
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ya-Shan+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hong-Lei+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wen-Juan+Tian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zi-Sheng+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Si%CC%81lvia+Escayola"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miquel+Sola%CC%80"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alvaro+Mun%CC%83oz-Castro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alvaro+Mun%CC%83oz-Castro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhong-Ming+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.4c16401&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c16401?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c16401?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c16401?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c16401?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c16401?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jacsat/147/11?ref=pdf
https://pubs.acs.org/toc/jacsat/147/11?ref=pdf
https://pubs.acs.org/toc/jacsat/147/11?ref=pdf
https://pubs.acs.org/toc/jacsat/147/11?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.4c16401?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf


[Co3Ge3] unit featuring a benzene-like ring with six excep-
tionally short sides. Theoretical calculations revealed that 1a
can be described as a 2e σ-bonded trimer, representing a giant
σ-aromatic counterpart to the triatomic σ-aromatic H3

+ and
Li3+, thus extending the analogy between prototypical
molecules and cluster-based aggregates.

■ RESULTS AND DISCUSSION
To date, research on group 14 clusters has focused primarily
on the reactivity of homoatomic E9

4− (E = Si, Ge, Sn, and Pb),
leading to the discovery of various fascinating structures,
including the aforementioned Ge and Sn clusters with local
aromaticity.44−52 In contrast, mixed systems [E19−xE2x]4−,
such as Si/Ge and Ge/Sn, have been less studied due to
limited experimental conditions. Si/Ge clusters are typically
formed under extreme conditions, such as in liquid ammonia.53

Although [Ge9−xSnx]4− clusters are available from the solution
of the ternary precursor K4Ge4.5Sn4.5, their solution-phase
chemistry has been challenging to study because of their high
reactivity, uneven charge distribution, and sensitivity to
reaction conditions.54 Only a few species derived from Ge/
Sn precursors have been obtained, including functionalized
clusters such as [GeSn8R]3− (R = −HC = CH2, −CH =
CHCpr) (Cpr = cyclopropyl),54 [Ge2Sn7R]3− (R = −CH =
CHPh),54 [Ge2Sn7R2]2− (R = −CH = CH2),

54 as well as
double-cage structures such as [(Sn6Ge2Bi)2]4−,55 and [{Ni@

Sn8(μ−Ge)1/2}2]4−.56 These Ge/Sn clusters share a common
characteristic: the exobonds preferentially connect to Ge atoms
rather than Sn atoms, with Ge atoms consistently serving as the
common vertices instead of Sn. In this work, we describe the
reaction of the ternary Zintl precursor K4Ge4.5Sn4.5 with
Co(PPh3)2Cp in N,N-dimethylacetamide (DMA), yielding the
first triple-cage Ge/Sn-mixed cluster compound, [K(2.2.2−
crypt)]5[Co3@Ge6Sn18] 2tol·DMA (1). Single−crystal X−ray
diffraction revealed that compound 1 crystallizes in the
monoclinic space group P21 and contains one cluster anion
[Co3@Ge6Sn18]5− (1a), five [K(2.2.2−crypt)]+ counter−
cations, one DMA molecule, and two toluene molecules
(Figures S3 and S4). The anion cluster is statistically
disordered at the atomic positions, displaying one major
component in 1a and a minor component (Figure S2). The
following discussion focuses on the major components due to
their almost identical structural characteristics. Energy-
dispersive X-ray spectroscopy (EDS, Figure S39) analysis
revealed that the atomic ratios in compound 1 (K/Co/Ge/Sn
= 5.4:2.9:6.0:18.2) are very close to the theoretical values
(Table S2). Crystals of compound 1 were dissolved in DMA or
acetonitrile (ACN) for electrospray ionization mass spectrom-
etry (ESI−MS), revealing a series of fragments with varying
Ge/Sn ratios. This situation was also found in the reported
Ge/Sn-mixed clusters [GeSn8R]3− (R = −HC = CH2, −CH =
CHCpr).54 Analysis of the DMA solution of compound 1 by

Figure 1. Selected examples of σ-aromatic clusters. The units composed of orange bonds indicate the presence of aromaticity.
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ESI−MS revealed a mass envelope corresponding to the parent
cluster ({[KCo3Ge6Sn18]}2−, Figures S5 and S20) and
fragments with various Ge/Sn ratios ({[KCo3GexSn24−x]}2−

(x = 7−13), Figure S5). Furthermore, significant decom-
position processes in solution resulted in the formation of
fragments such as {[Co3GexSn9−x]}− (x = 1−7, Figure S5) and
{[K3Co2GexSn13−x]}− (x = 2−6, Figure S5). In comparison,
when dissolved in ACN, only smaller fragments of
{[KCo2GexSn14−x]}− (x = 5−9, Figure S26) and {[Co-
GexSn10−x]}− (x = 1−7, Figure S26) were observed.

