray
diffraction (SCXRD) analysis and density functional theory (DFT)
calculations revealed that the 1P SAOs of each M@Au.. core were
combined in the bent configuration, resulting in an electron config-
uration of (1A1)*(1B,)*(2A1)*(3A1)*(1B1)*(2B,): that does not re-
semble O,." The theoretical study by Yang et al. predicted a N»-like
electron configuration for the [Ags(dppe)s(SCsH4CFs)4]™ cluster
having 10 valence electrons.'” However, the formula in the reported

crystallographic data indicates that the cluster is a monoanion
[Ags:(dppe)s(SCsH4CFs)24]™ having 9 valence electrons instead.”
Onaka et al. reported the synthesis and structural determination of
AupAg;(PMePh)10(NOs)s nanocluster having 10 valence electrons
but did not investigate its electronic structure.” Overall, there are no
synthetic examples of O»- and N»-type superatomic molecules that
are expected to have SAMOs corresponding to multiple bonds.
Therefore, the bonding theory and photophysical nature of super-
atomic molecules remain unexplored.

To address this issue, synthetic methods for gold nanoclusters
with such SAMOs have been developed in recent years by using
nanoclusters with a reactive Au,; or heterometal-doped MAu, (M =
Pd, Pt) core as a precursor (Figure 1)."*** Maran and co-workers re-
ported that Auss(SR)24 (14e) canbe synthesized using [Aus(SR)1s]°
(7e)** having an open-shell electron configuration (Figure 1a).”
Tsukuda and co-workers also achieved the synthesis of
MAuss(SR)2 (12e) (M = Pd, Pt) by reacting hydride-activated
[MAus(PPh;)s]* (8e)*?*” and monoanionic [MAu4(SR)1s]™ (7e)*
(Figure 1b).""* These facts suggest that nanoclusters with SAMO
may be synthesized by using nanoclusters with highly reactive Auis
or MAuy; cores as precursors.

Here, we report a novel synthetic protocol for superatomic mole-
cules triggered by photo-irradiation (Figure 1c), in which the photo-
induced fusion reaction of M@Aui (M = Pd, Pt) superatoms occurs
efficiently to afford unprecedented M>Au7 superatomic molecules.
SCXRD and electrospray ionization-mass spectrometry (ESI-MS)
analyses revealed that the M>Auy; core was composed of two MAux
structural units sharing an Aus facet and a neutral state bearing 10
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Figure 1. (a) Fusion of two 7e Aus(SR)1s clusters. (b) Fusion
between hydride-activated 8e [HMAus(PRs)s]* cluster and 7e
[MAu24(SR)1s]™ sluter. (c) Photo-induced fusion of two 8e
MAu1(PR;)sCl clusters.

valence electrons. DFT calculations clarified that the SAOs of two
icosahedrons were combined to construct the SAMOs having the
electron configuration of (1.)*(13*)*(1I1p, py)*(12.)% similar to
that of N> molecule. Furthermore, electronic absorption measure-
ments and time-dependent DFT (TDDFT) calculations proved the
molecule-like electron excitation property of the superatomic mole-
cules, based on the symmetry-allowed electron transition between
SAMOs under the Laporte rule.” This is the first report of both ex-
perimentally and theoretically determined Na-type superatomic
molecules and their symmetry-dependent electron transition.
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® RESULTS AND DISCUSSION

The precursor MAu(depp)sCls (1a: M = Pd, 1b: M = Pt, depp =
diethylphenylphosphine) nanoclusters were synthesized by a co-re-
duction method and fully characterized by ESI-MS, UV-Vis absorp-
tion spectroscopy, and SCXRD (Figures S1 and S2). Then, the
M.Au,(depp)10Cly nanoclusters (2a: M = Pd, 2b: M = Pt) were syn-
thesized under photo irradiation (Scheme 1). When the MeOH/di-
chloromethane (DCM) solutions of 1 were irradiated, the absorp-
tion spectra gradually changed, and new absorption bands appeared
at 730 nm for 1aand 700 nm for 1b (for the time courses of UV-Vis
absorption spectra see Figures S3 and S4). Finally, crystalline
nanoclusters were obtained by isolation using PTLC and recrystalli-
zation. An earlier study by Migos reported the synthesis of icosahe-
dral Aws; nanocluster using dimethylphosphine (dmpe) ligand,* but
dmpe resulted in producing a mixture of nanocluster products dur-
ing PdAui; nanocluster due to the less steric bulkiness. The photo
irradiation was also investigated using a Auis nanocluster with a tri-
alkylphosphine, reported by Wang,* but no reaction took place, in-
deed the progress ofa similar fusion reaction with MAu,, derivatives.
These results indicate the proper bulkiness of phosphine ligand and
the doping of metal are the keys to this photoinduced fusion reaction.

