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ABSTRACT: Constructing extended cluster aggregates requires a deeper understanding of
strategies for connecting structural motifs. Herein, we report the synthesis and structural
elucidation of the triply bonded dimeric cluster [(Rh@Sn8)2Ge2]4− (1a), which features a
delocalized bonding framework arising from the connection of two spherical aromatic
[Rh@Sn8] units via two unique 6σ-aromatic [GeSn4] bridges. The resulting framework
simultaneously exhibits global aromaticity and multiple localized aromatic fragments,
highlighting a rational route toward controlled cluster growth and offering new synthetic
avenues for cluster-based bulk materials. Moreover, femtosecond-to-nanosecond transient
absorption spectroscopy revealed an exceptionally long-lived triplet excited state (τav = 178
μs) for [(Rh@Sn8)2Ge2]4−, significantly longer than those reported for metal nanoclusters
in the condensed phase. This finding supplements the limited excited-state features of bare
metal nanoclusters and provides a new strategy for achieving prolonged excited-state lifetimes in cluster systems.

■ INTRODUCTION
As an intermediate state between atoms or molecules and bulk
materials, nanoclusters occupy a unique position in matter’s
hierarchy, offering exceptional opportunities for the rational
design of functional materials. Understanding how their
structural units assemble and connect is therefore essential
for the development of cluster-based materials with tailored
properties.1 Among potential building motifs, aromatic
inorganic units, particularly those with spherical aromaticity,
have emerged as versatile precursors for constructing larger
cluster aggregates.2−11 For instance, the clusters [Ge24]4− and
[Sn36]8−10,11 are generated via oxidative coupling of spherically
aromatic [Ge9]4− and [Sn9]4− units, respectively.
Beyond spherical aromatic clusters, planar aromatic species

have also attracted attention as promising motifs.12,13 Their
electronic properties can be modulated by partial heteroatom
substitution within the aromatic framework, yielding hybrid
organic/inorganic benzene analogues.14,15 In contrast, the
synthesis of purely inorganic aromatic compounds, particularly
those composed solely of p-block elements, is relatively
difficult.16−21 Compared with homonuclear systems, the
intrinsic electronegativity differences between heteroatoms
often disrupt delocalized bonding, thereby limiting the extent
of aromatic stabilization.22 Previous efforts have yielded several
inorganic heteroatomic compounds containing lighter ele-
ments (B, N, O, Al, Si, P),14−16 most of which exhibit planar π-
aromatic character.23−29 Only a few Ge-containing systems
have been reported to display combined σ-, π-, and
nonbonding electron delocalization,30−32 yet the realization

of well-defined σ-aromatic planes remains a formidable
synthetic and conceptual challenge.
In addition to ground-state structural and electronic features,

the excited-state properties of inorganic clusters have begun to
draw attention, although studies on all-metal clusters remain
scarce. Pure clusters composed exclusively of main-group
elements or coinage metals typically exhibit extremely short
excited-state lifetimes, as nonradiative decay dominates due to
their low density of states.33 Introducing heteroatomic mixing
within metal nanoclusters can fundamentally alter their
electronic structures, potentially stabilizing excited states and
prolonging excited-state lifetimes. Such systems provide ideal
models for probing intrinsic photophysical behavior in all-
metal frameworks.
In this work, we report the successful synthesis of the [(Rh@

Sn8)2Ge2]4− cluster, which features the first σ-aromatic
heteroatomic plane composed entirely of p-block elements.
Such a 6σ-aromatic structure is exceptionally rare. The two
[GeSn4] planes act as bridges connecting two spherical
aromatic [Rh@Sn8] units, resulting in a globally aromatic
triply bonded dimer. Furthermore, transient absorption (TA)
spectroscopy combined with theoretical calculations34−37

reveals the ultrafast photophysical properties and identifies a
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remarkably long-lived triplet state (τ = 178 μs) for [(Rh@
Sn8)2Ge2]4− in DMF solution. These findings not only
demonstrate a new structural paradigm for all-metal nano-
clusters but also address a critical gap in understanding their
excited-state dynamics, thereby opening new avenues for the
design of photoactive cluster-based materials.