The 24−vertex cage can be viewed as three [Co@Ge3Sn6]
subunits fused through three germanium atoms (Ge1, Ge2,
and Ge3), with an almost equilateral triangle arrangement
(Figure 2a, b, and d). The Ge−Ge distances in the Ge3 triangle
are elongated to 3.025 Å (av.), exceeding the typical Ge−Ge
contact range (2.4−2.7 Å),48,49 indicating that there are no
direct Ge−Ge interactions. The three [Co@Ge3Sn6] subunits
possess almost identical structures, and slight differences may
be caused by the disorder of the cluster (Figure 2d). A closer
look at the [Co@Ge3Sn6] subunits reveals that, similar to C4v−
symmetric [Co@Sn9]5−,57,58 each can be described as a
distorted mono-capped square antiprism. The distances
(2.235−2.257 Å) from the cobalt atoms to the shared
germanium atoms (Ge1, Ge2, and Ge3) are significantly
short, being shorter than the sum of the covalent radii of Co
and Ge (2.38 Å for the Pauling covalent radii and 2.32 Å for
the Pekka Pyykkö covalent radii).59,60 The three cobalt atoms
and three shared germanium atoms are almost in the same
plane, forming a benzene-like Co3Ge3 ring (Figure 2c). The
rest of the Co−Ge bond lengths span a range of 2.624−2.675
Å, comparable to those in [Co2@Ge16]4− (2.519−2.627 Å),61

longer than those observed in [Co@Ge9]5− (2.331−2.374 Å)62

and [Co@Ge10]3− (2.479−2.525 Å).63 This finding indicates
that the Co atoms in the cluster are slightly shifted from the
center toward the fused edge. A similar situation also occurred
in [{Ni@Sn8(μ−Ge)1/2}2]4− and [Ni2@Sn17]4−,56,64 where
distances from the Ni atoms to the shared atoms are short,
2.227 and 2.384 Å (av.), respectively. The Co−Sn bond
lengths (2.555−2.801 Å) are similar to those observed in
[Co@Sn9]5− (2.518−2.702 Å)57,58 and [Co2@Sn17]5−

(2.384−3.747 Å).57 Ge−Sn distances involving Ge4, Ge5,
and Ge6 (2.884 Å av.) are longer than those in the alkenyl-
substituted Ge/Sn-mixed clusters (2.600−2.864 Å),54 [(Ge9)-
Sn(Ge9)]4− (2.630−2.709 Å),65 and [(Sn6Ge2Bi)2]4− (2.670−

2.801 Å).55 The longest Ge−Sn distances are observed from
the shared Ge atoms to the Sn atoms (2.980 Å av), likely due
to the high coordination number of the shared Ge atoms. The
Sn−Sn distances (3.012 Å av.) are comparable to those in
[Co@Sn9]5− (2.957−3.750 Å)57,58 and fall within the typical
range for tin clusters.48

The [Co3@Ge6Sn18]5− structure features the aggregation of
three [Co@Ge3Sn6] cluster units, which act as building blocks,
with an overall electron count of 128 (6×Ge + 18 × Sn + 3 ×
Co + 5 = 6 × 4 + 18 × 4 + 3 × 9 + 5 = 128). The Hirshfeld
charge analysis exhibits a value of −0.38 e− for [Co3@
Ge6Sn18]5−, which is similar to the calculated for [Co@Sn9]5−

(−0.41 e−), which involves a formal [Co−@Sn9
4−] charge

distribution.57,58 Moreover, natural population analysis (NPA)
agrees with the negatively charged Co atom of [Co@Sn9]5−,
amounting to −1.89 e−, and of −2.91 e− in [Co3@Ge6Sn18]5−.
Thus, the characterized cluster features a [Co3

3−@Ge6Sn18
2−]

charge distribution involving three d10-Co− centers (30
electrons). The remaining 98 cluster electrons from the
Ge6Sn18

2−cyclic trimer skeleton provided bonding electrons to
retain the aggregate. In addition, the NPA carried out on the
optimized structure of [Co3@Ge6Sn18]5− revealed that Co3 has
a total charge of −3.08 |e|, which is consistent with the
aforementioned result.