Scheme 1. Photo-Induced Synthesis of MzAui;(depp)10Cly
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Figure 2. Crystal structures of Pd2Auiz(depp)10Cl; 2ain (a) front view and (b) side view and of Pt:Aur7(depp)10Cly 2b in (c) front view and
(d) side view. Color code: dark-blue, Pd; pink, Pt; yellow, Au; orange, P; yellow-green, Cl. The H atoms are omitted for clarify. (e) Anatomy
of Pd:Auyy core in 2a, white atoms denote the shared Aus facet and dot-circled atoms are replaced by another Pd atoms. (£), (g) Characteristic

bond lengths and angles of Pd:Aui7 and Pt:Auys core.



SCXRD analyses unequivocally determined the molecular struc-
tures of 2 (Figures 2a~d). The MzAuys core is likely formed by the
fusion of two MAu.2 nanoclusters sharing six Au atoms, in which the
Aus facet is shared and one Au atom is replaced by Pd or Pt (Figure
2e). Seven chloride atoms are bound to the two vertex sites and five
shared Au atoms, while 10 depp ligands are coordinated to the re-
maining 10 surface Au atoms, resulting in a total structure with Dsx
symmetry. Although the position of Pt atoms in 2b cannot be deter-
mined by SCXRD, a single phosphine signal in the *'P NMR spec-
trum indicated that the Pt atoms are located at the centers of the ico-
sahedrons (Figure S18). A similar core structure was observed for
AuAg;(PMe:Ph)1(NOs)s and  AuizAga(PMePh)i(NOs)s by
Onaka and co-workers.* However, in these clusters four nitrates co-
ordinate to the two Ag atoms at the vertex sites with an orthogonal
orientation; thus MxAui,(depp)1Cl; (2) has an unprecedented
higher symmetry in its total structure. In the case of 2a, the averaged
bond lengths of Au-Au, Pd-Au, and Pd-Pd are 2.899(48),
2.760(44), and 2.559(1) A, respectively (Figure 2f). The Pd-Pd
bond length is remarkably shorter than that of bulk Pd (2.75 A),*
which in turn leads to a smaller Pd-Au-Pd bond angle than the typ-
ical angle observed for icosahedral structures (54.27(15)° vs. 60°).
In the case of 2b, the Pt-Pt bond length is also remarkably short at
2.567(1) A,® causing a smaller Pt—Au-Pt angle of 54.03(13)° (Fig-
ure 2g). These severe distortions of the icosahedron are ascribed to
the potent fusion of two icosahedral MAui» cores sharing Aus facets.

Mass spectrometry measurements were used to further determine
the composition of the synthesized nanoclusters 2a and 2b (Figures
3a,b). The positive-mode ESI-MS data showed clear peaks assigna-
ble to the monocation of [M-Cl]* ([M2Awi7(depp)1Cls]*), whose
isotope patterns were in good accordance with the simulated pat-
terns, clarifying that MxAui,(depp)10Cly in the solution state has the
same formula as that in the solid state determined by SCXRD.
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Figure 3. ESI-Mass spectra of (a) 2a and (b) 2b. Insets: observed
and calculated isotope patterns of [M—CIl]*. UV-vis absorption
spectra of (c) 2a and (d) 2b in DCM. Blue lines are the TD-DFT-
simulated optical spectra of (c) Pd:Auis(PEts)1Cl; and (d)
Pt:Aui7(PEts;)10Cly.

Electronic absorption spectra were also measured to analyze the
distribution of the MOs. The UV-Vis absorption spectrum of 2a
shows absorption bands at 730, 520, 490, and 360 nm (Figure 3c).
Similar bands of 2b were observed at 700, 460, and 420 nm, albeit
with shifts to shorter wavelengths (Figure 3d). These newly ob-
served absorption bands at longer wavelengths of 730 and 700 nm
suggest the formation of new MOs around the frontier orbitals.
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Figure 4. Energy diagrams and schematic Kohn-Sham orbitals of Pd2Au7(PEt3)10Cl; (left) and N2 molecule (right).