■ RESULTS AND DISCUSSION
Black prism-like crystals of the compound [K(2.2.2−
crypt)]4[(Rh@Sn8)2Ge2] (1) was synthesized by reacting
K4Ge4.5Sn4.5 with Rh(PPh3)2Cp in the presence of 2.2.2-
crypt in ethylenediamine (en) solution (Figure S1). The
resulting Rh−Ge−Sn ternary species represents one of the few
known compounds containing mixed Ge/Sn components.38−41

This rarity is attributable to the nature of the precursor

K4Ge4.5Sn4.5, which exists as [Ge9−xSnx]4− in solution.38 These
anions feature uneven charge distributions, high reactivity, and
pronounced sensitivity to reaction conditions, thereby
hindering the synthesis of novel assembly clusters.38

Single-crystal X-ray diffraction revealed that the cluster
anion 1a is disordered at six Sn sites within one of the [Rh@
Sn8] units, resulting in a major component (90%) and a minor
component (10%, Figures S2 and S3, Table S1). As both
components share nearly identical structural geometries, the
discussion below focuses on the major component.
Electrospray-ionization mass spectrometry (ESI-MS) results

of crystals of compound 1 dissolved in N,N-dimethylforma-
mide (DMF) displayed three primary peaks corresponding to
the parent species: {[Rh2Sn16Ge2]}2−, {[Rh2Sn16Ge2]}−, and
{[K(2.2.2-crypt)][Rh2Sn16Ge2]}− (Figures S4−S7). Additional

Figure 1. (a) Ellipsoid plot (50% level) of the crystal structure of the cluster [(Rh@Sn8)2Ge2]4−; (b) space-filling representation of the cluster
[(Rh@Sn8)2Ge2]4−; (c) view of the [Rh@Sn8] cage; (d) the square-planar [GeSn4] unit; and (e) rhombus-like [Rh2Ge2] unit.

Figure 2. Bonding pattern for cluster 1a as revealed from the adaptive natural density partitioning (AdNDP) analysis with occupation numbers
(ONs) indicated.
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fragment peaks with variable Ge/Sn ratios (Figures S8−S12),
typical of other Ge/Sn mixed clusters, were also observed.38

Energy-dispersive X-ray spectroscopy (EDX) analysis revealed
an elemental ratio of K:Rh:Ge:Sn = 4.7:2:2:16.1 (Figure S13
and Table S2), in close agreement with the results from single-
crystal X-ray diffraction. The slight deviation in the K content
is likely due to surface irregularities caused by air exposure to
the crystals. Similar to previously reported Ge/Sn clusters, the
exo-bonding atoms in cluster 1a are Ge rather than Sn.
Structurally, cluster 1a can be described as two [Rh@Sn8]

units interconnected by two approximately square-planar
[GeSn4] fragments (Sn4−Sn5−Ge1−Sn10−Sn11 and Sn6−
Sn8−Ge2−Sn14−Sn15; Figure 1a−e). The long and short
axes of this cage are measured as 8.78 and 4.90 Å, respectively
(Figure 1b). The Ge−Ge bond length (2.896 Å) is notably
longer than those in previously reported Ge-based clusters
(∼2.4−2.6 Å)42−48 and exceeds the sum of covalent radii (2.42
Å),49,50 indicating the absence of direct Ge−Ge bonding
interactions. The square-planar coordination observed in
[GeSn4] is rare among main-group systems (Figure 1d),
although analogous coordination environments have been
reported for several metal atoms such as [PdAs4] in
[Pd2As14]4−,51 [AuSb4] in [Au2Sb16]4−,52 [ZnGe4] in
[Zn6Ge16]4−, and [CdGe4] in [Cd6Ge16]4−.42 Within the
[GeSn4] planes, the Sn−Sn bond distances are markedly
elongated (Sn4−Sn11, Sn5−Sn10, Sn6−Sn14, Sn8−Sn15 =
3.384 Å; Sn4−Sn5, Sn6−Sn8 = 4.582 Å; Sn10−Sn11, Sn14−
Sn15 = 4.598 Å) relative to those in conventional Sn-based
clusters (∼2.9−3.1 Å).53−57 The Ge−Sn bond distances in the
[GeSn4] units (2.851−2.853 Å) are also longer than those
observed in [(Ge9)Sn(Ge9)]4− (2.630−2.709 Å),58