Formally, each isolated building unit can be considered a
[Co@Ge3Sn6]5− cluster featuring a nido-[Ge3Sn6]4− cage filled
with a d10-Co− atom, which is isoelectronic to [Co@
Sn9]5−.57,58 This cage involves 40 cluster electrons in a
1S21P61D102S21F142P6 electronic structure66 with the addition
of the d10-Co− atomic shell. Building block aggregation by
oxidative coupling,46,67,68 resulting in the formation of the
overall [Co3@Ge6Sn18]5− cluster, leads to a decrease in the
number of available electrons. Considering the presence of
three d10-Co− ions in the [Co3@Ge6Sn18]5− structure, each
Ge3Sn6 unit fused cluster shares the remaining 98 cluster
electrons in terms of 32 electrons per unit (3 × 32 = 96, 32 e−

following the Hirsch rule29 with N = 3), featuring a filled
1S21P61D101F14 electronic closed-shell according to the jellium
model,69−71 leaving 2 electrons to be distributed on the overall
cluster. Owing to the resulting cluster aggregation, each unit is
able to contribute with the 2S shell to the bonding elements in
the trimer, where the 2 available 2 electrons remain in a
bonding combination between the cyclic array of three 2S
shells. Hence, the trimer sustains a bonding 2S + 2S + 2S

Figure 2. (a) Ellipsoid plot (50% level) of the crystal structure of [Co3@Ge6Sn18]5− (1a); (b) equilateral triangle-shaped fragment of [Ge3]; (c)
benzene-like ring of [Co3Ge3]; (d) view of the [Co@Ge3Sn6] cage; (e) space−filling representation of [Co3@Ge6Sn18]5−.
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combination, leading to cluster-of-cluster bonding character-
istics.72,73

To further evaluate the electronic structure, the Boys−
Foster orbitals localization (BODL) scheme74 was carried out
at the ZORA-PBE0/TZ2P level of theory (see the Supporting
Information for further computational details). Lewis-like
bonds (2c−2e), lone pairs (1c−2e), and multicenter (nc−
2e) bonding elements can all be deciphered from the localized
molecular orbitals (LMOs) obtained via the BODL method.
Fifteen lone pairs are found, ascribed to the set of d10-Co−

atomic orbitals (AOs) (Figure 3). For the Ge6Sn18 structure,

18 lone pairs are located at each nonfused Sn and Ge vertex, six
per Ge3Sn6 unit, with the addition of 30 3c−2e localized
orbitals placed at each deltahedral face, 10 per Ge3Sn6 unit,

accounting for the distribution from 96 cluster electrons, which
are located mainly at each Ge3Sn6 unit. Notably, the remaining
2 electrons are placed in a multicenter 27c−2e bond,
supporting the bonding interaction between three 2S shells
centered at each constituent unit. Thus, the overall [Co3@
Ge6Sn18]5− cluster can be described as a 2e σ-bonded trimer
with resemblance to triatomic species featuring a 3c−2e σ-
bond, such as H3

+ and Li3+ (Figure S40).17−22 This 27c−2e
bond is contributed mainly by the central Ge3 ring involving
4p-Ge AOs (51%), 14% from central 4s-Ge AOs, and 6% from
endohedral 4p-Co AOs, with 29% from peripheral 5p-Sn/4p-
Ge AOs. Wiberg bond indices reveal values of 0.23 for Ge−Ge
bonds in the central Ge3 ring and 1.50 for each pair of Co@
Ge3Sn6 units.

This finding suggests that the [Co3@Ge6Sn18]5− cluster has
aromatic characteristics on the basis of the resulting σ-bond
spread on the trimer. Calculation of the global electron density
of delocalized bonds75−77 (EDDBG, for the entire [Co3@
Ge6Sn18]5− cluster) at the PEB0/def2-TZVP level of theory
yields 44.7 delocalized electrons, i.e., 1.66 e/atom, whereas the
EDDB for the benzene-like ring of [Co3Ge3] yields 1.4
electrons, 0.23 e/atom. This result indicates that the
delocalization is global and involves the entire cluster rather
than being localized in the [Co3Ge3] ring (Figure S41).
Moreover, to account for the overall magnetic behavior
inherent to aromatic species,78,79 NICS isosurfaces80 and
GIMIC ring currents81,82 were obtained. In Figure 4a, the
NICS isosurfaces show that three spherical-like shielding
regions are placed at each Ge3Sn6 unit, which is a common
feature of spherical aromatic clusters and indicates that
spherical aromatic characteristics remain at each building
block. In addition, the shielding region spreads along with the
shared sections,78,80,83,84 suggesting global aromatic behavior
in the trimer. To further unravel the aromatic characteristics of
[Co3@Ge6Sn18]5−, the plausible formation of shielding cone
characteristics can be obtained from the increase in the
shielding and deshielding regions under particular orientations
of the external magnetic field. For a field oriented along the z-
axis (Bz