DFT calculations showed the newly formed MOs using
Pd:Aui7(PEts)10Cly as the model system. The calculated MOs clearly
indicate the formation of SAMOs between the two icosahedral
MAuy; cores (Figure 4). HOMO, HOMO-1,and HOMO-2 are tri-
ply degenerate and can be viewed as 3, Il and IT,; SAMOs
formed by the linear combination of 1P,, 1P5, and 1P, SAOs of each
PdAu; core. Similarly, LUMO, LUMO+1, and LUMO+2 represent
the IT*,y, [T%x, and ¥, SAMOs, and HOMO-3 is £* SAMO. The
shape and order of energy levels of MOs of Pd:Aw7(PEts)10Cly
closely resemble those of N> molecule, indicating that nanoclusters
2 are Nu-type superatomic molecules having the electron configura-
tion of (1X)*(1=*)*(1I1)*(2X)” To our best knowledge, they are the
first experimentally and theoretically determined Na-type super-
atomic molecules.

Further TDDFT calculations were performed to investigate the
relationship between the electronic absorption properties and SA-
MOs. From the calculation results, the specific absorption of 2a at
730 nm is mainly attributed to the excitations from Iy (HOMO-1)
to IT*x (LUMO+1) and IT,, (HOMO-2) to IT*,, (LUMO), which
are transitions between SAMOs with the same symmetry (Figure
3c). Similarly, the excitation from %,. (HOMO) to =*,, (LUMO+2)
with the same symmetry contributes to the intense absorption at 490
nm. In contrast, the electron transition between SAMOs with differ-
ent symmetry results in weaker excitations, for example X, » IT*x,
S > IT¥,y, [y > IT¥, and I > I1%,, as the forbidden transitions.
This electron excitation tendency, which depends on the symmetry
of the SAMOs, strongly suggests that the SAMOs resemble conven-
tional MOs in behavior. Similar absorption properties were ob-
served for 2b (Figures 3d and S8). Previously, there have been only
examples of Fa-type superatomic molecules whose IT* SAMOs are
fully occupied; there is no knowledge of electron transitions be-
tween IT and IT* SAMOs.” " This is the first report showing that the
Laporte rule,” allowing electron excitations between MOs with the
same symmetry, also applies to the electron excitation between SA-
MOs, similar to the MOs of conventional organic molecules.

Screening the reaction conditions can optimize the synthetic
yields and provide insights into the reaction mechanism (Table 1).

Table 1. Screening of Reaction Conditions
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PdAu12(1depp)8Cl4 ———» PdyAuy7(depp);oCly
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solvent 2
under Ar
rt
time light yield (%)®
entry  solvent (ratio) (h) (385-740 nm) additive 2a RSM?
1 MeOH/DCM (3:1) 5 ON - 59 -
2 MeCN/DCM (3:1) 5 ON - 26 -
3 DCM 5 ON - 23 58
4 MeOH/DCM (3:1) 24 OFF - quant

5 MeOH/DCM (3:1) 15  OFF CAN® 25 -

4Reaction conditions: 1a (10.0 mg, 2.5 pumol), solvent (8 mL).
bYield was determined by the isolated yield per Pd or Pt. °CAN:
ammonium hexanitraticerate(lV). °Recovered starting material
1a.

When visible light was irradiated onto the solution of 1ain a mixture
of DCM and a polar solvent (MeOH and MeCN), an UV-Vis ab-
sorption spectral change occurred, and after 5 h of irradiation the
cluster 2a was isolated in $9% and 26% yields (entries 1 and 2), re-
spectively. On the other hand, when there was only a less polar sol-
vent such as DCM, the spectral change was less after S h of reaction,
resulting in 23% yield of 2a and recovery of the starting cluster 1ain
59% yield (entry 3). When the reaction was carried out in the dark,
only negligible spectral changes were observed, and 1a was recov-
ered completely irrespective of the solvent type (entry 4). These re-
sults indicate that the conversion from 1a to 2a requires both visible
light and polar solvents. Conversely, when a conventional oxidation
agent, ceric ammonium nitrate (CAN), was used, the cluster trans-
formation reaction proceeded without visible light irradiation, af-
fording cluster 2a in 25% yield (entry S). This result strongly sug-
gests that the photoinduced oxidation of cluster 1a is the key to this
transformation.