[(Sn6Ge2Bi)2]4− (2.670−2.801 Å),39 and the sum of covalent
radii (2.61 Å),49,50 indicating the presence of a delocalized
bonding framework across the [GeSn4] units. In addition, the
spatial arrangement of the two Ge atoms and the two
encapsulated Rh atoms creates a distinct rhombic [Rh2Ge2]
plane (Figure 1e). The Rh−Ge distances (2.548 and 2.562 Å)
fall within the range reported for Rh/Ge clusters, such as
Rh8(CO)12(μ4-GePh)6 (2.330 Å−2.698 Å)59 and

[Rh23Ge3(CO)41]5− (2.506−2.818 Å).60 The Rh−Sn distances
(2.730−2.841 Å) are likewise comparable to those observed in
[Rh2@Sn17]6− (2.696−2.761 Å)56 and [Rh3@Sn24]5− (2.657−
3.059 Å).56

To gain further insight into the electronic structure and
bonding, theoretical analysis was carried out. Cluster 1a
contains a total of 94 valence electrons (2 × Ge + 16 × Sn + 2
× Rh + 4 = 2 × 4 + 16 × 4 + 2 × 9 + 4 = 94). To clearly
describe the distribution of these electrons, we employed the
Adaptive Natural Density Partitioning (AdNDP) analysis
(Figure 2).61 AdNDP results revealed 26 lone pairs (LPs)�
five d-type LPs on each Rh atom and 16 s-type LPs on the
peripheral Sn atoms�consistent with charge distribution
analysis (Table S3). The outer structural framework is
stabilized by eight 3c-2e Sn−Sn−Sn bonds and four 4c−2e
Ge−Sn−Sn−Sn delocalized σ bonds. In addition, each
[GeSn4] unit features three delocalized σ bonds, consisting
of one fully delocalized 5c−2e σ bond and two partially
delocalized 5c−2e σ bonds. Together, these three σ bonds
form a σ-sextet that obeys the (4n + 2) Hückel’s rule, thereby
conferring σ-aromaticity. The six remaining electrons are
distributed over two 9c−2e bonds and one extensively
delocalized 20c−2e bond, reinforcing the global aromaticity
of the cluster. These multicenter delocalized bonding
interactions illustrate extensive electron sharing between the
two [Rh@Sn8] subunits, establishing a net intercluster bonding
connection composed of two fully delocalized 5c−2e σ bonds
and the highly delocalized 20c−2e bond. Together, they
account for six shared electrons between the individual cluster
units, corresponding to a formal intercluster bond order of 3
and collectively define a globally aromatic, triply bonded
dimeric framework.
The calculated NICS values corroborate the bonding

analysis, revealing pronounced aromaticity in cluster 1a. At 1
Å above the GeSn4 fragment and at the geometric center of the
cluster, the NICS(1)zz and NICS values are −52.56 and
−17.89 ppm, respectively. The overall aromaticity of the
clusters is further supported by the iso-chemical shielding
surfaces (ICSS, Figure 3a,b), also known as NICS isosurfaces,