ind), also noted as NICSzz, a long-range shielding cone
is unraveled involving the overall structure with a comple-
mentary deshielding region placed perpendicularly to the
external field. Thus, the σ-bonded trimer is ascribed to a σ-
aromatic cluster aggregate, the first example reported to date.
Moreover, along the x- and y-axes (Bx

ind and By
ind), a similar

Figure 3. LMOs accounting for 27c−2e and representative LMOs at
each Co@Ge3Sn6 unit.

Figure 4. (a) Isosurface and contour plot representation of the magnetic response properties for [Co3@Ge6Sn18]5−, denoting the NICS (isotropic/
averaged) term, and from different orientations of the external field (Bx

ind, By
ind, and Bz

ind). Isosurfaces set to ±8 ppm, blue: shielding; red:
deshielding. (b) Current density of the [Co3@Ge6Sn18]5− cluster at the central plane located at 0 Å containing the [Co3Ge3] ring. The calculations
were performed at the PBE0/def2-TZVP level of theory, without including solvent effects.
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long-range shielding cone is obtained, which results from the
spherical aromatic behavior ascribed to each building unit, in
line with the spherical aromatic characteristics enabling
shielding cone characteristics from any orientation of the
external field. The NICS results are supported by intense
diatropic ring currents inside each Ge3Sn6 unit (Figures 4b and
S42). These ring currents85−88 involve the whole cluster rather
than being localized in the [Co3Ge3] or [Ge3] rings, providing
additional evidence that the delocalization is global. Interest-
ingly, the ring currents are especially intense around the [Ge3]
ring. Hence, the [Co3@Ge6Sn18]5− cluster features three
spherical aromatic units, which are connected to a giant σ-
aromatic counterpart of triatomic σ-aromatic H3

+ and Li3+

species.17−22 This observation suggests the plausible finding of
cluster-of-cluster analogs to discrete all-metal aromatic species,
such as Al42−, among others.89

Lastly, we evaluated the contribution from the core and
valence electron manifold to dissect the shielding/deshielding
patterns given exclusively by the above-discussed bonding
elements. This enables an evaluation of core and valence
electron contributions, favoring a clearer use of magnetic
criteria of aromaticity in metallic clusters.90,91 To this end, the
recently proposed removing valence electron approximation is
employed, unraveling contribution from core electrons,92

which is obtained as a short-ranged deshielding pattern nearby
atoms, which in turn contribute to a lesser extent in the overall
shielding characteristics discussed above. In contrast, the
valence electron manifold, featuring bonding elements
ascribing an aromatic behavior to the characterized giant σ-
aromatic cluster, enables a shielding response at the center of
the structure and at each constituent unit, with the respective
deshielding contour, leading to shielding cone characteristics,
in line with its overall aromatic behavior (Figure 5). As to the

ring currents, the use of an all-electron basis set does not
change the result obtained with pseudopotentials. However,
using an all-electron basis set, the intensity of the ring currents
around the [Ge3] ring is reduced, and the ring currents are
somewhat more disorganized (Figure S43). We consider that
the magnetic response gives a better account of aromaticity if
the effect of core electrons is not included.91

■ CONCLUSIONS
In summary, the first Ge−Sn-mixed trimer, [Co3@Ge6Sn18]5−,
was successfully characterized. The cluster is best described as
[Co3

3−@Ge6Sn18
2−], featuring a 2e σ bond across the entire

structure. Theoretical studies further revealed the global
aromatic nature of the trimer. This discovery not only
broadens the structural diversity of heteroatomic clusters but
also extends the concept of σ-aromaticity, laying the ground-
work for synthesizing larger σ-aromatic clusters. The successful
synthesis of such aromatic multinuclear clusters advances our

understanding of chemical bonding, paving the way for the
rational design of new materials with desirable properties
inspired by prototypical molecules.
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