The time-course ESI-MS measurements of 1a solution under ex-
posure to indoor light (ca. 380-780 nm) provided information
about the molecular weights of reaction intermediates (Figures S).
The freshly prepared solution of 1a in MeCN/DCM immediately
generated many intermediates. Together with monocation species
derived from the parent 8e cluster la, such as [la+Cs]" and
[1a+Au(depp)]*, monocation species of one-electron oxidized 7e
cluster [PdAun(depp)sCL]* 3a and two-electron oxi-
dized/[Au(depp)]*-detached 6e clusters [PdAui(depp),Cli]* 4a
and PdAuio(depp)sCls Sa (observed as [Sa+Cs]*) were detected at
0 h (Figure Sa). After 3 h of irradiation by indoor light, 8e cluster 1a
and 7e cluster 3a disappeared, and 6e clusters 4a and Sa were ob-
served as the dominant species. After 24 h of reaction, the 10e cluster
2a was observed as the product together with 4a and Sa. These re-
sults suggest that the photoinduced oxidation and detachment of
[Au(depp)]* are the key steps in this reaction, and 6e clusters 4aand
Sa are the precursors for the dimerized product 2a. In contrast, the
sample prepared in DCM solution retained the parent 8e cluster 1a
as the major species, followed by 7e cluster 3a, and with minor con-
tributions from Ge clusters 4a and Sa (Figure Sb). During the reac-
tion, 3a became the major species, with the remaining 1a and gener-
ated product 2a. Even after 24 h of reaction, 1a and one-electron ox-
idized 7e cluster 3a were observed as the major species, suggesting
that these two clusters are stable in DCM. This result agrees well
with the fact that 59% of the starting cluster 1a was recovered from
the reaction mixture in DCM (Table 1, entry 3). The high stability
of 1a and 3a in DCM also indicates that the detachment of
[Au(depp)]* is prohibited in DCM, suggesting that a polar solvent
acts as a ligand to accelerate the detachment of [Au(depp)]* by co-
ordinating to the vacant site. Li et al. recently reported a similar pho-
toinduced detachment of [Au(PRs)]* species from a phosphine /thi-
olate-co-protected [Auas(PRs)10(SR)sCL]*" nanocluster in MeOH
solution,* supporting that [Au(depp)]* is an intermediate in this re-
action medium. The in-situ generated [Au(PRs)]* species can act as
an electron acceptor for photo-induced electron transfer from 1a,
similar to the recently reported photoreducing property of the
PdAu,; cluster.” The formation of gold nanoparticles was confirmed
during the reaction of 1a (Figure S9), which supports the proposed
reduction of [Au(PRs)]* species in the photoinduced process. Our
proposed reaction mechanism for the photoinduced fusion of 1a is
shown in Figure S10.
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Figure 5. Time-course ESI-Mass spectra in the conversion of 1a to 2a under light irradiation: (a) MeCN/DCM and (b) DCM solutions.
(c) Detected fragments (top) and theoretical isotopic patterns (bottom).

= CONCLUSIONS

In summary, we discovered that the photoinduced fusion reaction of
M@Au: superatoms affords novel M>Aui; nanoclusters featuring
unprecedented N-like SAMOs. SCXRD analyses revealed the mo-
lecular structures of these clusters, in which the two fused M@Au.,
cores share Aus facets in the neutral form with 10 valence electrons.
DFT calculations showed that the fused M@Au,2 superatoms form
SAMOs by the linear combination of SAOs, resulting in an electron
configuration of (1,)*(12*)*(1I1p, py)*(12)* comparable to that
of N> molecule. TDDFT calculations demonstrated that the absorp-
tion properties of these superatomic molecules, like those of conven-
tional molecules, depend on the symmetry of the SAMOs. Mecha-
nistic investigations involving the screening of reaction conditions
and time-course ESI-MS measurements showed that the fusion re-
action of M@Au.» superatoms is initiated by photoinduced oxida-
tion and subsequent detachment of the [Au(PRs)]* species. Alt-
hough photoinduced structural transformation of gold and silver
nanoclusters have been reported,"*** this is the first report on the
inter-cluster fusion reaction. The photoinduced oxidation protocol
will be useful to expand the library of metallic nanoclusters. This
work not only demonstrates a new synthetic protocol for super-
atomic molecules but also enables a deeper understanding of the
bonding theory of superatomic molecules.
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