Figure 3. Calculated iso-chemical shielding surfaces (ICSSs) of cluster 1a account for the average (NICS) and certain orientations of the external
field (ICSS_XX, ICSS_YY, ICSS_ZZ). Yellow regions represent chemical shielding areas, whereas green areas represent chemical deshielding
regions at an isosurface value of ± 4.1 ppm (a). The ICSS isosurface is given at ± 26.0 ppm (b) to locate the two spherical aromatic states at each
aggregated cluster unit. Global (EDDBG) and fragment (EDDBE) electron density of delocalized bond isosurface for 1a, and selected regions as
well as those distributed for each [RhSn8] unit (c). The isosurface value is set at 0.02 electrons.
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which visualize the spatial distribution of magnetic shielding
based on the calculated XX, YY, and ZZ tensor components.
The ICSS isosurfaces reveal a continuous shielding region

involving the entire cluster structure, confirming the
delocalized aromatic character of cluster 1a (Figure 3a,b).
When the external magnetic field is applied along the x-axis
(ICSS_XX), a central shielding region accompanied by a
perpendicular deshielding contour emerges, owing to the
formation of a shielding cone.62−64 Similar behavior is
observed when the field is oriented along the y-axis, denoting
that this response is an intrinsic characteristic of spherical

aromatic systems.65 Interestingly, under a z-axis oriented field
that passes through both [Rh@Sn8] subunits, the induced
shielding cones from each unit overlap directly, reminiscent of
the behavior observed in previously reported linear cluster
aggregates.10,11 At an ICSS isosurface value of ± 26.0 ppm, two
distinct spherical shielding domains are clearly visible, each
centered on a [Rh@Sn8] unit (Figure 3b). This observation
confirms that both subunits maintain an individual spherical
aromaticity within the overall framework.
The electron density of delocalized bonds (EDDB) analysis

further substantiates this conclusion. EDDB was evaluated for

Figure 4. (a) Steady-state UV−vis absorption spectrum of [(Rh@Sn8)2Ge2]4− in a DMF solution. (b) TD-DFT simulated UV−vis absorption
spectrum of [(Rh@Sn8)2Ge2]4− at the PBE0/def2-TZVP level. (c) Total density of states and partial density of states for [(Rh@Sn8)2Ge2]4−.
Eigenvalues are broadened with a Gaussian line shape with a full width at half-maximum of 0.1 eV. (d) Frontier molecular orbital (MO) diagrams
of the minimal-energy geometry for [(Rh@Sn8)2Ge2]4− in the S0, S1, and T1 states.

Figure 5. (a) Fs-TA contour plot, (b) EAS features obtained from the global analysis based on the sequential mode, and (c) time evolution of the
state population of [(Rh@Sn8)2Ge2]4− solution of DMF with 400 nm excitation. (d) Ns-TA contour plot and (e) single-wavelength kinetic fitting
at 470 nm for [(Rh@Sn8)2Ge2]4− solution of DMF with 400 nm excitation. (f) Schematic illustration of the photophysical mechanism of [(Rh@
Sn8)2Ge2]4− in DMF solution with 400 nm excitation.
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the global cluster (EDDBG) and for selected fragments
(EDDBE), providing the distribution and quantification of
the delocalized electrons (Figure 3c).66−68 The isosurface for
EDDBG exhibits extensive delocalization across the entire
cluster, corresponding to 34.2 |e| in total, partitioned into 8.9 |
e| for the central [Rh2Ge2] unit and 25.3 |e| for the remaining
[Sn16] cage, supporting the aromatic character evaluated from
AdNDP and ICSS approaches. The dissection of the
delocalized electrons into each [RhSn8] unit results in 15.0 |
e|, indicating that the overall aromaticity of 1a arises from the
cooperative interaction of two spherically aromatic subunits
acting in concert as a single delocalized entity.
The electronic structure of the [K(2.2.2−crypt)]4[(Rh@

Sn8)2Ge2] nanocluster was first studied by UV−vis absorption
spectroscopy in DMF solution (Figure 4a). The spectrum
exhibited a broad, gradually decreasing absorption band from
300 to 900 nm, consistent with the features of the TD-DFT
simulated spectrum of the [(Rh@Sn8)2Ge2]4− anion (Figure
4b), whereas that of the [K(2.2.2−crypt)]+ cation exhibited
mainly absorption under 250 nm (Figure S14). Hence, the
absorption feature of the [K(2.2.2−crypt)]4[(Rh@Sn8)2Ge2]
nanocluster is predominately contributed by the anion part.
The density of states (DOS) analysis (Figure 4c) further
revealed that Sn atoms contribute predominantly to the
molecular orbital of the [(Rh@Sn8)2Ge2]4− nanocluster.
Furthermore, frontier molecular orbital (MO) analysis (Figure
4d) showed that, in the ground-state minimum, the highest
occupied molecular orbital (HOMO) is mainly localized on
the Sn atoms, whereas in the lowest unoccupied molecular
orbital (LUMO), the electron cloud moves to the center Ge
atoms, indicating an intracluster Sn → Ge charge-transfer
(CT) character upon excitation.
The minimal-energy geometries of [(Rh@Sn8)2Ge2]4− in its

lowest singlet and triplet excited states were also optimized for
comparison. As shown in Figure S15, both excited states of the
nanocluster showed minimal structural distortion relative to
the ground state, with most bond lengths exhibiting a slight
elongation (Table S4), accounting for the structural rigidity of
the overall cluster upon excitation, which in turn favors to
avoid nonradiative decays. The main orbital transitions for S1
→ S0 and T1 → S0 transitions mainly correspond to LUMO →
HOMO-1 and LUMO → HOMO for the S1 state geometry
and T1 state geometry, respectively (Tables S6 and S7),
confirming the CT characteristic of both excited state species.
The excited-state behaviors of [(Rh@Sn8)2Ge2]4− were

further investigated using TA spectroscopy with 400 nm
excitation, and steady-state UV−vis absorption confirmed that
the feature did not change after the TA measurements (Figure
S16). In the femtosecond-TA (fs-TA) spectra measured in
DMF solution (Figure 5a), a broad excited-state absorption
(ESA) band spanning 450−750 nm emerged immediately and
then gradually decayed within 10 ps, accompanied by the
generation of a broad negative ground state bleaching (GSB)
signal centered at around 400 nm, which persisted beyond 7 ns
(Figure 5a). Global kinetic analysis in a sequential model
resolved three evolution-associated spectra (EAS) species with
kinetic traces of corresponding time constants at τ1 = 1.77 ps,
τ2 = 28.1 ps, and τ3 > 7.00 ns, respectively (Figure 5b,c, Table
S8). The first process (τ1) can be attributed to an internal
conversion (IC) process among higher singlet excited states
(Sn → S1), consistent with the wavelength-dependent
relaxation trend results showing the corresponding time
constant would be shorter with the longer excitation

wavelength (Figure S17 and Table S8). Subsequently, the
lowest singlet excited state undergoes intersystem crossing
(ISC) to the triplet state (τ2). The triplet-state dynamics were
further studied by nanosecond-TA (ns-TA) spectroscopy,
which revealed that the GSB broad band signal consisted of
two componential decay with different lifetimes of τA = 602 ns
and τB = 373 μs (Figure 5d,e). The dual componential decay
likely arises from the intercluster atom exchange of the
nanocluster in solution (Figure S4).69−73 Hence, the weighted
average lifetime (τav, equation in Table 1) was used to evaluate

the triplet excited state of [(Rh@Sn8)2Ge2]4−, and the lifetime
was determined to be τ3 = τav = 178 μs using the A1 and A2
values in Table S9. Thus, the overall photophysical mechanism
of [(Rh@Sn8)2Ge2]4− in DMF can be illustrated as Figure 5f.
Notably, the lifetime of the triplet state for [(Rh@Sn8)2Ge2]4−

is significantly longer (Table 1) compared with those of
traditional ligand-protected metal nanoclusters.74−84 This
exceptionally long lifetime suggested efficient excited-state
stabilization within the heteroatomic core.
The lifetime of the triplet state is highly related to the energy

splitting between the triplet state and the ground state, and the
spin−orbit coupling (SOC) effect when the nonradiative
transition is dominant based on the following equation:85−87

i
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jjjjj
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k T
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= | |

where ⟨T1|ĤSO|S0⟩ is the spin−orbit coupling matrix element
(SOCME), ΔETS is the energy gap between the T1 state and
ground state, and λ is the reorganization energy. TD-DFT
calculations revealed that [(Rh@Sn8)2Ge2]4− possesses a small
spin−orbit coupling matrix element (SOCME) of 0.05 cm−1

between T1 and S0 states (Figure S18), notably smaller than
those of conventional metal nanoclusters exhibiting ligand-to-
metal charge transfer (LMCT) or metal-to-ligand charge
transfer (MLCT) excited-state features.88 The extremely weak
SOC effect facilitates slow intersystem relaxation, accounting

Table 1. Comparison of the Triplet State Lifetimes of the
Traditional Ligand-Protected Nanoclusters and [(Rh@
Sn8)2Ge2]4−

Name Methoda Triplet Lifetime ref.

Au44a TCSPC 8.97 μsb 74
Cu26 TCSPC 6.94 μsb 75
Cu40-H TCSPC 8.80 μs 76
Au2Cu2DPA ns-TAS 146 μs 77
AgxAu25‑x TCSPC 9.52 μs 78
Au52(SR)32 ns-TAS 0.56 μs 79
Au16Cu6 ns-TAS 1.30 μs 80
Au22 ns-TAS 0.60 μs 80
Au5Ag11 MCS 4.28 μsb 81
Pt1Ag16 MCS 2.76 μsb 82
Au42(SR)32 TCSPC 2.38 μs 82
Ag29+Ag ns-TAS 5.92 μsb 83
Au6Ag2 TCSPC 2.59 μsb 84
Au6Ag4 TCSPC 1.85 μsb 84
[(Rh@Sn8)2Ge2]4− ns-TAS 178 μsb This work

aTCSPC: time-correlated single photon counting, ns-TAS: nano-
second transient absorption spectroscopy, and MSC: multichannel

scaling. bWeighted average lifetime: av
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for the remarkably long-lived triplet state observed exper-
imentally.

■ CONCLUSIONS
In summary, we have isolated and characterized a novel all-
metal cluster, [(Rh@Sn8)2Ge2]4−, which expands the structural
diversity of multiple-bonded intercluster aggregates, featuring
spherical aromatic units connected via the unprecedented
square-planar coordinated 6σ-aromatic [GeSn4] bridge. The
reported cluster can be interpreted as an integration of
spherical aromaticity, augmented by contributions from local
aromatic fragments. The discovery of an aromatic bridging unit
introduces a new design principle for cluster growth through
aromatic linkage, offering an alternative to conventional
metal−metal bonding in the construction of extended cluster
architectures. This framework provides a conceptual founda-
tion for assembling cluster-based materials from discrete
aromatic modules, thereby opening a rational path toward
the hierarchical construction of bulk materials from molecular
clusters. Moreover, femtosecond-nanosecond transient absorp-
tion spectroscopy revealed that [(Rh@Sn8)2Ge2]4− possesses a
remarkably long-lived triplet state (τav = 178 μs in DMF)�
significantly longer than those reported for metal nanoclusters
in the condensed phase. This finding fills a critical gap in the
excited-state landscape of inorganic clusters and highlights σ-
aromaticity as a powerful strategy for suppressing nonradiative
decay and stabilizing excited states. The combined structural
innovation and photophysical longevity of this system establish
a new blueprint for designing functionally robust nanoclusters
for photonic, catalytic, and energy-related applications.
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M.; Muñoz-Castro, A.; Sun, Z. M. [Co3@Ge6Sn18]5−: a giant σ-
aromatic cluster analogous to H3

+ and Li3+. J. Am. Chem. Soc. 2025,
147, 9407−9414.
(42) Xu, H. L.; Popov, I. A.; Tkachenko, N. V.; Wang, Z. C.; Muñoz-
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